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Abstract 

Heat exchangers are one of the most common components in power, heating and cooling 

applications. Large share in the heat exchangers market is occupied by plate heat 

exchangers thanks to their relative low cost and high heat transfer coefficient. Hence, the 

accurate design of the plate heat exchangers is of crucial importance. This study focused on 

the review for specific case studies of the proposed heat transfer and pressure drop 

correlations for evaporation, condensation and single phase flow. As expected, the results of 

the analysis revealed that there is a huge deviation among the proposed in literature 

correlations on both the heat transfer and the pressure drop estimation, with a number of 

correlations failing to provide realistic results when extrapolated either in terms of the 

working range or the considered working fluid. The key outcome of this study is a detailed 

mapping of the most well-known correlations in comparison to each other for various 

working fluids and working conditions, to allow a reader to choose the proper correlation for 

each respective case study. 
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Περίληψη 

Οι εναλλάκτες θερμότητας αποτελούν τις πιο ευρέως χρησιμοποιούμενες συσκευές σε 

συστήματα παραγωγής ηλεκτρισμού, θερμότητας και ψύξης. Μεγάλο κομμάτι της αγοράς 

εναλλακτών θερμότητας καταλαμβάνουν οι πλακοειδείς εναλλάκτες λόγω του σχετικά 

χαμηλού τους κόστους και του μεγάλου συντελεστή μεταφοράς θερμότητας. Ως εκ τούτου, 

ο προσεκτικός και ακριβής σχεδιασμός των πλακοειδών εναλλακτών θερμότητας είναι 

μείζονος σημασίας. Η συγκεκριμένη μελέτη εστιάζει στην διερεύνηση, για ένα πλήθος 

σεναρίων λειτουργίας, των προτεινόμενων στη βιβλιογραφία εμπειρικών σχέσεων 

μεταφοράς θερμότητας και πτώσης πίεσης για ροή που ατμοποιείται, ροή που υφίσταται 

συμπύκνωση και μονοφασική ροή. Όπως αναμενόταν, τα αποτελέσματα της ανάλυσης 

αναδεικνύουν μεγάλες αποκλίσεις ανάμεσα στις προτεινόμενες σχέσεις τόσο για τη 

μεταφορά θερμότητας όσο και για την πτώση πίεσης, με ορισμένες εξισώσεις να 

αδυνατούν να εμφανίσουν έστω ρεαλιστικά αποτελέσματα σε σενάρια εκτός του πεδίου 

ορισμού τους ή/και για διαφορετικό από το εργαζόμενο μέσο με το οποίο αναπτύχθηκαν. 

Βασικό αποτέλεσμα της παρούσας μελέτης είναι η λεπτομερής χαρτογράφηση των 

προβλέψεων των κυριότερων σχέσεων μεταφοράς θερμότητας και πτώσης πίεσης και η 

σύγκριση μεταξύ τους για έναν αριθμό διαφορετικών εργαζόμενων μέσων και συνθηκών 

λειτουργίας, που θα επιτρέψει στον αναγνώστη να εκλέξει την κατάλληλη σχέση ανάλογα 

με την περίπτωση που μελετά. 
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Chapter 1. Introduction 

 Heat transfer 

Energy can be transferred between a system and its surroundings via heat and work. This 

section focuses on the analysis of heat transfer and heat exchangers, which are the means to 

accomplish this energy transfer. 

Heat transfer is defined as the process occurring in one or more medium, due to 

temperature difference, where thermal energy is transferred from hot to cold. 

When the thermal energy is transferred within and across a solid medium or a fluid due to a 

temperature gradient the type of heat transfer is called conduction. In liquids and gases, 

molecules having higher kinetic energies and higher temperatures collide with the lower 

kinetic energy molecules and part of this energy is transferred, raising the temperature of 

the latter. In solids free flow electrons and lattice waves caused by the vibrational motions 

of the molecules at relatively fixed positions, lead to a similar heat transfer within the 

medium[1]. 

To describe this phenomenon along the x-direction Fourier’s law is applied, which states: 

𝑞𝑥 = −𝑘 ∙
𝑑𝑇

𝑑𝑥
  

(1.1) 

where 𝑘 is the thermal conductivity and is a transport property of the medium through 

which heat is conducted. Heat flows in the positive direction of the x-axis hence 
𝑑𝑇

𝑑𝑥
 is 

negative, as shown in Fig.  1.1. 

                                

x

T
(T1>T2)

QxQx

L

T1

T2

 

Fig.  1.1. Conductive heat transfer schematic 

The second heat transfer mechanism is called convection, and takes place when there is a 

temperature difference between a solid surface and a fluid flowing over it. This type of heat 

transfer consists of two sub-mechanisms: 

 Conduction at the solid surface. 

 Advection near the solid surface by the macroscopic motion of the fluid. 
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There can be distinguished two types of convection: 

1. Forced convection: The fluid is forced to flow over the surface with the use 

of external means such as fans, pumps, etc. 

2. Free(Natural) convection: The flow motion is caused by buoyancy forces. 

Near the solid surface, a region is assumed at which the velocity of the fluid equals zero (no 

slip condition), therefore heat is transferred between the fluid and the surface by 

conduction. The flow region adjacent to the wall in which the viscous effects are significant 

is called boundary layer. The fluid velocity along the boundary layer reaches a finite value 

(Fig.  1.2).The contribution of advection due the fluid motion arises with the growth of the 

boundary layer in the flow direction. The conducted heat into this layer is swept 

downstream and is eventually transferred to the fluid outside the boundary layer[1]. 

Similarly, there is a region in which the fluid temperature varies from 𝑇𝑠 (at the surface) to 

𝑇∞ (finite, outer flow). This region is called thermal boundary layer. 

Qconv

Surface A

Air Velocity Variation
U  

Air Temperature Variation

T,fluid

T,surface

 

Fig.  1.2. Convective heat transfer schematic. 

Convective heat transfer over a surface area 𝐴 is expressed through Newton’s law of cooling:  

𝑄𝑐𝑜𝑛𝑣 = ℎ ∙ 𝐴 ∙ 𝛥𝑇  (1.2) 

where ℎ  is the convective heat transfer coefficient related to the thermal conductivity of 

the fluid, and the temperature gradient, and 𝛥𝛵 is the temperature difference between the 

surface and the fluid (reference temperature).   

The third type of heat transfer is radiation. Radiation is a result of electromagnetic waves 

and a material’s capability to absorb part of the radiation received and re-emit a part of it. In 

contrast to the two aforementioned types of heat transfer, radiation does not require a 

transfer medium and is even more efficient under vacuum conditions. 

Thermal radiation is emitted in a specific band of wavelength from 0.1 to 100 μm[1]. The 

radiant energy emitted by an ideal radiator (blackbody) according to Boltzmann’s law is 

equal to: 
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𝐸𝑏 = 𝜎𝑏 ∙ 𝐴 ∙ 𝑇
4 (1.3) 

where 𝜎  is the Boltzmann’s constant, 𝐴 is the surface area, and 𝑇 is the absolute surface 

temperature. Since equation (1.3) refers to an ideal radiator, it has to be modified to be 

applicable for real bodies which emit radiation at a lower rate compared to a blackbody: 

𝐸 = 𝜀 ∙ 𝜎𝑏 ∙ 𝐴 ∙ 𝑇
4 [𝑊] (1.4) 

where 𝜀 is the emissivity of the radiating body and is practically the ratio of the emission 

rate from a real body to that from a blackbody at the same temperature. Hence, by 

definition the emissivity of a blackbody equals to 1 and that of a real body is always less than 

1 (0 < 𝜀 < 1).  

Thus, assuming two bodies (solid or gas), with respective temperatures 𝑇𝑠,1and 𝑇𝑠,2 ( 𝑇𝑠,1 >

𝑇𝑠,2), the radiation heat flow between these them is equal to: 

𝑄 = 𝐹 ∙ 𝜎𝑏 ∙ 𝐴 ∙ (𝑇𝑠,1
4 − 𝑇𝑠,2

4)  (1.5) 

where F includes the emission properties of the two bodies depending also on their 

dimensions and geometries. 

Surface A

Ts,1

Ts,2

Qrad

 

Fig.  1.3.Radiation heat transfer schematic 

 Heat Exchangers 

The device mostly used to transfer heat between two or more fluids, or between a solid 

surface and a fluid, at different temperatures is called a heat exchanger. Examples of 

industries using heat exchangers include process, power, transportation, air-conditioning 

and many more.  

Heat exchangers consist of sub-components such as a core or a matrix and usually have no 

moving parts. The core contains the surface, in which the heat transfer takes place, and fluid 

distribution elements such as pipes (inlet, outlet). The area of this surface is critical for the 

efficiency of the heat transfer and can be enhanced with the implementation of fins. Inside 

the heat exchangers all three heat transfer types take place. A primary categorization can be 

made based on the nature of the heat transfer, by means of either being direct, e.g. via a 

separating wall, or indirect with intermittent heat exchange (e.g. energy storage).  
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Heat exchangers can also be classified based on the number of fluids, the surface 

compactness, their design characteristics and flow arrangements, or the dominant heat 

transfer mechanisms. Another important classification is according to heat transfer surface 

to volume ratios: (compact/ non- compact heat exchangers)[2].   

The most common industrial heat exchangers are listed below: 

 Shell and tube heat exchangers 

 Plate heat exchangers 

 Finned tube heat exchangers 

 Plate fin heat exchangers 

 Micro-channel heat exchangers  

Those five types of heat exchangers differ in their design and applications mainly due to 

different working range and performance characteristics including their heat transfer surface 

to volume ratio, pressure drop, cost and materials. 

1.2.1 Shell and tube heat exchangers 

Shell and tube heat exchangers are indirect, cross-flow heat exchangers. The main 

components include tubes, baffles, shell, front head, rear head, tube sheets and nozzles. 

These components are selected according to the temperature range of the involved streams, 

their pressure, the properties of the working fluids, fouling, cost and the specific 

requirements of the application. This type of heat exchangers is used in high temperature 

and high pressure conditions and is the most frequently used in industries including power, 

food and chemical, consisting of a bundle of tubes inside a cylindrical shell[3, 4].  A 

schematic of the two stream flows inside a shell and tube heat exchanger is presented in Fig 

1.4. 

 

 

Fig.  1.4. Schematic of a shell and tube heat exchanger [5] 

Main characteristics of the shell and tube heat exchangers include the following [2]: 

 Versatility in a high range of applications (in terms of heat load and operating 

conditions) 

 High maximum allowable operating pressure 
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 Relatively simple construction 

 Robustness and reliability 

 Low pressure drop 

 Relatively high specific costs per heat transfer area: 550 $/m2 [6] 

 Typical U values range (depending on the fluids): 50-300 W/m2K[6] 

1.2.2 Plate heat exchangers 

Plate heat exchangers are also widely used in industries including food processing, 

petroleum refineries, power and chemical industries. They can be used instead of shell and 

tube heat exchangers when there are low- and medium operating pressures and consist of a 

number of corrugated metal plates in mutual contact, each having two inlet and two outlet 

ports with seals to direct the two fluid flows, which do not mix as the flow passages are 

formed by adjacent plates so that the two streams exchange heat while passing through 

alternate panels. These plates are clamped together and combine to a frame that includes 

these fluid connections[2, 7]. 

 

Fig.  1.5. Schematic of a gasketed plate heat exchanger layout and its streamlines 

The number and size of the plates are determined by the operating conditions such as flow 

rate, fluids’ properties, maximum allowable pressure drop and temperature profiles of the 

two streams. The spacing between the adjacent plates is a few millimeters. Each medium 

and the adjacent plates are gasketed (vented to atmosphere), eliminating the possibility of 

cross- contamination of the two fluids. 

The main characteristics of the plate heat exchangers include[2]: 

 Compact design, suitable for applications with space restrictions 

 Smaller operating range (in terms of temperature, pressure) 

 Higher pressure drops 
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 For gasketed plate heat exchangers (Fig.  1.5) only: modular design, allowing for 

modification of the number of plates 

 Low specific costs 

 Low maintenance 

 Typical U values range: 3500-7000 W/m2K [2] 

Another variation of this conventional gasketed plate heat exchanger in answer to the need 

for a more compact solution is the brazed plate heat exchanger. It is also constructed of a 

series of corrugated metal plates but without the gaskets, tightening bolts, frame, or 

carrying and guide bars. The steel plates are brazed together in a vacuum forming a 

pressure-resistant unit which can achieve higher pressures and temperatures. This structure 

makes the units less expendable, but their main advantage is their compact size. 

 

 
Fig.  1.6. Schematic of a brazed plate heat exchanger layout and its streamlines 

1.2.3 Finned tube heat exchangers 

Finned tube heat exchangers are also widely used in industry especially in applications on 

which one stream is in higher pressure and has higher heat transfer coefficient compared to 

the other. This mostly occurs to liquid- gas heat exchangers, since liquids tend to have higher 

heat transfer coefficients.  

This type of heat exchangers consists of tubes in various shapes, mostly round or 

rectangular, which have fins enhancing the heat transfer surface. The fins based on the 

application can be attached either on the outer, the inner surface or both sides of the tubes’ 

walls. In the most usual arrangement, liquid is flowing inside the tubes while gas at lower 

pressures flows across the finned tubes, and is mostly used in air-conditioning and 

refrigeration applications as condensers and evaporators. 

The fins on the tubes can be categorized as follows: 

 Normal fins on individual tubes: a geometry more rugged and less compact than 

continuous fin geometry. The most prevalent individually finned tubes are with 

circular, helical or annular enhanced geometries. They are mostly made of copper 
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aluminum or steel and are arranged in line or staggered, depending on the 

properties of gas flow and desired heat transfer rates. 

 Longitudinal fins on individual tubes: a geometry mostly used in condensing and 

highly viscous fluid applications. 

 Continuous fins on a tube array: mostly used in cooling applications and as vehicular 

radiators. Tubes are mechanically bonded with the fins, reducing the construction 

cost, but limiting the operating temperature. 

The core of the heat exchanger must be designed carefully, taking in to account fin spacing 

which can increase fouling while the construction is more sensitive and less compact. Also 

the proper selection of the surface is important, using both qualitative, such as heat transfer 

requirements, flow resistance and fouling characteristics, and quantitative, by comparing 

various heat exchangers’ performances and choosing the most fitting, criteria[2]. 

 

Fig.  1.7.  Schematic of a finned tube heat exchanger [8] 

 

1.2.4 Plate fin heat exchangers 

Plate-fin heat exchangers are compact devices, consisting of flat “parting” sheets and fin 

corrugations used mostly in gas-to-gas heat transfer applications and in cryogenic, 

aerospace and oil industries. Fluids flow between the parting sheets along the corrugations, 

which act as secondary heat exchange surfaces while providing mechanical support (Fig 1.8).  
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Fig.  1.8. Schematic of a plate-fin heat exchanger [9] 

Fins can be manufactured in many different geometries such as plain, straight uninterrupted 

fins in the flow direction, which generally result to lower heat transfer coefficients. Fins are 

usually wavy or have off-set strips, resulting in thinner boundary layers and therefore in 

higher heat transfer coefficients[2].  

Their main characteristics include: 

 Compact design 

 High thermal effectiveness 

 Low weight per unit of volume  

 Wide range of temperatures with the proper selection of materials 

 Allow for multiple streams heat transfer in a single unit 

 Complex and energy intensive construction  

 Pressure drop issues 

 

1.2.5 Micro-channel heat exchangers 

Microchannel is a modern type of heat exchanger which has flow passages as small as 1 mm 

[10] achieving very high heat transfer surface densities. These devices are generally lighter 

and even more compact than the aforementioned heat exchangers, and are able to achieve 

higher heat transfer rates. One more important advantage is the use of aluminum for its 

construction, reducing the cost and the weight, contributing to copper substitution. The 

advancement in micromachining allowed the use of metals for the construction of these 

heat exchangers, where micro-scale flow passages are created on thin metal foils, which are 

then welded or soldered together, into crossflow type exchangers. 



 

9 

 

 

Fig.  1.9. Schematic of possible microchannel heat exchangers configurations[10] 

Microchannel heat exchangers have been greatly used for cooling electrical hardware and 

are gradually expanding their field of applications in larger scale cooling applications.  

Currently the research’s main focus is the difference in flow characteristics in the channels, 

compared to conventional heat exchangers, due to reduced scale. Effects like flow 

compressibility, viscous forces and drag coefficient are intensified because of the reduced 

size and structural differences [11, 12]. 

 Thesis scope 

As already discussed, the heat exchangers is a widely applied component involved in almost 

all power, heating and cooling applications. Among several types of heat exchangers, plate 

heat exchangers have a large share of the global market, thanks to their relative low cost, 

their high energy density and their large availability. Thus the proper selection of the design 

procedure and hence the study and evaluation of the proposed in literature heat transfer 

correlations for plate heat exchangers is of crucial importance for the accurate design of a 

power, heating and/or cooling system. Within this scope, this study aims to provide a precise 

accounting towards the following issues: 

(a) (b) 

(c) 
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 Which is the range of prediction for commonly applied heat transfer correlations for 

evaporation, condensation and single phase flow in plate heat exchangers? 

 How the nature of the working fluid is affecting the calculated heat transfer 

coefficient? 

 How much is the dependence of each proposed correlation on the Reynolds 

number? 

 How accurate is the extrapolation of the proposed correlations? 

 Which is the range of the predicted values for the proposed correlations of the 

plate’s pressure drop? 

 How is the nature of the working fluid and the Reynolds number affecting the 

pressure drop prediction for each proposed correlation? 
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Chapter 2. Plate heat exchanger modelling 

In the following sections, the procedure of the plate heat exchanger’s modelling is 

presented. Three models were developed for the plate heat exchanger configuration: an 

evaporator, a condenser and single phase heat exchanger. Various heat transfer correlations 

will be used in these calculations, which will be presented in the following chapters. 

 Evaporator Modelling 

The calculation of the required geometry of the plate heat exchanger- evaporator to achieve 

the required heat duty is essential. Hence, for the initialization of these calculations, the two 

inlet streams (working fluid, pressure, temperature and mass flow rate) as well as the exit 

condition of the cold stream (nominal point) are required as input data. If the outlet 

condition of the primary stream is assumed, the outlet of the secondary- hot- stream can be 

determined by applying a simple energy balance.  

 

 
Fig.  2.1. (a) Schematic of a plate with key dimensions (b) a composite curve for an example 

of evaporation zone (hot stream: Therminol D12, cold stream: r245fa) 

In order to evaluate whether a specific number of plates are sufficient for the investigated 

heat transfer duty, both the plain surface of a single plate as well as its enhanced surface 

due to the existence of corrugations are required. 

𝐴𝑟𝑒𝑓 = 𝐵𝑝 ∙ 𝐿𝑝  ( 2.1) 

𝐴𝑝 = 𝐴𝑟𝑒𝑓 ∙ 𝛷 ( 2.2) 

 

With Φ the enlargement factor, calculated by the following expression: 

𝛷 =
1

6
(1 +√1 + 𝑋2 + 4√1 +

𝑋2

2
) 

( 2.3) 

𝑋 =
2𝜋𝛼𝑝𝑙

𝛬
 

( 2.4) 
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The hydraulic diameter is calculated by the following expression: 

𝐷ℎ =
4𝛼𝑝𝑙

𝛷
 

( 2.5) 

 

And the mass velocity per stream is calculated as following: 

𝐺ℎ𝑠,𝑐ℎ =
𝑚̇ℎ𝑠

𝑁𝑐𝑝 ∙ 𝐴𝑐ℎ
 

( 2.6) 

𝐺𝑐𝑠,𝑐ℎ =
𝑚̇𝑐𝑠

𝑁𝑐𝑝 ∙ 𝐴𝑐ℎ
 

( 2.7) 

 

With 𝑁𝑐𝑝, the number of channels per pass, 𝑚̇ℎ𝑠, the total mass flow rate of the hot side and 

𝑚̇𝑐𝑠, the total mass flow rate of the cold side and 𝐴𝑐ℎ, the channel surface, which is equal to: 

𝐴𝑐ℎ = 2𝛼𝑝𝑙 ∙ 𝐵𝑝 ( 2.8) 

 

For the heat transfer calculations the heat exchanger was subdivided into three zones, as 

shown in Fig. 2.1. The preheating zone was the first to be calculated. Based on the exit 

stream results, the evaporation zone was afterwards calculated, and eventually the 

superheating zone was defined. The preheating and superheating zones were solved using a 

single element approach based on single-phase analysis. On the contrary, the evaporation 

zone was discretized in 10 consecutive elements, since the heat transfer rate is highly 

varying with the quality. Within each element, an equal increase of the cold stream’s quality 

was assumed. The analysis of each zone follows: 

2.1.1 Preheating zone 

Since the preheating zone is solved as a single element, for the cold stream, the inlet 

conditions of the preheating zone were equal to those of the entire heat exchanger, while 

the outlet conditions corresponded to the saturated liquid. The hot stream inlet for this zone 

is calculated with an energy balance, since the pressures for the two streams were regarded 

equal to the heat exchanger’s input values, and the (hot stream) outlets were the same as 

for the whole heat exchanger, and were also known. 

Having calculated the mean temperature of the preheating zone on each side, 𝑇̅ℎ𝑠,𝑝𝑟𝑒  and 

𝑇̅𝑐𝑠,𝑝𝑟𝑒, the plate’s mean temperature is given: 

𝑇̅𝑝𝑙,𝑝𝑟𝑒 =
𝑇̅ℎ𝑠,𝑝𝑟𝑒 + 𝑇̅𝑐𝑠,𝑝𝑟𝑒

2
 ( 2.9) 

 

The mean temperature of the wall is also calculated, on each side: 

𝑇̅𝑤𝑎𝑙𝑙,ℎ𝑠 =
𝑇̅ℎ𝑠,𝑝𝑟𝑒 + 𝑇̅𝑝𝑙,𝑝𝑟𝑒

2
 ( 2.10) 

𝑇̅𝑤𝑎𝑙𝑙,𝑐𝑠 =
𝑇̅𝑐𝑠,𝑝𝑟𝑒 + 𝑇̅𝑝𝑙,𝑝𝑟𝑒

2
 ( 2.11) 
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Then the logarithmic mean temperature ∆𝑇𝑙𝑚 is equal to: 

𝛥𝛵𝑙𝑚 =
(𝑇ℎ𝑠,𝑖𝑛,𝑝𝑟𝑒 − 𝑇𝑐𝑠,𝑜𝑢𝑡,𝑝𝑟𝑒) − (𝑇ℎ𝑠,𝑜𝑢𝑡,𝑝𝑟𝑒 − 𝑇𝑐𝑠,𝑖𝑛,𝑝𝑟𝑒)

ln (
𝑇ℎ𝑠,𝑖𝑛,𝑝𝑟𝑒 − 𝑇𝑐𝑠,𝑜𝑢𝑡,𝑝𝑟𝑒
𝑇ℎ𝑠,𝑜𝑢𝑡,𝑝𝑟𝑒 − 𝑇𝑐𝑠,𝑖𝑛,𝑝𝑟𝑒

)

 
               ( 2.12) 

 

The last step was the calculation of the Prandtl and Reynolds numbers on the cold and hot 

side, respectively. The Prandtl number for the cold stream is calculated indirectly using 

Refprop’s database for the corresponding mean condition in the preheating zone: 

𝑅𝑒ℎ𝑠 =
𝐺ℎ𝑠,𝑐ℎ ∗ 𝐷ℎ

𝜇ℎ𝑠
 ( 2.13) 

𝑃𝑟ℎ𝑠 =
𝜇ℎ𝑠 ∗ 𝑐𝑝,ℎ𝑠

𝜆ℎ𝑠
 ( 2.14) 

𝑅𝑒𝑐𝑠 =
𝐺𝑐𝑠,𝑐ℎ ∗ 𝐷ℎ

𝜇𝑐𝑠
 ( 2.15) 

 

The heat transfer coefficient of the hot side is calculated as follows: 

𝑎ℎ𝑠,𝑝𝑟𝑒 =
𝑁𝑢ℎ𝑠 ∗ 𝜆ℎ𝑠

𝐷ℎ
 ( 2.16) 

 

The correlation for the Nusselt number, 𝑁𝑢ℎ𝑠 , to be used will be eventually selected in the 

next chapters. 

For the cold side, the heat transfer coefficient is calculated as follows: 

𝑎𝑐𝑠,𝑝𝑟𝑒 =
𝑁𝑢𝑐𝑠 ∗ 𝜆𝑐𝑠

𝐷ℎ
 ( 2.17) 

 

Finally, the preheating zone overall heat transfer coefficient is calculated by the following 

equation: 

𝑈𝑝𝑟𝑒 =
1

1
𝑎ℎ𝑠

+
1
𝑎𝑐𝑠

+
𝑡𝑝𝑙𝑎𝑡𝑒
𝜆𝑤𝑎𝑙𝑙

+ 𝑅𝑓,𝑐𝑠 + 𝑅𝑓,ℎ𝑠

 
( 2.18) 

 

Where 𝑅𝑓,𝑐𝑠 and 𝑅𝑓,ℎ𝑠 are the fouling resistances of the two sides of the stream. The heat 

transfer surface is easily calculated: 

𝐴𝑟𝑒𝑞,𝑝𝑟𝑒 =
𝑄̇𝑝𝑟𝑒

𝛥𝛵𝑙𝑚 ∗ 𝑈𝑝𝑟𝑒
 ( 2.19) 

 

Regarding the pressure drop, 𝛥𝑝ℎ𝑠,𝑝𝑟𝑒, of the hot side stream the equations will also be 

shown and evaluated in the following chapters.  
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 Fig.  2.2. Discretization of the plate in the evaporation zone 

2.1.2 Evaporation zone 

For the initialization of the evaporating zone, as shown in Fig. 2.2, the following conditions 

are considered: 

ℎ𝑐𝑠,𝑖𝑛(1) = ℎ𝑐𝑠,𝑜𝑢𝑡,𝑝𝑟𝑒  

ℎℎ𝑠,𝑜𝑢𝑡(1) = ℎℎ𝑠,𝑖𝑛,𝑝𝑟𝑒  

The hot stream’s inlet enthalpy of each element m is determined using an energy balance: 

ℎℎ𝑠,𝑖𝑛(𝑚) = ℎℎ𝑠,𝑜𝑢𝑡(𝑚) +
𝑚̇𝑐

𝑚̇ℎ
[ℎ𝑐𝑠,𝑜𝑢𝑡(𝑚) − ℎ𝑐𝑠,𝑖𝑛(𝑚)] ( 2.20) 

 

The first step includes the calculation of the temperatures for each element using Refprop’s 

database and then, using equation (2.12), the mean logarithmic as well as the actual 

temperature differences are calculated. Similarly, the Prandtl and Reynolds numbers are 

calculated for each element m through equations (2.13- 2.15). Since the cooling process of 

the hot side is single phase, equation (2.16) combined with the appropriate single phase 

Nusselt correlation gives the heat transfer coefficient of each element m, 𝑎ℎ𝑠,𝑒𝑣𝑎𝑝(𝑚).  

On the other hand, the cold side demands two phase heat transfer analysis, therefore the 

appropriate Nusselt number, 𝑁𝑢𝑐𝑠(𝑚),  equations must be chosen, which will also be a 

subject of the next chapters. By calculating the Nusselt number the cold side heat transfer 

coefficient is calculated: 

𝑎𝑐𝑠,𝑒𝑣𝑎𝑝(𝑚) =
𝑁𝑢𝑐𝑠(𝑚) ∗ 𝜆𝑐𝑠,𝐿

𝐷ℎ
 ( 2.21) 

 

Finally, the overall heat transfer coefficient of the evaporation zone equals: 

        ..

        
Element 1Element 2

Element 
iter-1

Element 
iter

hhs,in

hcs,out

hhs,out

hcs,in

xcs,out(1) = xcs,in(1) + Δx

hhs,out(1) = hhs,outhhs,in(iter) = hhs,in

hcs,out(iter) = hcs,out hcs,in(1) = hcs,inhcs,in(2)=hcs,out(1)

xcs,in(2)=xcs,out(1)
xcs,out(iter)=1
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𝑈𝑒𝑣𝑎𝑝(𝑚) =
1

1
𝑎ℎ𝑠,𝑒𝑣𝑎𝑝(𝑚)

+
1

𝑎𝑐𝑠,𝑒𝑣𝑎𝑝(𝑚)
+
𝑡𝑝𝑙𝑎𝑡𝑒
𝜆𝑤𝑎𝑙𝑙

+ 𝑅𝑓,𝑐𝑠 + 𝑅𝑓,ℎ𝑠

 
( 2.22) 

 

Then, the heat transfer surface required is calculated as follows: 

𝐴𝑟𝑒𝑞,𝑒𝑣𝑎𝑝(𝑚) =
𝑄̇𝑒𝑣𝑎𝑝(𝑚)

𝛥𝛵𝑙𝑚 ∗ 𝑈𝑒𝑣𝑎𝑝(𝑚)
 ( 2.23) 

 

As mentioned above, the two phase pressure drop for the cold side, 𝛥𝑝𝑐𝑠,𝑒𝑣𝑎𝑝(𝑚), will be 

calculated using various equations, which will be examined in the following chapters. 

2.1.3 Superheating zone 

In the superheating zone the heat transfer is single phase, hence the calculations are similar 

to the preheating zone. Consequently, by implementing the inlet and outlet conditions for 

the superheating zone on equations (2.9-2.18), the heat transfer coefficients of both sides, 

𝑎ℎ𝑠,𝑠𝑢𝑝ℎ  and 𝑎𝑐𝑠,𝑠𝑢𝑝ℎ , can be determined. Therefore, the overall heat transfer coefficient 

equals: 

𝑈𝑠𝑢𝑝ℎ =
1

1
𝑎ℎ𝑠,𝑠𝑢𝑝ℎ

+
1

𝑎𝑐𝑠,𝑠𝑢𝑝ℎ
+
𝑡𝑝𝑙𝑎𝑡𝑒
𝜆𝑤𝑎𝑙𝑙

+ 𝑅𝑓,𝑐𝑠 + 𝑅𝑓,ℎ𝑠

 
( 2.24) 

 

Finally, the required heat transfer surface is calculated using the following equation: 

𝐴𝑟𝑒𝑞,𝑠𝑢𝑝ℎ =
𝑄̇𝑠𝑢𝑝ℎ

𝛥𝛵𝑙𝑚 ∗ 𝑈𝑠𝑢𝑝ℎ
 ( 2.25) 

 

The pressure drops for the hot and the cold side will be calculated using various equations, 

which will be mentioned in the following chapters. 

2.1.4 Overall Calculations 

After evaluating the heat transfer and pressure drop for the preheating, evaporation and 

superheating zones, the total heat transfer surface needed to accomplish the defined heat 

duty, can be calculated as the sum of all the aforementioned parts: 

𝐴𝑟𝑒𝑞,𝑡𝑜𝑡 = 𝐴𝑟𝑒𝑞,𝑝𝑟𝑒 + ∑ 𝐴𝑟𝑒𝑞,𝑒𝑣𝑎𝑝(𝑚)

𝑖𝑡𝑒𝑟

𝑚=1

+ 𝐴𝑟𝑒𝑞,𝑠𝑢𝑝ℎ  ( 2.26) 

 

Whereas the pressure drop for the two streams are: 

𝛥𝑝𝑐𝑠,𝑡𝑜𝑡 = 𝛥𝑝𝑐𝑠,𝑝𝑜𝑟𝑡 + 𝛥𝑝𝑐𝑠,𝑝𝑟𝑒 + ∑ 𝛥𝑝𝑐𝑠,𝑒𝑣𝑎𝑝(𝑚)

𝑖𝑡𝑒𝑟

𝑚=1

+ 𝛥𝑝𝑐𝑠,𝑠𝑢𝑝ℎ ( 2.27) 

𝛥𝑝ℎ𝑠,𝑡𝑜𝑡 = 𝛥𝑝ℎ𝑠,𝑝𝑜𝑟𝑡 + 𝛥𝑝ℎ𝑠,𝑝𝑟𝑒 + ∑ 𝛥𝑝ℎ𝑠,𝑒𝑣𝑎𝑝(𝑚)

𝑖𝑡𝑒𝑟

𝑚=1

+ 𝛥𝑝ℎ𝑠,𝑠𝑢𝑝ℎ ( 2.28) 
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Where the pressure drop at the ports, 𝛥𝑝𝑝𝑜𝑟𝑡 , equals (Shah and Focke 1988): 

𝛥𝑝𝑝𝑜𝑟𝑡 = 0.75(
𝐺2

𝜌𝑚
) ( 2.29) 

 

To determine the size of the evaporator, an initial guess is made regarding the number of 

plates,𝑁𝑡, of the heat exchanger, which increases until the total surface is higher than the 

required 𝐴𝑟𝑒𝑞,𝑡𝑜𝑡 . The pressure drop of each streams sets an upper limit for the loop to end. 

This method is visualized in the following figure (Fig. 2.3): 

Input of 

streams 

data

Input of 
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models 
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Guess of 
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Calculate 

Preheater Area
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Fig.  2.3. Flow chart of the evaporator sizing process 

 Condenser Modelling 

Similarly to the evaporator modelling, the condenser is divided in three zones. The first one 

is the desuperheating zone, whose exit results are inserted in the condensation zone 

analysis. Finally, the subcooling zone is designed. In a similar manner with the evaporator, 

the single phase heat transfer is solved as a single element, while the condensation zone is 

separated in 10 elements. Equal decrease of the stream’s quality is assumed in each of the 

10 elements. The figure below (Fig. 2.4) presents an overview of the three heat transfer 
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zones for a case study. Once again the properties of both streams are acquired from the 

Refprop database and the analysis uses the calculations in equations (2.1-2.8). 

 

Fig.  2.4. Condensation zone for a heat transfer overview example (hot stream: Cyclopen, cold stream: 

Ammonia) 

2.2.1 Desuperheating zone 

As abovementioned the desuperheating zone is solved as a single element. Hence, the inlet 

of the hot stream matches that of the whole condenser. The outlet conditions equaled to 

saturated vapor. Moreover, the cold side’s outlet of the whole heat exchanger and the 

desuperheating zone coincide. Therefore, the inlet of the cold stream is also defined with 

the use of an energy balance. Similarly to the evaporator the Prandtl number was calculated 

with the use of Refprop, while the Reynolds number are determined by the equations (2.13) 

and (2.15). The Nusselt number and the equations for the pressure drop will be listed in the 

next chapters. Finally, with the use of the equations (2.18) and (2.19) the overall heat 

transfer coefficient as well as the surface area required to perform the heat duty are 

defined.  

2.2.2 Condensation zone 

The condensation zone is discretized in a similar way to the evaporation zone 

abovementioned in 10 consecutive elements. Each element, m, is considered to have an 

equal decrease of quality of the hot stream, therefore the inlet and outlet conditions of the 

hot side are easily calculated. For the cold side the outlet of the condensation zone is 

deemed equal to the inlet of the desuperheating zone, hence known. The inlet enthalpy of 

each element, m, of the cold side is defined with the use of an energy balance: 

ℎ𝑐𝑠,𝑖𝑛(𝑚) = ℎ𝑐𝑠,𝑜𝑢𝑡(𝑚) −
𝑚̇ℎ

𝑚̇𝑐
[ℎℎ𝑠,𝑖𝑛(𝑚) − ℎℎ𝑠,𝑜𝑢𝑡(𝑚)] ( 2.30) 
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By calculating the enthalpies of each element, the first step is the calculation of the 

temperatures for each element using Refprop’s database and then using equation (2.12) the 

mean logarithmic as well as the actual temperature differences are calculated. Similarly, the 

Prandtl and Reynolds numbers are given for each element m through equations (2.13- 2.15). 

Since the cooling process of the hot side is single phase, equation (2.16) combined with 

various Nusselt equations gives the heat transfer coefficient of each element m, 

𝑎𝑐𝑠,𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛(𝑚).  

At the same time, for the hot side, since two phase heat transfer analysis is required, the 

appropriate Nusselt number equations 𝑁𝑢ℎ𝑠(𝑚) will be chosen in the following chapters. 

The heat transfer coefficient of each element, m, equals: 

  

𝑎ℎ𝑠,𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛(𝑚) = (
𝜆

𝐷ℎ
)𝑁𝑢ℎ𝑠(𝑚) ( 2.31) 

 

Finally, with the use of equations (2.22) and (2.23), the overall heat transfer coefficient, 

𝑈𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 , as well as the required condensation surface, 𝐴𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛, are calculated. 

For the pressure drop of each side, equations and formulas will be presented in the 

following chapters. 

2.2.3 Subcooling zone 

The subcooling zone is solved like the desuperheating zone, by applying the inlet and outlet 

conditions on equations (2.9-2.17), since single phase heat transfer takes place on both the 

cold and the hot side. Consequently, the heat transfer coefficients, 𝑎ℎ𝑠,𝑠𝑢𝑏𝑐  and 𝑎𝑐𝑠,𝑠𝑢𝑏𝑐 , are 

calculated. Furthermore, with the use of equation (2.18) and (2.19) the overall heat transfer 

coefficient, 𝑈𝑠𝑢𝑏𝑐 , and the required surface, 𝐴𝑠𝑢𝑏𝑐  , are defined. As mentioned above, for 

the Nusselt number, as well as the pressure drop, various equations will be presented in the 

next chapter. 

2.2.4 Overall calculations 

Having specified the heat transfer and pressure drop for each part of the condenser, the 

overall required surface to achieve the heat duty equals: 

𝐴𝑟𝑒𝑞,𝑡𝑜𝑡,𝑐𝑜𝑛𝑑 = 𝐴𝑟𝑒𝑞,𝑑𝑒𝑠𝑢𝑝 + ∑ 𝐴𝑟𝑒𝑞,𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛(𝑚)

𝑖𝑡𝑒𝑟

𝑚=1

+ 𝐴𝑟𝑒𝑞,𝑠𝑢𝑏𝑐  ( 2.32) 

 

The pressure drop of the two streams are: 

𝛥𝑝𝑐𝑠,𝑡𝑜𝑡,𝑐𝑜𝑛𝑑 = 𝛥𝑝𝑐𝑠,𝑝𝑜𝑟𝑡 + 𝛥𝑝𝑐𝑠,𝑑𝑒𝑠𝑢𝑝 + ∑ 𝛥𝑝𝑐𝑠,𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛(𝑚)

𝑖𝑡𝑒𝑟

𝑚=1

+ 𝛥𝑝𝑐𝑠,𝑠𝑢𝑏𝑐  ( 2.33) 
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𝛥𝑝ℎ𝑠,𝑡𝑜𝑡,𝑐𝑜𝑛𝑑 = 𝛥𝑝ℎ𝑠,𝑝𝑜𝑟𝑡 + 𝛥𝑝ℎ𝑠,𝑑𝑒𝑠𝑢𝑝 + ∑ 𝛥𝑝ℎ𝑠,𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛(𝑚)

𝑖𝑡𝑒𝑟

𝑚=1

+ 𝛥𝑝ℎ𝑠,𝑠𝑢𝑏𝑐  ( 2.34) 

 

The sizing method is similar to the one used for the evaporator. A heat exchanger model is 

guessed, while, the number of plates, 𝑁𝑡, are increasing, until the total surface of the plate 

heat exchanger is larger than the required, 𝐴𝑟𝑒𝑞,𝑡𝑜𝑡. Once again, an upper limit of the 

pressure drop within each stream is set, for the iterations to end. 

 Single phase heat exchanger 

Since the heat transfer taking place on both streams at this part, is single phase, the analysis 

used will be similar to the one abovementioned for the preheating and the superheating 

zones of the evaporator, and the desuperheating and subcooling zones of the condenser, 

respectively. Hence, the single phase heat exchanger will be solved as a single element. 

A pinch point of 6 K can be assumed, thus by having already defined the inlet conditions of 

the heat exchanger, the cold stream exit can be heated up to temperature which equals the 

hot stream inlet minus the 6 K of the pinch point. Since the cold stream heat capacity is 

higher than the hot stream’s value, the pinch point will be spotted at the exit of the hot 

stream form the heat exchanger, where the temperature change will be greater, as shown in 

Fig. 2.5. With the hot stream’s outlet conditions known, and the use of an energy balance, 

the outlet of the cold stream can be calculated. 

The Prandtl numbers for both streams were defined with the use of Refprop, while the 

Reynolds numbers were given by equations (2.13) and (2.15). The Nusselt numbers like 

abovementioned will be calculated with equations which will be shown in the following 

chapters. Finally, with the use of equations (2.18) and (2.19), the overall heat transfer 

coefficient and the required surface area, are calculated respectively. Due to the fact, that 

the single phase heat exchanger’s heat duty is smaller than the evaporator’s and the 

condenser’s, smaller commercial plate heat exchangers are considered in the script. 

 

Fig.  2.5. Composite curve for an example of a single phase heat exchanger (hot stream: Therminol 

D12, cold stream: Cyclohexane) 
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 Geometrical characteristics of evaluated commercial plate heat exchangers 

Below there are the geometrical data of the plate heat exchangers, used in the heat transfer 

analysis: 

Table 2-1. Basic plate geometrical characteristics used for the heat transfer analysis 

Property Number of 
passes, 𝑵𝒑 

Plate 
thickness 
(mm) 

Chevron 
angle, 𝝋 
(°) 

Pitch (mm) Plate 
amplitude, 
𝒂𝒑𝒍 (mm) 

Corrugation 
pitch, 𝜦 
(mm) 

Value 1 0.7 60 2.7 1 7 

 

Table 2-2. Geometrical data of the considered plate heat exchangers for the evaporation 
phase 

Model Dp(m) Lp(m) Bp(m) Min-Max Number of 
plates 

Max flow 
(kg/s) 

AC30EQ 0.02 0.269 0.095 4-120 8.8 
AC70X 0.02 0.466 0.111 4-124 14 
AC112 0.02 0.519 0.191 10-300 51 
CB200 0.04 0.624 0.324 10-230 128 

 

Table 2-3. Geometrical data of the considered plate heat exchangers for the condensation 
phase 

Model Dp(m) Lp(m) Bp(m) Min-Max Number of 
plates 

Max flow 
(kg/s) 

CB10 0.013 0.154 0.0735 4-60 4.1 
CB20 0.019 0.270 0.0940 10-110 8.8 
CB30 0.019 0.250 0.113 4-150 14 
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Chapter 3. Heat transfer correlations 

In this chapter the heat transfer correlations for the determination of the heat transfer 

coefficient will be presented in correspondence to the previous chapter’s heat transfer 

analysis for the single phase, heat transfer, evaporation and condensation, respectively, 

using a number of working fluids and flow regimes. 

 Evaporation 

The Nusselt correlation used in the hot side of the plate heat exchanger in equation (2.16) is 

Donowski’s equation listed in Table 3-3 with the single phase heat transfer correlations. 

For the cold side the Nusselt number used in equation (2.17) and (2.21) is calculated using 

various correlations shown in Table 3-1. 

The correlations shown in Table 3-1 are introduced to the evaporator’s modeling, which was 

presented at Chapter 2.1 and the heat transfer coefficient for the cold side is calculated. 

The analysis is carried out using three different vaporizing fluids: R245ca, R1234ze and 

Cyclopentane. For each fluid the heat transfer coefficient is calculated for various Reynolds 

numbers, to take in to account the flow’s turbulence influence on the heat transfer 

prediction by each correlation. For the first set of calculations, of each fluid, the parameters 

are set as default, with the mass flow of the cold side 𝑚𝑐 = 0.07 𝑘𝑔/𝑠𝑒𝑐 and the hot side 

mass flow 𝑚ℎ = 0.5 𝑘𝑔/𝑠𝑒𝑐. The inlet temperatures are set at 150 oC for the cold side and 

at 200 oC for the hot side. Three more calculations are carried out, varying the mass flows to 

increase the Reynolds number to 500, 1000 and 3000. Below the calculations results are 

presented in heat transfer coefficient (𝑎 [
𝑊

𝑚2𝐾
])- Quality (𝑥) diagrams. In the case of R1234ze, 

the inlet temperatures for the cold and the hot side were decreased by 50oC respectively. 

The key conclusions are summarized below: 

 Palmer’s equation’s results are normalized for qualities above 0.2 (𝑥 > 0.2).  

 Khan’s equation’s results are relatively constant to the changes of Re 

 Almalfi’s results are proportional to the Re number  

 Park and Kim’s results are inversely proportioned to the Re number 

 The curvature observed in Koyama’s and Arima’s results, which could be caused by 

the use of the Lockhart- Martinelli parameter 

 Lee’s correlation uses two equations in its calculation, resulting in some 

discontinuities.  

 For high Reynolds numbers Ayub’s correlation tends to overpredict the heat transfer 

coefficient 

 Vakili’s and Koyama’s correlations produce similar results in the turbulent region.  

 Taboas’ and Arima’s results seem to be unaffected by the increase of the Reynolds 

number. 

With the use of Cyclopen: 

 Hsieh,Lin and Huang’s correlations produce similar results in the laminar region 
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 Yan and Lin and Longo’s results are similar in the whole Re number spectrum.  

Eventually use of R1234ze gives lower heat transfer coefficients in the turbulent region, in 

comparison to the other working fluids.  
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Table 3-1. Evaporation heat transfer coefficient correlations 

Correlation Working fluid  Range Reference 

𝑁𝑢 = 19.26𝑅𝑒𝑒𝑞𝑅𝑒𝐿
−0.5𝐵𝑜𝑒𝑞

0.3𝑃𝑟𝐿
1/3 R134a 2,000 < 𝑅𝑒𝑒𝑞

< 10,000 

Yan and Lin [13] 

𝑁𝑢 = 18.4096𝑅𝑒0.78𝐵𝑜0.5𝑃𝑟𝐿
1/3 ∙ (

𝜇𝑏𝑢𝑙𝑘
𝜇𝑤𝑎𝑙𝑙

)
0.14

 
R410A  50 < 𝐺 < 125

8.5 < 𝑞𝑓𝑙𝑢𝑥 < 30
 

Hsieh and Lin [14] 

𝑁𝑢 = 𝐺𝑒1 𝑅𝑒𝑒𝑞
𝐺𝑒2𝐵𝑜𝑒𝑞

0.3𝑃𝑟𝐿
0.4        

𝐺𝑒1 = 2.81 (
Λ

𝐷ℎ
)
−0.041

(
𝜋

2
− 𝜑)

−2.83

 

𝐺𝑒2 = 0.746 (
Λ

𝐷ℎ
)
−0.082

(
𝜋

2
− 𝜑)

0.61

 

R410A, R22  13 < 𝐺 < 34
2.5 < 𝑞𝑓𝑙𝑢𝑥 < 8.5

 
Han et. al [15] 

𝑁𝑢 = 5.323𝑅𝑒𝑒𝑞
0.42𝑃𝑟1/3  R410A 600 < 𝑅𝑒 < 2,300

40 ≤ 𝐺 ≤ 80
 Kim et. al [16] 

𝑁𝑢 = 2.7𝑅𝑒𝐿
0.55𝑃𝑟𝐿

0.5, (𝑅22, 𝑅290, 𝑅290/600𝑎)𝑎

= (
𝑘𝑙
𝐷ℎ
)𝑁𝑢𝑙

0.42𝐹𝑟0.088𝜔1.5𝐶𝑜1.5𝑀1.5 , 𝑁𝑢𝑙

= 0.16𝑅𝑒𝐿
0.89𝑃𝑟𝐿

0.4, (𝑅32/𝑅152𝑎) 

Where, 𝐶𝑜 = (
𝜌𝑔

𝜌𝑙
)
0.5
(
1−𝑥𝑚

𝑥𝑚
)
0.8

, 𝜔 = −𝑙𝑜𝑔10 (
𝑝

𝑝𝑐𝑟
), 𝐹𝑟 =

𝐺2

𝜌2𝑔𝐷ℎ
 

R22,R290, 

R290/600a, 

R32/R152a 

13 < 𝑅𝑒𝑒𝑞 < 230 

1.6 ≤ 𝐺 ≤ 19 

1.3 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 8.3 

Palmer et. al [17] 
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𝛼 = 𝑎𝑛𝑢𝑐𝑙 + 𝑎𝑐𝑜𝑛𝑣  

𝑎𝑛𝑢𝑐𝑙 = 0.58𝛷ℎ0 (
𝜀

𝜀0
)
0.1333

(
𝑞𝑓𝑙𝑢𝑥

𝑞flux,0
)

0.467

 

With 𝑞flux,0 = 20 𝑘𝑊/𝑚
2 , 𝜀0 = 0.4 𝜇𝑚, ℎ0 specific for each refrigerant, 𝛷 =

[1.2𝑝𝑟𝑒𝑑
0.27 + (2.5 +

1

1−𝑝𝑟𝑒𝑑
) 𝑝𝑟𝑒𝑑] 

𝑎𝑐𝑜𝑛𝑣 = 0.122𝛷 (
𝜆

𝐷ℎ
)𝑅𝑒𝑒𝑞

0.8𝑃𝑟1/3 

R134a, R410A, 

R507A, R22, 

R601a, propane, 

propylene, 

R236fa, R1234yf 

 5.7 < 𝐺 < 125
2.7 < 𝑞𝑓𝑙𝑢𝑥 < 36.5

 
Longo et. al [18]  

 

𝑁𝑢 = 532.2𝑅𝑒𝑒𝑞
0.3237𝐵𝑜𝑒𝑞

0.3𝑃𝑟𝐿
1/3𝑅𝑒−0.5     

 

R134a  45 ≤ 𝐺 ≤ 55
4 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 8

 

𝑇𝑠𝑎𝑡
= 10℃, 15℃, 20℃ 

0.1 ≤ 𝑥𝑚 ≤ 0.8 

𝛽 = 45𝜊  

Kim and Park [19] 

𝑁𝑢 = 𝐶 [
𝑅𝑒𝐿

2𝛾

𝐿𝑝
]

0.4124

(
𝑝

𝑝𝑐𝑟
)
0.12

(
65

𝛽
)
0.35

 [
𝐵𝑡𝑢

ℎ𝑟 ∙ 𝑓𝑡2 ∙ ℉
]  

{
𝐶 = 0.1121 𝑓𝑜𝑟 𝑓𝑙𝑜𝑜𝑑𝑒𝑑 𝑎𝑛𝑑 𝑡ℎ𝑒𝑟𝑚𝑜 − 𝑠𝑦𝑝ℎ𝑜𝑛

𝐶 = 0.0675 𝑓𝑜𝑟 𝑑𝑖𝑟𝑒𝑐𝑡 𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛
 

Ammonia,R22 4000 ≤ 𝑅𝑒

≤ 16000, 𝑈𝑆 𝑢𝑛𝑖𝑡𝑠 

30𝑜 < 𝛽 < 65𝜊  

Ayub [20] 
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Nu = 0.3772 (
𝐺(1 − 𝑥)𝐷ℎ

𝜇𝐿
)

0.8

𝑃𝑟𝐿
0.4 (

1

𝑥𝑣𝑣
)
1.08

 

𝑋𝑣𝑣 = (
1−𝑥

𝑥
)
0.5
(
𝜌𝑔

𝜌𝑙
)
0.5

(
𝜇𝑙

𝜇𝑔
)
0.5

(laminar-laminar) 

Ammonia 40 < 𝑅𝑒 < 3600 

7.4 ≤ 𝐺 ≤ 15 

15.4 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 24.5 

0.1 ≤ 𝑥𝑚 ≤ 0.9 

0.7 ≤ 𝑝 ≤ 0.9 

Arima et. al [21] 

Nu = (−
173.52𝛽

60
+ 257.12) ( 𝑅𝑒𝑒𝑞𝐵𝑜𝑒𝑞)

−0.09
𝛽
60
+0.0005

𝑝∗0.624
𝛽
60
−0.822 

𝑝∗ =
𝑝

𝑝𝑐
 

Ammonia 500 < 𝑅𝑒 < 2500 

5.5 < 𝐺 < 27 

20 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 70 

0.1 ≤ 𝑥𝑚 ≤ 0.9 

3.5 < 𝑃𝑟 < 6 

30° < 𝛽 < 60° 

1225 < 𝑅𝑒𝑒𝑞 < 3000 

−2℃ ≤ 𝑇𝑠𝑎𝑡 ≤ −25℃ 

Khan and Chyu and 

Khan et. al [22, 23] 

𝑎 = {
𝑎𝑛𝑏 = 5𝐵𝑜

0.15𝑎𝑙 ,   𝑓𝑜𝑟 𝑢𝑔 < −111.88𝑢𝑙 + 11.848

max(𝑎𝑛𝑏 , 𝑎𝑐𝑏) ,   𝑓𝑜𝑟  𝑢𝑔 > −111.88𝑢𝑙 + 11.848
 

where, 𝑢𝑔 =
𝐺𝑥

𝜌𝑔
, 𝑢𝑙 =

𝐺(1−𝑥)

𝜌𝑙
, 𝑎𝑐𝑏 = (𝜑𝐶ℎ𝑖𝑠ℎ𝑜𝑙𝑚

2 )
0.2
𝑎𝑙, 𝜑𝐶ℎ𝑖𝑠ℎ𝑜𝑙𝑚

2 = 1+
𝐶

𝑋𝑡𝑡
+

1

𝑋𝑡𝑡
2 , 

𝐶 = 3  

0.42 ≤ 𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝐶𝑜𝑛𝑐𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ≤ 0.62 

Ammonia/water 

 

70 ≤ 𝐺 ≤ 140 

20 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 50 

0.0 ≤ 𝑥𝑚 ≤ 0.22 

0.7 ≤ 𝑝 ≤ 1.5 

Taboas et. al [24] 
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𝑁𝑢 = 0.00187 (
𝑞𝑑0
𝑇𝑠𝑎𝑡𝑘𝑙

)
0.56

(
𝛾𝑑0

𝑎𝑙
2 )

0.31

𝑃𝑟𝑙
0.33, 𝑎𝑡𝑝 = 𝑁𝑢(

𝑘𝑙
𝑑𝑜
) 

𝑑0 = 0.0146𝜃 (
2𝜎

𝑔(𝜌𝑙−𝜌𝑔)
)
0.5

,𝜃 = 35°, 𝑎𝑙 =
𝑘𝑙

𝜌𝑙𝐶𝑝𝑙
 

R134a,R507A, 

R12,Ammonia 

5.6 ≤ 𝐺 ≤ 52.3 

1.8 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 6.9 

5.9℃ ≤ 𝑇𝑠𝑎𝑡 ≤ 13℃ 

28° < 𝛽 < 60° 

 

Huang et. al [25] 

{
 
 

 
 𝑁𝑢 = 98.7 (

𝑅𝑒𝑔

𝑅𝑒𝑙
)

−0.0848

𝐵𝑜−0.0597𝑋𝑡𝑡
0.0973,   𝑓𝑜𝑟 

𝑅𝑒𝑔

𝑅𝑒𝑙
< 9.0 

𝑁𝑢 = 234.9 (
𝑅𝑒𝑔

𝑅𝑒𝑙
)
−0.576

𝐵𝑜−0.275𝑋𝑡𝑡
0.66 ,   𝑓𝑜𝑟 

𝑅𝑒𝑔

𝑅𝑒𝑙
> 9.0

 

Where 
𝑅𝑒𝑔

𝑅𝑒𝑙
=

𝑥

1−𝑥

𝜇𝑔

𝜇𝑙
, 𝑋𝑡𝑡 = (

1−𝑥

𝑥
)
0.875

(
𝜌𝑔

𝜌𝑙
)
0.5

(
𝜇𝑙

𝜇𝑔
)
0.25

 

Water 𝛽 = 60° 

14.5 ≤ 𝐺 ≤ 33.6 

15 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 30 

Lee et. al [26] 

{
 
 

 
 𝑁𝑢 = 982 (

𝛽

𝛽𝑚𝑎𝑥
)
1.101

(
𝐺2𝐷ℎ
𝜌𝑚𝜎

)

0.315

 (
𝜌𝑙
𝜌𝑔
)

−0.224

𝛣𝜊0.32 ,   𝑓𝑜𝑟 𝐵𝑑 < 4

𝑁𝑢 = 18.495 (
𝛽

𝛽𝑚𝑎𝑥
)
0.248

(
𝑥𝐺𝐷ℎ
𝜇𝑔

)

0.135

(
𝐺𝐷ℎ
𝜇𝑙
)
0.351

 (
𝜌𝑙
𝜌𝑔
)

0.223

𝛣𝜊0.198𝐵𝑑0.235 ,   

𝑓𝑜𝑟 𝐵𝑑 ≥ 4

 

Where, 𝐵𝑑 =
(𝜌𝑙−𝜌𝑔)𝑔𝐷ℎ

2

𝜎
, 𝛽𝑚𝑎𝑥 = 70° 

R134a, 

ammonia, 

R236fa, R600a, 

R290, R1270, 

R1234yf, R410A, 

R507A, 

ammonia/water,  

air/water 

 Almalfi et. al [27] 
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𝑁𝑢𝑙 = 0.023 (
𝐺(1 − 𝑥)𝐷ℎ

𝜇𝑙
)

0.8

𝑃𝑟𝐿
0.4 

𝑎

𝑎𝑙
= 52.2 (

1

𝑋𝑣𝑣
)
0.9

← 𝛿 = 1 𝑚𝑚  

𝑎

𝑎𝑙
= 48.6 (

1

𝑋𝑣𝑣
)
0.79

← 𝛿 = 2.5 𝑚𝑚  

𝑋𝑣𝑣 = (
1 − 𝑥

𝑥
)
0.5

(
𝜌𝑔

𝜌𝑙
)
0.5

(
𝜇𝑙
𝜇𝑔
)

0.5

 

 

Ammonia 𝛿 = 1 𝑚𝑚 Koyama et. al [28] 

𝑁𝑢𝑡𝑝 = 13.02𝑅𝑒𝑣
0.35𝐵𝑑0.38𝐵𝑜0.28𝑅𝑒𝑙𝑜

0.15 

Where, 𝐵𝑑 =
(𝜌𝑙−𝜌𝑔)𝑔𝐷ℎ

2

𝜎
, 𝑅𝑒𝑣 =

𝐺𝑥𝐷ℎ

𝜇𝑣
 

R245fa 𝛽 = 65𝜊  

19 ≤ 𝑇𝑠𝑎𝑡 ≤ 35 

10 ≤ 𝐺 ≤ 85 

0.1 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 4.2 

0.01 ≤ 𝑥𝑚 ≤ 0.95 

Vakili- Farahani et. al 

[29] 
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(a) 

(b) 
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(c) 

 

(d) 

Fig.  3.1. Overview of boiling heat transfer coefficient predictions for R245ca with (a) Re=157.7, (b) Re=500, (c) 

Re=1000 and (d) Re=3000. 
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(a) 

 

(b) 
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(c) 

 
(d) 

Fig.  3.2. Overview of boiling heat transfer coefficient predictions for Cyclopentane with (a) Re=143, (b) 

Re=500, (c) Re=1000 and (d) Re=3000. 
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(a) 

 

(b) 
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(c) 

 
(d) 

Fig.  3.3. Overview of boiling heat transfer coefficient predictions for R1234ze with (a) Re=254, (b) Re=500, (c) 

Re=1000 and (d) Re=3000. 
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 Condensation 

The Nusselt correlation used in the cold side of the plate heat exchanger in equation (2.17) is 

Donowski’s equation shown in Table 3-3 in single phase correlations. 

For the hot side the Nusselt number used in equation (2.30) is calculated using various 

correlations shown in Table 3-2. 

The correlations listed in Table 3-2 are introduced to the condenser’s modeling, which was 

presented at Chapter 2.2 and the heat transfer coefficient for the hot side is calculated. 

The analysis is carried out using three different, condensing fluids: R245ca, R1234ze and 

Cyclopentane. For each fluid the heat transfer coefficient is calculated for various Reynolds 

numbers, to take in to account the flow’s turbulence. For the first set of calculations, of each 

fluid, the parameters are set as default, with the mass flow of the cold side 𝑚𝑐 =

0.2 𝑘𝑔/𝑠𝑒𝑐 and the hot side mass flow 𝑚ℎ = 0.07 𝑘𝑔/𝑠𝑒𝑐. The inlet temperatures are set at 

15 oC for the cold side and at 100 oC for the hot side. Three more calculations are carried 

out, changing the mass flows to increase the Reynolds number to 500, 1000 and 3000. 

Below the calculations results are shown in heat transfer coefficient (𝑎 [
𝑊

𝑚2𝐾
])- Quality (𝑥) 

diagrams. In the case of R245ca the hot side inlet temperature was set at 85oC and the cold 

side inlet temperature at 12oC, while for R1234ze the hot side inlet temperature was set at 

80oC and the cold side inlet temperature at 12oC, to reach a similar pinch point. 

The key conclusions by the analysis are summarized below: 

 Thonon and Bontemps’ is the only correlation producing results in decreasing slope. 

With the use of R245ca as working fluid: 

 Winkelmann’s, Sho’s, Shi’s and Kuo’s correlations produce similar results for all the 

Re numbers. 

 Joakr’s and Wang and Zhao’s calculations are proportionate to the Re number in 

each case. 

 Shah’s results in a curve’s slope increase with the increase of the Reynolds number. 

 Mancin’s correlation produces complex number results, hence they are excluded 

from the figures. The same occurs with the use of R123ze.  

 Palmer’s results in a curve with zero slope in each scenario. 

 Longo’s result displays a discontinuity due to the use of two equations for its 

calculation.  

With the use of Cyclopen: 

 Heat transfer coefficents increase, in comparison to the use of other working fluids, 

for all the correlations, except Jokar’s.  

On the other hand with the use of R245ca Soontarapiromsook’s correlation seems to 

overpredict, as does Zhang’s correlation with the use of R1234ze and Cyclopen.  
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Table 3-2 Condensation heat transfer coefficient correlations 

Correlation Working fluid  Range Reference 

𝑁𝑢 = 0.023𝑅𝑒𝐿
0.8𝑃𝑟𝐿

0.4 [(1 − 𝑥)0.8 +
3.8𝑥0.76(1 − 𝑥)0.04

𝑝𝑟𝑒𝑑
0.38

] 
Various 
refrigerants 

 Shah (modified) 
[30] 

𝑁𝑢 = 4.118𝑅𝑒𝑒𝑞
0.4𝑃𝑟𝐿

1/3 R134a 500 < 𝑅𝑒𝑒𝑞 < 1,000

60 ≤ 𝐺 ≤ 120
 

Yan et. al  [31] 

𝑎 = 1.564𝑎𝑙𝑜𝑅𝑒𝑒𝑞
−0.76 

𝑎𝑙𝑜 = 0.347 (
𝜆

𝐷ℎ
)𝑅𝑒0.653𝑃𝑟1/3  

Hydrocarbons 100 < 𝑅𝑒𝑒𝑞
< 2,000       
(𝜑 = 45°) 

 

Thonon and 
Bontemps [32] 

𝑁𝑢 = 𝐺𝑒1 𝑅𝑒𝑒𝑞
𝐺𝑒2𝑃𝑟𝐿

1/3        

𝐺𝑒1 = 11.22 (
Λ

𝐷ℎ
)
−2.83

(
𝜋

2
− 𝜑)

−4.5

 

𝐺𝑒2 = 0.35 (
Λ

𝐷ℎ
)
0.23

(
𝜋

2
− 𝜑)

1.48

 

R410A, R22  10 < 𝐺 < 35
4.7 < 𝑞 < 5.3

 Han et. al [33] 

𝑎 = 0.943𝛷 [
𝜆𝐿
3𝜌

𝐿
3𝑔ℎ𝑓𝑔

𝜇𝐿𝐿𝑝(𝑇𝑠𝑎𝑡 − 𝑇𝑤𝑎𝑙𝑙)
]

1/4

,𝑅𝑒𝑒𝑞 < 1,600 

𝑎 = 𝑎𝑠𝑎𝑡 + 𝐹 (𝑎𝐿 +
𝑐𝑝𝑞𝑓𝑙𝑢𝑥

ℎ𝑓𝑔
) , 𝑅𝑒𝑒𝑞 ≥ 1,600 

𝑎𝑠𝑎𝑡 = 1.875𝛷 (𝜆𝐿/𝐷ℎ)𝑅𝑒𝑒𝑞
0.445𝑃𝑟𝐿

1/3
  

𝑎𝐿 = 0.2267 (𝜆𝑣/𝐷ℎ)𝑅𝑒𝑣
0.631𝑃𝑟𝑣

1/3
    ,    𝐹 =

𝑇 − 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡 − 𝑇𝑤𝑎𝑙𝑙

 

R134a  Longo et. al [34, 
35] 

𝑎 = (
𝑘𝑙
𝐷ℎ
)𝑁𝑢𝑙

0.387𝜑𝑙
0.0824𝐺𝑎0.346𝑃𝑟𝑒𝑑

1.5𝜔1.5, (𝑅22, 𝑅290, 𝑅290/600𝑎) 

𝑎 = (
𝑘𝑙
𝐷ℎ
)𝑁𝑢𝑙

0.298𝐺𝑎0.346𝑃𝑟𝑒𝑑
1.5𝜔1.5, (𝑅32/𝑅152𝑎) 

R22, R290, 
R290/600a, 
R32/R152a 

13 < 𝑅𝑒𝑒𝑞 < 230 

1.6 ≤ 𝐺 ≤ 19 
1.3 ≤ 𝑞′′ ≤ 8.3 

Palmer et. al [17] 
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Where, {
𝑁𝑢𝑙 = 0.16𝑅𝑒𝑙

0.89𝑃𝑟𝑙
0.4, 𝐺𝑎 =

𝜌𝑙(𝜌𝑙−𝜌𝑔)𝑔𝐷ℎ
3

𝜇𝑙
2

𝜔 = −𝑙𝑜𝑔10 (
𝑝

𝑝𝑐𝑟
)

 

 

𝑁𝑢 = 0.2092𝑅𝑒𝑙
0.78𝑃𝑟

𝑙

1
3 (
𝜇𝑚
𝜇𝑤
)
0.14

(0.25𝐶𝑜−0.45𝐹𝑟𝑙
0.25 + 75𝐵𝑜0.75) 

Where, 𝐶𝑜 = (
𝜌𝑔

𝜌𝑙
)
0.5
(
1−𝑥𝑚

𝑥𝑚
)
0.8

, 𝐹𝑟𝑙 =
𝐺2

𝜌𝑙
2𝑔𝐷ℎ

 

R410A 50 ≤ 𝐺 ≤ 150 
10 ≤ 𝑞′′ ≤ 20 
0.1 ≤ 𝑥𝑚 ≤ 0.9 
1.44 ≤ 𝑃𝑚 ≤ 1.95 
 
 

 

Kuo et. al [36] 

𝑎 = (𝑎𝑁𝑢
2 + 𝑎𝑠ℎ𝑒𝑎𝑟

2 )
0.5
[1.074(𝑇𝑠𝑎𝑡 − 𝑇𝑤)

−0.386] 

Where, 

{
 
 

 
 𝑎𝑁𝑢 = 0.943 [

𝜌𝑙(𝜌𝑙−𝜌𝑔)𝑔𝛾𝑘𝑙
3

𝜇𝑙𝐿𝑝(𝑇𝑠𝑎𝑡−𝑇𝑤)
]
0.25

𝑎𝑠ℎ𝑒𝑎𝑟 = 𝑎𝑙 [1 + 1.128𝑥
0.817 (

𝜌𝑙

𝜌𝑔
)
0.3685

(
𝜇𝑙

𝜇𝑔
)
0.2363

(1 −
𝜇𝑔

𝜇𝑙
)
2.144

𝑃𝑟−0.1]

 

R410A, R407C 15 ≤ 𝐺 ≤ 40 
0.01 < 𝑥 < 0.58 

 

Mancin et. al [37] 

𝑁𝑢 = 4.3375𝑅𝑒𝑒𝑞
0.5383𝑃𝑟𝐿

0.333𝐵𝑜−0.3872  R134a, R1234ze(E), 
R245fa, R1233zd(E)  

16 ≤ 𝐺 ≤ 90 
4 ≤ 𝑞′′ ≤ 57.4 
29.7 ≤ 𝑇𝑠𝑎𝑡 ≤ 71 

Zhang et. al [38] 

𝑁𝑢 = 0.00115 (
𝑅𝑒𝐿
𝐽𝑎
)
0.983

𝑃𝑟𝐿
0.333 (

𝜌𝐿
𝜌𝐺
)
0.248

 

Where, 𝐽𝑎 =
𝐶𝑝𝐿(𝑇𝑠𝑎𝑡−𝑇𝑤𝑎𝑙𝑙)

𝛥ℎ𝐿𝐺+0.68𝐶𝑝𝐿(𝑇𝑠𝑎𝑡−𝑇𝑤𝑎𝑙𝑙)
 

n/a  Wang and Zhao 
[39] 

𝑁𝑢 = 94𝐶𝑜−0.46𝑃𝑟𝐿
0.333 

Where, 𝐶𝑜 = (
𝜌𝑔

𝜌𝑙
)
0.5
(
1−𝑥𝑚

𝑥𝑚
)
0.8

 

R134a 0.07 < 𝐶𝑜 < 0.28 
6.9 ≤ 𝑞′′ ≤ 51 
28.2 ≤ 𝑇𝑠𝑎𝑡 ≤ 39.9 

Winkelmann [40] 

𝑁𝑢 = 2.337𝑅𝑒𝑒𝑞
1.024𝑅𝑒𝑙𝑜

−0.294𝑃𝑟𝐿
0.333𝐵𝑜𝑒𝑞

0.361  R1233zd(E) 13 ≤ 𝐺 ≤ 23.8 
2.5 ≤ 𝑞′′ ≤ 4.5 
38.6 ≤ 𝑇𝑠𝑎𝑡 ≤ 51.5 

Shon et. al [41] 
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𝑁𝑢 = 3.371𝑅𝑒𝐿
0.55𝑃𝑟𝐿

0.3𝐽𝑎−1.05 (
𝐺2

𝜌𝐿
2𝐶𝑝𝐿(𝑇𝑠𝑎𝑡 − 𝑇𝑤𝑎𝑙𝑙)

)

0.25

(
𝜌𝐿𝜎

𝜇𝐿𝐺
)
0.05

(
𝜌𝐿

𝜌𝐿 − 𝜌𝐺
)
2

 

Where, 𝐽𝑎 =
𝐶𝑝𝐿(𝑇𝑠𝑎𝑡−𝑇𝑤𝑎𝑙𝑙)

𝛥ℎ𝐿𝐺+0.68𝐶𝑝𝐿(𝑇𝑠𝑎𝑡−𝑇𝑤𝑎𝑙𝑙)
 

n/a  Jokar et. al [42] 

𝑎 = 𝑎𝑙𝑜 ((1 − 𝑥)
0.8 +

3.00388𝑥1.296

(1 − 𝑥)0.496 (
𝑃𝑠𝑎𝑡
𝑃𝑐𝑟

)
0.648) 

Where,  

𝑎𝑙𝑜 = 0.347 (
𝑘𝑙
𝐷ℎ
)ReLO

0.653𝑃𝑟𝐿
1/3 

R134a  22 ≤ 𝐺 ≤ 65 
11.5 ≤ 𝑞′′ ≤ 35 
16.2 ≤ 𝑇𝑠𝑎𝑡 ≤ 29 

Shi et. al [43] 

𝑁𝑢 = 5.095 ∙ 10−6𝑅𝑒𝑒𝑞
0.566𝑃𝑟𝐿

9.753 (
𝛿

𝐷ℎ
)
0.121

 
R134a 61 ≤ 𝐺 ≤ 89 

5 ≤ 𝑞′′ ≤ 15 
40 ≤ 𝑇𝑠𝑎𝑡 ≤ 50 

Soontarapiromso
ok et al. [44] 



 

38 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig.  3.4. Overview of condensation heat transfer coefficient predictions for Cyclopentane with (a) Re=237.7, 
(b) Re=500, (c) Re=1000 and (d) Re=3000. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig.  3.5. Overview of condensation heat transfer coefficient predictions for R245ca with (a) Re=179, (b) 
Re=500, (c) Re=1000 and (d) Re=3000. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig.  3.6. Overview of condensation heat transfer coefficient predictions for R1234ze with (a) Re=462, (b) 
Re=500, (c) Re=1000 and (d) Re=3000. 
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 Single Phase heat transfer 

The correlations used in equations (2.16) and (2.17) for the calculation of the Nusselt 

number, will be shown in the following table. Considering that single phase heat transfer is 

taking place, these correlations will be used for both the hot and cold side.  

The correlations shown in Table 3-3 are introduced to the condenser’s modeling, which was 

presented at Chapter 2.3 and the heat transfer coefficient for both sides is calculated. 

The analysis is conducted using three different fluids for the cold side: R245ca, R1234ze and 

Cyclopentane. For each fluid the heat transfer coefficient is calculated for various Reynolds 

numbers, to take in to account the flow’s turbulence. For the first set of calculations, of each 

fluid, the parameters are set as default, with the mass flow of the cold side 𝑚𝑐 =

0.075 𝑘𝑔/𝑠𝑒𝑐 and the hot side mass flow 𝑚ℎ = 0.5 𝑘𝑔/𝑠𝑒𝑐. The inlet temperatures are set 

at 90 oC for the cold side and at 200 oC for the hot side. Three more calculations are carried 

out, changing the mass flows to increase the Reynolds number to 500, 1000 and 3000. 

Below the calculations results are shown in heat transfer coefficient (𝑎 [
𝑊

𝑚2𝐾
])- Re diagrams. 

In the case of R1234ze the hot side inlet temperature was set at 120oC and the cold side inlet 

temperature at 50oC. Also the cold side outlet temperature range was adjusted in orded to 

fit each case’s inlet temperatures. The key conclusions of the analysis are summarized 

below: 

 The discontinuity shown in some results is caused by the use of the (
𝜇

𝜇𝑤
) ratio.  

 All the results are proportional to the Re number and increase with it, except with 

the use of R1234ze, where Maslov and Kovalenko’s correlation results seem to be 

relatively unaffected with the increase of the Re number.  

 Use of Cyclopen seems to produce higher heat transfer coefficients 

 Use of R1234ze seems to produces results with lower slopes (closer to zero).  

 Hayes’ correlation overpredicts the heat transfer phenomena on all cases.  

 In general, the form and shape of the diagrams tends to be constant for all the 

scenarios. 
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Table 3-3 Single phase heat transfer coefficient correlations 

Correlation Working fluid  Range Reference 

𝑁𝑢 = 1.67𝑅𝑒0.44𝑃𝑟0.5,        45 < 𝑅𝑒 < 300   
𝑁𝑢 = 0.405𝑅𝑒0.7𝑃𝑟0.5,        300 < 𝑅𝑒 < 2,000 

𝑁𝑢 = 0.84𝑅𝑒0.6𝑃𝑟0.5,        2,000 < 𝑅𝑒 < 20,000 

Electrolyte 
solutions 

𝛽 = 60° Focke [45] 

𝑁𝑢 = 0.768𝑅𝑒0.59𝑃𝑟0.4 
 

n/a 1,000 < 𝑅𝑒 < 40,000     
30° < 𝛽 < 80° 

Chisholm [46] 

𝑁𝑢 = 0.26437𝑅𝑒0.7152𝑃𝑟𝑐 (
𝜇𝑏𝑢𝑙𝑘

𝜇𝑤𝑎𝑙𝑙
)
𝑛

,             

𝑛 =
0.3

(𝑅𝑒+6)0.125
   ,   𝑐 = 0.333𝑒6.4/(𝑃𝑟+30) 

Mineral Oil 
(NUTO H5) 

80 < 𝑅𝑒 Bogaert and Boles 
[47] 

𝑁𝑢 = 0.122(𝑃𝑟)1/3 (
𝜇𝑏𝑢𝑙𝑘

𝜇𝑤𝑎𝑙𝑙
)
1/6

[𝜉𝑅𝑒2 sin(2𝜑)]0.374,  

1

√𝜉
=

𝑐𝑜𝑠𝜑

√0.18𝑡𝑎𝑛𝜑 + 0.36𝑠𝑖𝑛𝜑 +
𝜉0
𝑐𝑜𝑠𝜑

+
1 − 𝑐𝑜𝑠𝜑

√3.8𝜉1
 

 

𝜉1 =
597

𝑅𝑒
+ 3.85  ,  𝜉0 =

64

𝑅𝑒
   , 𝑅𝑒 < 2,000 

𝜉1 =
39

𝑅𝑒0.229
, 𝜉0 = (1.8 ∙ 𝑙𝑜𝑔𝑅𝑒 − 1,5)

−2  , 𝑅𝑒 ≥ 2,000 

n/a 25° <  𝛽 < 65° Walraven [48] 

𝑁𝑢 = 0.2121𝑃𝑟1/3𝑅𝑒0.78 (
𝜇𝑏𝑢𝑙𝑘
𝜇𝑤𝑎𝑙𝑙

)
0.14

 
Water   Yan and Lin [13] 

𝑁𝑢 = 0.2875𝑃𝑟1/3𝑅𝑒0.78 R134a 𝑅𝑒 ≥ 200 Donowski [49] 

𝑁𝑢 = 0.724 (
6𝛽

𝜋
)
0.646

𝑅𝑒0.583𝑃𝑟1/3 
n/a 𝑅𝑒 > 1000 

𝜋

6
≤ 𝛽 ≤

4𝜋

6
 

Chisholm and 
Wanniarachchi 
[50] 

𝑁𝑢 = 0.295𝑅𝑒0.64𝑃𝑟0.32 (
𝜋

2
− 𝛽)

0.09

 
Water  Kim [51] 
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𝑁𝑢 = 𝑗𝑁𝑢𝑃𝑟
1
3 (

𝜇

𝜇𝑤
)
0.17

 

Where, 𝑗𝑁𝑢 = √𝑗𝑁𝑢,𝑙
3 + 𝑗𝑁𝑢,𝑡

33
,  𝑗𝑁𝑢,𝑙 =

3.65

(90−
180𝛽

𝜋
)
0.445 𝑅𝑒

0.339, 𝑗𝑁𝑢,𝑡 =

12.6

(90−
180𝛽

𝜋
)
1.142 𝑅𝑒

0.646+0.00111(90−
180𝛽

𝜋
) 

n/a  Wanniarachchi 
[52] 

𝑁𝑢 = 0.248𝑅𝑒0.7𝑃𝑟0.4 n/a 1,450 ≤ 𝑅𝑒 ≤ 11,460    
2.5 ≤ 𝑃𝑟 ≤ 5.0 

Talik et. al [54] 

𝑁𝑢 = 0.295𝛽0.09𝑅𝑒0.64𝑃𝑟0.32 n/a 2,000 ≤ 𝑅𝑒 
2 ≤ 𝑃𝑟 ≤ 6 

Han et. al [15] 

𝑁𝑢 = (
0.0161𝛽

𝛽𝑚𝑎𝑥
+ 0.1298) 𝑅𝑒

0.198𝛽
𝛽𝑚𝑎𝑥

+0.6398
𝑃𝑟0.35 (

𝜇

𝜇𝑤
)
0.14

 
n/a 500 ≤ 𝑅𝑒 ≤ 2,500    

3.5 ≤ 𝑃𝑟 ≤ 6.5 

Khan et. al [23] 

𝑁𝑢 = 0.561𝑅𝑒0.726𝑃𝑟0.333 (
𝜇

𝜇𝑤
)
0.14

,        400 ≤ 𝑅𝑒 ≤ 700   

𝑁𝑢 = 0.240𝑅𝑒0.724𝑃𝑟0.333 (
𝜇

𝜇𝑤
)
0.14

,        2,000 ≤ 𝑅𝑒 ≤ 4,500 

n/a 𝛽 = 63𝜊  Hayes et. al [55] 

𝑁𝑢 = 0.78𝑅𝑒0.5𝑃𝑟1/3 n/a 50 < 𝑅𝑒 < 20,000    
 

Maslov and 
Kovalenko [56] 

𝑁𝑢 = 0.277𝑅𝑒0.766𝑃𝑟0.333 n/a 350 < 𝑅𝑒 < 1,100 
5 < 𝑃𝑟 < 10 

Longo and 
Gasparella [57] 

𝑁𝑢 = 0.3174𝑅𝑒0.65𝑃𝑟0.4 n/a 𝛽 = 60𝜊 

400 < 𝑅𝑒 < 15,000 
Okada et. al [58] 
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(a) 

 
(b) 
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(c) 

 
(d) 

Fig.  3.7. Overview of single phase heat transfer coefficient predictions for Cyclopentane with (a) Re=192, (b) 
Re=500, (c) Re=1000 and (d) Re=3000. 
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(a) 

 
(b) 



 

50 

 
(c) 

 
(d) 

Fig.  3.8. Overview of single phase heat transfer coefficient predictions for R245ca with (a) Re=169, (b) 
Re=500, (c) Re=1000 and (d) Re=3000. 
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(a) 

 
(b) 
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(c) 

 
(d) 

Fig.  3.9. Overview of single phase heat transfer coefficient predictions for R1234ze with (a) Re=240, (b) 
Re=500, (c) Re=1000 and (d) Re=3000. 
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Chapter 4. Pressure drop correlations 

In this chapter the correlations to determine the pressure drop will be presented similarly to 

the heat transfer correlations also in correspondence to the 2nd chapter’s heat transfer 

analysis for the single phase, heat transfer, evaporation and condensation, respectively, 

using a number of working fluids and flow regimes. 

In the following sections the pressure drop inside the plate heat exchanger will be calculated 

using the equation: 

𝛥𝑝 = 𝑓
𝐿𝑝𝐺𝑒𝑞

𝐷ℎ𝜌
 

 
(4.1) 

Hence, by assessing the friction number,𝑓, the pressure drop can then be determined. These 

correlations calculate the pressure drop taking place within the plates not considering the 

port pressure drop which is calculated by equation (2.29).   

 Evaporation 

The pressure drop will be calculated and used in the heat transfer analysis in place of 

equations (2.27) and (2.28). 

The correlations shown in Table 4-1 are introduced to the evaporator’s modeling, which was 

presented at Chapter 2.1 and the pressure drop for the cold side is calculated. 

The analysis is carried out using three different vaporizing fluids: R245ca, R1234ze and 

Cyclopentane. The working conditions are identical to the ones used in Chapter 3.1. The key 

conclusions are summarized below: 

 In general results tend to be higher with the use of R245ca. 

 All results’ curves have a negative slope. 

 Pressure drop results are proportional to the Reynolds number. 

 Lee’s correlation is the least effected by the increase of the Reynolds number. 

 Almalfi’s correlation is the most dependable on the increase of the Reynolds 

number. 

 Hsieh and Lin’s and Yan and Lin’s correlations tend to produce similar results with 

the increase of the Reynolds number. Furthermore, the results are increased with 

the use of Cyclopentane. 

 Han, Lee and Ayub correlations’ result are similar for low Reynolds numbers, but are 

differentiated in the turbulent region. 

 Almalfi’s correlation results are the highest for Re>500 for all three fluids. 

 With the use of Cyclopentane Huang’s correlation produces lower results in 

comparison to the use of the other two working fluids. 
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Table 4-1 Evaporation friction factor correlations 

Correlation Working fluid  Range Reference 

𝑓 = 6.947 ∙ 105𝑅𝑒𝐿
−0.5𝑅𝑒𝑒𝑞

−1.109, 𝑅𝑒𝑒𝑞 < 6,000 

𝑓 = 31.21𝑅𝑒𝐿
−0.5𝑅𝑒𝑒𝑞

0.04557 , 𝑅𝑒𝑒𝑞 ≥ 6,000 

R134a  Yan and Lin [13] 

𝑓 = 6.1 ∙ 104 ∙ 𝑅𝑒𝑒𝑞
−1.25 R410A  Hsieh and Lin [14] 

𝑓 = 64,710 (
Λ

𝐷ℎ
)
−5.27

(
𝜋

2
− 𝜑)

−3.03

 𝑅𝑒𝑒𝑞
𝐺𝑒4          

𝐺𝑒4 = −1.314 (
Λ

𝐷ℎ
)
−0.62

(
𝜋

2
− 𝜑)

−0.47

 

R410A, R22  13 < 𝐺 < 34
2.5 < 𝑞 < 8.5

 Han et. al [15] 

𝑓 = ((
2.99

𝑅𝑒0.137
) (−1.89 + 6.56𝑅 − 3.69𝑅2)) 

𝑅 = 𝛽/30 
 

Ammonia,R22 4000 ≤ 𝑅𝑒
≤ 16000, 𝑈𝑆 𝑢𝑛𝑖𝑡𝑠 
30𝑜 < 𝛽 < 65𝜊  

Ayub [20] 

𝑓 = 4 ∙ 305,590𝑅𝑒𝑒𝑞
−1.26𝑝∗0.9 Ammonia 500 < 𝑅𝑒 < 2500 

5.5 < 𝐺 < 27 
20 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 70 

0.1 ≤ 𝑥𝑚 ≤ 0.9 
3.5 < 𝑃𝑟 < 6 
30° < 𝛽 < 60° 
1225 < 𝑅𝑒𝑒𝑞 < 3000 

−2℃ ≤ 𝑇𝑠𝑎𝑡 ≤ −25℃ 

Khan and Chyu and 
Khan et. al [22, 23] 

𝑓 =
3.81 ∙ 104𝐹𝑅𝑓

𝑅𝑒𝑡𝑝
0.9 (

𝜌𝑙
𝜌𝑔
)
0.16 

𝐹𝑅𝑓 = 0.183𝑅
2 − 0.275𝑅 + 1.10, 𝑅 =

𝛽

30
 

R134a,R507A, 
R12,Ammonia 

5.6 ≤ 𝐺 ≤ 52.3 
1.8 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 6.9 

5.9℃ ≤ 𝑇𝑠𝑎𝑡 ≤ 13℃ 
28° < 𝛽 < 60° 

 

Huang et. al [25] 
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𝑓 = 4 ∙ 49.13𝑅𝑒𝑒𝑞
−0.4386𝑅𝑒−0.4074 Water 𝛽 = 60° 

14.5 ≤ 𝐺 ≤ 33.6 
15 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 30 

Lee et. al [26] 

𝑓 = 4 ∙ 15.698𝐶 (
𝐺2𝐷ℎ
𝜌𝑚𝜎 

)

−0.475

(
(𝜌𝑙 − 𝜌𝑔)𝑔𝐷ℎ

2

𝜎
)

0.255

(
𝜌𝑙
𝜌𝑔
)

−0.571

 

𝐶 = 2.125 (
𝛽

𝛽𝑚𝑎𝑥
)
9.993

+ 0.955  

R134a, 
ammonia, 
R236fa, R600a, 
R290, R1270, 
R1234yf, 
R410A, R507A, 
ammonia/wate
r,  air/water 

 Almalfi et. al [27] 
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(a) 

 

(b) 
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(c) 

 

(d) 

 

Fig.  4.1. Overview of boiling pressure drop predictions for R245ca with (a) Re=157.7, (b) Re=500, (c) Re=1000 

and (d) Re=3000. 
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(a) 

 

(b) 
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(c) 

 
(d) 

Fig.  4.2. Overview of boiling pressure drop predictions for Cyclopentane with (a) Re=143, (b) Re=500, (c) 

Re=1000 and (d) Re=3000. 
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(a) 

 

(b) 
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(c) 

 

(d) 

 

Fig.  4.3. Overview of boiling pressure drop predictions for R1234ze with (a) Re=254, (b) Re=500, (c) Re=1000 

and (d) Re=3000. 
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 Condensation 

The pressure drop will be calculated and used in the heat transfer analysis in place of 

equation (2.34). 

The correlations shown in Table 4-2 are introduced to the condenser’s modeling, which was 

presented at Chapter 2.2 and the pressure drop for the hot side is calculated. 

The analysis is carried out using three different vaporizing fluids: R245ca, R1234ze and 

Cyclopentane. The working conditions are identical to the ones used in Chapter 3.2. The key 

conclusions are summarized below: 

 In general results tend to be higher with the use of Cyclopentane. 

 All results’ curves have a positive slope, except for Jokar’s correlation results which 

have a negative slope. 

 Pressure drop results are proportional to the Reynolds number. 

 Han and Shi correlations’ results are the least effected by the increase of the 

Reynolds number. 

 Use of R1234ze produces significantly lower results. 

 Kuo and Soontarapiromsook correlations’ results are similar for low Reynolds 

number (Re≤1000). 

 Hayes correlation’s results are strongly affected by the increase of the Reynolds 

number. With the use of R245ca and Cyclopentane for Re>1000 this correlation’s 

results are the highest. 
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Table 4-2 Condensation friction factor correlations 

Correlation Working fluid  Range Reference 

𝑓 = 94.75𝑅𝑒𝑒𝑞
−0.0467𝑅𝑒−0.4𝐵𝑜0.5𝑝𝑟𝑒𝑑

0.8       R134a 500 < 𝑅𝑒 < 1,000
60 ≤ 𝐺 ≤ 120

 Yan [31] 

𝑓 = 3521.1 (
Λ

𝐷ℎ
)
4.17

(
𝜋

2
− 𝜑)

−7.75

 [𝑅𝑒𝑒𝑞]
𝐺𝑒4
   

𝐺𝑒4 = −1.024 (
Λ

𝐷ℎ
)
0.0925

(
𝜋

2
− 𝜑)

−1.3

 

R410A, R22  10 < 𝐺 < 35
4.7 < 𝑞 < 5.3

 
Han et. al [33] 

𝑓 = 21,500𝑅𝑒𝑒𝑞
−1.14𝐵𝑜−0.085 R410A 50 ≤ 𝐺 ≤ 150 

10 ≤ 𝑞′′ ≤ 20 
0.1 ≤ 𝑥𝑚 ≤ 0.9 
1.44 ≤ 𝑃𝑚 ≤ 1.95 
 
 

 

Kuo et. al [36] 

𝑓 = 350,188𝑅𝑒𝑒𝑞
−2.19𝐵𝑜𝑒𝑞

−0.23 R134a  22 ≤ 𝐺 ≤ 65 
11.5 ≤ 𝑞′′ ≤ 35 
16.2 ≤ 𝑇𝑠𝑎𝑡 ≤ 29 

Shi et. al [43] 

𝑓 = 0.0146𝑅𝑒𝑒𝑞
−0.9814𝑊𝑒−1.0064 

𝑊𝑒 =
𝐺2𝐷ℎ
𝜌𝑚𝜎

 

R134a, 
R1234ze(E), 
R245fa, 
R1233zd(E)  

16 ≤ 𝐺 ≤ 90 
4 ≤ 𝑞′′ ≤ 57.4 
29.7 ≤ 𝑇𝑠𝑎𝑡 ≤ 71 

Zhang et. al [38] 

𝑓 = 1261.067𝑅𝑒𝑒𝑞
−0.411𝑅𝑒𝐿𝑂

−0.57 R1233zd(E) 13 ≤ 𝐺 ≤ 23.8 
2.5 ≤ 𝑞′′ ≤ 4.5 
38.6 ≤ 𝑇𝑠𝑎𝑡 ≤ 51.5 

Shon et. al [41] 

𝑓 = 2671.743𝑅𝑒𝑒𝑞
−0.818 (

𝛿

𝐷ℎ
)
0.065

 
R134a 61 ≤ 𝐺 ≤ 89 

5 ≤ 𝑞′′ ≤ 15 
40 ≤ 𝑇𝑠𝑎𝑡 ≤ 50 

Soontarapiromsoo
k et al. [44] 

𝑓 = 2.139 ∙ 107𝑅𝑒𝑚𝑜𝑑
−1.6 n/a  Jokar et. al [42] 
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𝑅𝑒𝑚𝑜𝑑 = 𝐺𝐷ℎ (
1 − 𝑥

𝜇𝑙
+
𝑥

𝜇𝑔
) 

𝑓 = 1221.3𝑅𝑒−0.815 CO2 2 ≤ 𝐺 ≤ 45 
2.5 ≤ 𝑞′′ ≤ 15.7 
−34.4 ≤ 𝑇𝑠𝑎𝑡 ≤ −17.8 

Hayes et. al [59] 



 

65 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

Fig.  4.4. Overview of condensation pressure drop predictions for Cyclopentane with (a) Re=237.7, (b) Re=500, 
(c) Re=1000 and (d) Re=3000. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig.  4.5. Overview of condensation pressure drop predictions for R245ca with (a) Re=179, (b) Re=500, (c) 
Re=1000 and (d) Re=3000. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig.  4.6. Overview of condensation pressure drop predictions for R1234ze with (a) Re=462, (b) Re=500, (c) 
Re=1000 and (d) Re=3000. 
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 Single phase heat transfer 

The pressure drop will be calculated and used in the heat transfer analysis as mentioned in 

Chapter 2.3. 

The correlations shown in Table 4-3 are introduced to the single phase heat exchanger’s 

modeling, which was presented at Chapter 2.3 and the pressure drop for both sides is 

calculated. 

The analysis is carried out using three different vaporizing fluids: R245ca, R1234ze and 

Cyclopentane. The working conditions are identical to the ones used in Chapter 3.3. The key 

conclusions are summarized below: 

 In general results tend to be higher with the use of Cyclopentane and lower with the 

use of R1234ze. 

 All results’ curves have approximately zero slope. 

 Pressure drop results are proportional to the Reynolds number. 

 Muley and Manglik’s correlation is piecewise, something appearing when Reynolds 

number reaches 1000. 

 Focke correlation’s results are the highest. 

 Chisholm and Wanniarachchi and Thonon correlation’s results are similar. 

 Sinnott, Muley and Manglik and Tovazhnyanski correlation’s results tend to be 

similar in the turbulent region. 
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Table 4-3 Single phase heat transfer friction factor correlations 

Correlation Working fluid  Range Reference 

𝑓 = 5.03 + 755/𝑅𝑒,        90 < 𝑅𝑒 < 400  
𝑓 = 26.8𝑅𝑒−0.209,        400 < 𝑅𝑒 < 16,000 

Electrolyte 
solutions 

  Focke et al. [45]  

𝑓 = 0.973𝑅𝑒−0.25 n/a 1,000 < 𝑅𝑒 < 40,000 
    30° < 𝜑 < 80° 

 Chisholm and 
Wanniarachchi [46] 

𝑓 = 45.57𝑅𝑒−0.67,        𝑅𝑒 < 160 
𝑓 = 0.37𝑅𝑒−0.172,        160 < 𝑅𝑒 

n/a   Thonon et al. [60] 

𝛥𝑝 =
𝜉𝐿𝑝

𝐷ℎ
∙
𝜌𝑣2

2
, the friction factor 𝜉 derived from respective equations presented in 

Chapter 3 

n/a   Martin [61]  

𝑓 = 0.085𝑒1.52𝑡𝑎𝑛𝛽𝑅𝑒−(0.25−0.06𝑙𝑛𝛽) n/a 2,000 < 𝑅𝑒 < 25,000 Tovazhnyanski et. al [62] 

𝑓 = {((
40.32

𝑅𝑒
)
5

+ (8.12𝑅𝑒−0.5)5)

0.2

, 2 ≤ 𝑅𝑒 ≤ 200

1.274𝑅𝑒−0.15 , 𝑅𝑒 ≥ 1,000

 

n/a  Muley and Manglik [63] 

𝑓 = 8 ∗ 0.6𝑅𝑒−0.3 n/a  Turbulent region Sinnott [64] 

𝑓 = 915𝑅𝑒−0.25 (
𝐷ℎ
𝐿
) 

n/a  50 < 𝑅𝑒 < 20,000 Maslov and Kovalenko 
[56] 

𝑓 = (𝑓𝑙
3 + 𝑓𝑡

3)
1
3 

𝑓𝑡 = 46.6𝛽
−1.08𝜑1−𝑝𝑅𝑒−𝑝 

𝑓𝑙 = 1774𝛽
−1.026𝜑2𝑅𝑒−1 

𝑝 = 0.00423𝛽 + 0.0000223𝛽2 (β in deg) 

n/a 1 < 𝑅𝑒 < 10,000  Wanniarachchi et al. 
[52] 
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig.  4.7. Overview of single phase pressure drop predictions for Cyclopentane with (a) Re=192, (b) Re=500, (c) 
Re=1000 and (d) Re=3000. 
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(a) 

 

(b) 
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(c) 

 

(d) 

 

Fig.  4.8. Overview of single phase pressure drop predictions for R245ca with (a) Re=169, (b) Re=500, (c) 
Re=1000 and (d) Re=3000. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig.  4.9. Overview of single phase pressure drop predictions for R1234ze with (a) Re=240, (b) Re=500, (c) 
Re=1000 and (d) Re=3000. 
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Chapter 5. Conclusions 

To sum up the abovementioned results, in this chapter, some tables will be presented, 

indicating a general conclusion for the calculations made for each scenario in Chapter 3 and 

Chapter 4. The tables provide information on the scale of predict for each case and each 

correlation. 

 Heat transfer coefficient 

The tables for the heat transfer coefficient were created by using the default conditions 

mentioned on each of the sub- chapters of Chapter 3, with the use of R245ca. It was 

estimated that a well predicted value for the heat transfer coefficient for the evaporation 

and the condensation case is in the region of 3000 to 5000 W/m2K, and for the single phase 

heat transfer in the region of 800 to 1500 W/m2K. Based on these conditions the following 

tables were made: 
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Table 5-1 Evaporation heat transfer coefficient scale of predict  

Reference Range of application Test range Slope Scale of Predict 
Reynolds 

increase effect 
Use of R1234ze 

Use of 
Cyclopen 

Yan and Lin 
(1999) [13] 

2000 < Reeq < 10000 

 

𝑅𝑒𝑒𝑞 = 104 ÷ 152

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
↘ 

Slight over-
prediction 

Low effect 
↘ 

Slight over-
prediction 

↘ 
Slight over-
prediction 

Hsieh and Lin 
(2002) [14] 

50 < G < 125 
8.5 < qflux < 30 

 

𝐺 = 6.62 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
↗ Over-prediction Increase 

↗ 
Over-prediction 

↗ 
Over-

prediction 

Han et. al 
(2003) [15] 

13 < G < 34
2.5 < qflux < 8.5

 

 

𝐺 = 6.62 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
↘ Well predicted Increase 

↘ 
Well predicted 

↘ 
Well predicted 

Kim et. al 
(2007) [16] 

600 < Re < 2,300
40 ≤ G ≤ 80

 

 

𝑅𝑒 = 157.7
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝐺 = 6.62 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↘ Well predicted Increase 
↘ 

Slight under-
prediction 

↘ 
Well predicted 

Longo et. al 
(2015) [18] 

 5.7 < G < 125
2.7 < qflux < 36.5

 

 

𝐺 = 6.62 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
→ Over-prediction Low effect 

→ 
Over-prediction 

→ 
Well predicted 

Palmer et. al 
(2000) [17] 

13 < Reeq < 230 

1.6 ≤ G ≤ 19 
1.3 ≤ qflux ≤ 8.3 

 

𝐺 = 6.62 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑅𝑒𝑒𝑞 = 104 ÷ 152

→ 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

↘↘ 
Well predicted 
(0.25 ≤ 𝑥 ≤

0.55) 
Increase 

↘↘ 
Under- 

prediction 
(0.25 ≤ 𝑥 ≤

0.55) 

↘↘ 
Well predicted 
(0.25 ≤ 𝑥 ≤

0.55) 
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Kim and Park 
(2003) [19] 

 45 ≤ G ≤ 55
4 ≤ qflux ≤ 8

 

 

𝐺 = 6.62 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
↗ 

Slight over-
prediction 

Decrease 
↗ 

Well predicted 

↗ 
Over- 

prediction 

Ayub (2003) 
[20] 

4000 ≤ Re ≤ 16000, US units 
 

𝑅𝑒 = 157.7
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

 
→ Over-prediction Increase 

→ 
Over- prediction 

→ 
Over- 

prediction 

Arima et. al 
(2010) [21] 

40 < Re < 3600 
7.4 ≤ G ≤ 15 
15.4 ≤ qflux ≤ 24.5 

 

𝐺 = 6.62 
→ 𝑠𝑙𝑖𝑔ℎ𝑡𝑙𝑦 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑅𝑒 = 157.7 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

 

↗↘ Under-prediction Low effect 
↗↘ 

Under- 
prediction 

↗↘ 
Under- 

prediction 

Khan and 
Chyu (2010) 
and Khan et. 
al (2014) [22, 

23] 

500 < Re < 2500 
5.5 < G < 27 
20 ≤ qflux ≤ 70 
1225 < Reeq < 3000 

 

𝐺 = 6.62 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑅𝑒 = 157.7
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑅𝑒𝑒𝑞 = 104 ÷ 152

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

→ Well predicted Low effect 
→ 

Slight under- 
prediction 

→ 
Well predicted 

Taboas et. al 
(2012) [24] 

70 ≤ G ≤ 140 
20 ≤ qflux ≤ 50 

 

𝐺 = 6.62 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
→ Under-prediction Low effect 

→ 
Under- 

prediction 

→ 
Under- 

prediction 

Huang et. al 
(2012) [25] 

5.6 ≤ G ≤ 52.3 
1.8 ≤ qflux ≤ 6.9 

 

𝐺 = 6.62 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
↗ Over-prediction Slight increase 

↗ 
Over- prediction 

↗ 
Over- 

prediction 

Lee et. al 
(2014) [26] 

14.5 ≤ G ≤ 33.6 
15 ≤ qflux ≤ 30 

 

𝐺 = 6.62 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
↘ 

Well predicted 
(𝑥 ≤ 0.8) 

Low effect 

↘ 
Slight under- 

prediction(𝑥 ≤
0.8) 

↘ 
Well predicted 
(𝑥 ≤ 0.8) 
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Almalfi et. al 
(2016) [27] 

N/A N/A ↗ 
Slight over-
prediction 

Increase 
↗ 

Well predicted 

↗ 
Slight over-
prediction 

Koyama et. al 
(2014) [28] 

N/A N/A ↗↘ Well predicted Increase 
↗↘ 

Slight under- 
prediction 

↗↘ 
Well predicted 

Vakili- 
Farahani et. al 

(2014) [29] 

10 ≤ G ≤ 85 
0.1 ≤ qflux ≤ 4.2 

 

𝐺 = 6.62 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
↗ Over-prediction Increase 

↗ 
Slight over- 
prediction 

↗ 
Over- 

prediction 
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Table 5-2 Condensation heat transfer coefficient scale of predict 

Reference Range of application Test range Slope Scale of Predict 
Reynolds 

increase effect 
Use of 

R1234ze 
Use of 

Cyclopen 

Shah (1979) 
(modified) [30] 

N/A N/A ↗ 
Under- 

prediction 
Increase 

↗ 
Under- 

prediction 

↗ 
Under- 

prediction 

Yan et. al  (1999) 
[31] 

500 < 𝑅𝑒𝑒𝑞 < 1,000

60 ≤ 𝐺 ≤ 120
 

𝑅𝑒𝑒𝑞 = 500 ÷ 1800

→ 𝑚𝑜𝑠𝑡𝑙𝑦 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝐺 = 17.84 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↗ Well predicted Increase 
↗ 

Slight under- 
prediction 

↗ 
Well predicted 

Thonon and 
Bontemps (2002) 

[32] 

100 < 𝑅𝑒𝑒𝑞 < 2,000       
𝑅𝑒𝑒𝑞 = 500 ÷ 1800

→ 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
 

↘↘ 
Well predicted 
(𝑥 > 0.4) 

Low effect 
↘↘ 

Well predicted 
(𝑥 > 0.2) 

↘↘ 
Well predicted 
(𝑥 > 0.4) 

Han et. al (2003) [33] 
 10 < 𝐺 < 35
4.7 < 𝑞 < 5.3

 
𝐺 = 17.84 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↗ 
Slight under- 

prediction 
Low effect 

↗ 
Slight under- 

prediction 

↗ 
Slight under- 

prediction 

Longo et. al 
(2014,2015) [34, 35] 

N/A N/A ↗ Well predicted 

Low effect 
(𝑅𝑒 ≤ 1000) 

Increase 
(Turbulent 

region) 

↗ 
Well predicted 

Piecewise 
function 

Well predicted 

Palmer et. al (2000) 
[17] 

13 < 𝑅𝑒𝑒𝑞 < 230 

1.6 ≤ 𝐺 ≤ 19 
1.3 ≤ 𝑞 ≤ 8.3 

𝑅𝑒𝑒𝑞 = 500 ÷ 1800

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝐺 = 17.84 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→  𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

→ 
Under- 

prediction 
Slight increase 

→ 
Under- 

prediction 

→ 
Under- 

prediction 
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Kuo et. al (2005) [36] 
50 ≤ 𝐺 ≤ 150 
10 ≤ 𝑞 

𝐺 = 17.84 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

↗ Well predicted Increase 
↗ 

Over- 
prediction 

↗ 
Over- 

prediction 

Mancin et. al (2012) 
[37] 

15 ≤ 𝐺 ≤ 40 
 

𝐺 = 17.84 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
 

N/A N/A N/A N/A 
↗↗ 

Over- 
prediction 

Zhang et. al (2019) 
[38] 

16 ≤ 𝐺 ≤ 90 
4 ≤ 𝑞 ≤ 57.4 

𝐺 = 17.84 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

↗ Over- prediction Increase 
↗ 

Over- 
prediction 

↗ 
Over- 

prediction 

Wang and Zhao 
(1993) [39] 

N/A N/A ↗ 
Under- 

prediction 
Increase 

↗ 
Under- 

prediction 

↗ 
Under- 

prediction 

Winkelmann (2010) 
[40] 

0.07 < 𝐶𝑜 < 0.28 
6.9 ≤ 𝑞 ≤ 51 

 

𝐶𝑜 = 0.01 ÷ 1.12
→ 𝑚𝑜𝑠𝑡𝑙𝑦 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

↗↗ Over- prediction Low effect 
↗↗ 

Well predicted 
(𝑥 < 0.5) 

↗↗ 
Over- 

prediction 

Shon et. al (2018) 
[41] 

13 ≤ 𝐺 ≤ 23.8 
2.5 ≤ 𝑞 ≤ 4.5 

𝐺 = 17.84 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↗ Well predicted Increase 
↗ 

Well predicted 

↗ 
Slight over- 
prediction 

Jokar et. al (2006) 
[42] 

N/A N/A ↗ 
Under- 

prediction 
Increase 

↗ 
Under- 

prediction 

↗ 
Under- 

prediction 

Shi et. al (2010) [43] 
22 ≤ 𝐺 ≤ 65 
11.5 ≤ 𝑞 ≤ 35 

𝐺 = 17.84 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

↗↗ 
Well predicted 
(𝑥 < 0.7) 

Increase 
↗↗ 

Well predicted 
(𝑥 < 0.9) 

↗↗ 
Well predicted 
(𝑥 < 0.5) 
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Soontarapiromsook 
et al. (2018) [44] 

61 ≤ 𝐺 ≤ 89 
5 ≤ 𝑞 ≤ 15 

 

𝐺 = 17.84 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↗ Over- prediction Increase 
↗ 

Slight under- 
prediction 

↗ 
Over- 

prediction 
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Table 5-3 Single phase heat transfer coefficient scale of predict 

Reference Range of application Test range Slope Scale of Predict 
Reynolds 

increase effect 
Use of 

R1234ze 
Use of 

Cyclopen 

Focke (1985) [45] N/A N/A ↗ 
Slight under- 

prediction 
Increase 

↗ 
Slight under- 

prediction 

↗ 
Well 

predicted 

Chisholm (1992) 
[46] 

1,000 < 𝑅𝑒 < 40,000     𝑅𝑒 = 192 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 ↗ 
Slight under- 

prediction 
Increase 

→ 
Slight under- 

prediction 

↗ 
Slight under- 

prediction 

Walraven (2013) 
[48] 

N/A N/A 
→ 

Piecewise 
Under- 

prediction 
Increase 

↘ 
Piecewise 

Under- 
prediction 

→ 
Piecewise 

Under- 
prediction 

Yan and Lin (1999) 
[13] 

N/A N/A 
↗ 

Piecewise 
Under- 

prediction 
Increase 

→ 
Piecewise 

Under- 
prediction 

↗ 
Piecewise 

Under- 
prediction 

Donowski (2000) 
[49] 

𝑅𝑒 ≥ 200 
𝑅𝑒 = 192
→ 𝑠𝑙𝑖𝑔ℎ𝑙𝑡𝑦 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↗ 
Under- 

prediction 
Increase 

↗  
Under- 

prediction 

↗ 
Slight under- 

prediction 

Chisholm and 
Wanniarachchi 

(1991) [50] 

𝑅𝑒 > 1000 
 

𝑅𝑒 = 192 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 ↗ 
Slight under- 

prediction 
Increase 

→ 
Slight under- 

prediction 

↗ 
Well 

predicted 

Kim (1999) [51] N/A N/A ↗ 
Under- 

prediction 
Increase 

→ 
Under- 

prediction 

↗ 
Under- 

prediction 



 
87 

Wanniarachchi 
(1995) [52] 

N/A N/A 
→ 

Piecewise 
Under- 

prediction 
Increase 

→ 
Piecewise 

Under- 
prediction 

→ 
Piecewise 

Under- 
prediction 

Talik et. al (1995) 
[54] 

1,450 ≤ 𝑅𝑒 ≤ 11,460    
2.5 ≤ 𝑃𝑟 ≤ 5.0 

𝑅𝑒 = 192 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑃𝑟 = 3.72 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

↗ 
Under- 

prediction 
Increase 

↗ 
Under- 

prediction 

↗ 
Under- 

prediction 

Han et. al (2003) 
[15] 

2,000 ≤ 𝑅𝑒 
2 ≤ 𝑃𝑟 ≤ 6 

𝑅𝑒 = 192 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑃𝑟 = 3.72 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

↗ 
Under- 

prediction 
Increase 

→ 
Under- 

prediction 

↗ 
Under- 

prediction 

Khan et. al (2014) 
[23] 

500 ≤ 𝑅𝑒 ≤ 2,500 
3.5 ≤ 𝑃𝑟 ≤ 6.5 

𝑅𝑒 = 192 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑃𝑟 = 3.72 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

→ 
Piecewise 

Under- 
prediction 

Increase 

→ 
Piecewise 

Under- 
prediction 

→ 
Piecewise 

Slight under- 
prediction 

Hayes et. al (2011) 
[55] 

N/A N/A 
↗ 

Piecewise 
Well predicted Increase 

→ 
Piecewise 

Well 
predicted 

↗ 
Piecewise 

Well 
predicted 

Maslov and 
Kovalenko (1972) 

[56] 
50 < 𝑅𝑒 < 20,000    

𝑅𝑒 = 192 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
 

→ 
Under- 

prediction 
Increase 

→ 
Under- 

prediction 

→ 
Under- 

prediction 

Longo and 
Gasparella (2007) 

[57] 

350 < 𝑅𝑒 < 1,100 
5 < 𝑃𝑟 < 10 

𝑅𝑒 = 192 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑃𝑟 = 3.72
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↗ 
Under- 

prediction 
Increase 

↗ 
Under- 

prediction 

↗ 
Slight under- 

prediction 

Okada et. al (1972) 
[58] 

400 < 𝑅𝑒 < 15,000 
𝑅𝑒 = 192 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

 
→ 

Under- 
prediction 

Increase 
→ 

Under- 
prediction 

→ 
Under- 

prediction 
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 Pressure drop 

The tables for the pressure drop were, as mentioned in Chapter 5.1, created by using the 

default conditions mentioned on each of the sub- chapters of Chapter 3, with the use of 

R245ca. It was estimated that a well predicted value for the pressure drop for the 

evaporation case is in the region of 0.03 to 0.1 kPa, for the condensation case in the region 

of 1 to 4 kPa, and for the single phase heat transfer in the region of 0.02 to 0.07 kPa. Based 

on these conditions the following tables were made: 
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Table 5-4 Evaporation pressure drop scale of predict 

Reference Range of application Test range Slope Scale of Predict 
Reynolds 

increase effect 
Use of R1234ze 

Use of 
Cyclopen 

Yan and Lin 
(1999) [13] 

N/A N/A ↘ Over- prediction Increase 
↘  

Over- prediction 

↘  
Over- 

prediction 

Hsieh and Lin 
(2002) [14] 

N/A N/A ↘ Over- prediction Increase 
↘  

Over- prediction 

↘  
Over- 

prediction 

Han et. al 
(2003) [15] 

 13 < 𝐺 < 34
2.5 < 𝑞 < 8.5

 
𝐺 = 6.62 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
↘ Well predicted Increase 

↘  
Well predicted 

↘  
Well predicted 

Ayub (2003) 
[20] 

4000 ≤ 𝑅𝑒 ≤ 16000, 𝑈𝑆 𝑢𝑛𝑖𝑡𝑠 
 

𝑅𝑒 = 157.7
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

 
↘ Well predicted Increase 

↘  
Well predicted 

↘  
Well predicted 

Khan and 
Chyu (2010) 
and Khan et. 
al (2014) [22, 

23] 

500 < 𝑅𝑒 < 2500 
5.5 < 𝐺 < 27 
20 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 70 

3.5 < 𝑃𝑟 < 61225 < 𝑅𝑒𝑒𝑞 < 3000 

 
 

𝑅𝑒 = 157.7
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝐺 = 6.62 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑃𝑟 = 3.64 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑅𝑒𝑒𝑞 = 104 ÷ 152

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↘ Over- prediction Increase 
↘  

Over- prediction 

↘  
Over- 

prediction 
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Huang et. al 
(2012) [25] 

5.6 ≤ 𝐺 ≤ 52.3 
1.8 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 6.9 

𝐺 = 6.62 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
↘ Over- prediction Increase 

↘  
Over- prediction 

↘  
Over- 

prediction 

Lee et. al 
(2014) [26] 

14.5 ≤ 𝐺 ≤ 33.6 
15 ≤ 𝑞𝑓𝑙𝑢𝑥 ≤ 30 

𝐺 = 6.62 → 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞𝑓𝑙𝑢𝑥 = 44.9 ÷ 49.3

→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
↘ 

Under- 
prediction 

Low effet 
↘  

Under- 
prediction 

↘  
Under- 

prediction 

Almalfi et. al 
(2016) [27] 

N/A N/A ↘ Over- prediction Increase 
↘  

Over- prediction 

↘  
Over- 

prediction 
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Table 5-5 Condensation pressure drop scale of predict 

Reference Range of application Test range Slope Scale of Predict 
Reynolds 

increase effect 
Use of R1234ze 

Use of 
Cyclopen 

Yan et al. (1999) [31] 

500 < 𝑅𝑒 < 1,000
60 ≤ 𝐺 ≤ 120

 

𝑅𝑒 = 179
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝐺 = 17.84
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

 

↗ 
Under- 

prediction 
Slight increase 

↗  
Under- 

prediction 

↗  
Under- 

prediction 

Han et al. (2003b) 
[33] 

 10 < 𝐺 < 35
4.7 < 𝑞 < 5.3

 
𝐺 = 17.84 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↘ 
Under- 

prediction 
Low effect 

↘ 
Under- 

prediction 

↘ 
Under- 

prediction 

Kuo et. al (2005)  
[36] 50 ≤ 𝐺 ≤ 150 

10 ≤ 𝑞 ≤ 20 

𝐺 = 17.84
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→ 𝑚𝑜𝑠𝑡𝑙𝑦 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↗ 
Slight over- 
prediction 

Increase 
↗ 

Slight under- 
prediction 

↗ 
Slight over- 
prediction 

Shi et. al (2010) [43] 
22 ≤ 𝐺 ≤ 65 
11.5 ≤ 𝑞 ≤ 35 

𝐺 = 17.84
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→ 𝑚𝑜𝑠𝑡𝑙𝑦 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

→ 
Under- 

prediction 
Low effect 

→ 
Under- 

prediction 

→ 
Under- 

prediction 

Zhang et. al (2019) 
[38] 16 ≤ 𝐺 ≤ 90 

4 ≤ 𝑞 ≤ 57.4 

𝐺 = 17.84 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→ 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

↗ Well predicted Increase 
↗ 

Slight under- 
prediction 

↗ 
Slight over- 
prediction 

Shon et. al (2018) 
[41] 

13 ≤ 𝐺 ≤ 23.8 
2.5 ≤ 𝑞 ≤ 4.5 

 

𝐺 = 17.84 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↗ Well predicted Increase 
↗ 

Under- 
prediction 

↗ 
Slight over- 
prediction 

Soontarapiromsook 
et al. (2018) [44] 61 ≤ 𝐺 ≤ 89 

5 ≤ 𝑞 ≤ 15 

𝐺 = 17.84
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↗ 
Slight over- 
prediction 

Increase 
↗ 

Slight under- 
prediction 

↗ 
Slight over- 
prediction 
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Jokar et. al (2006) 
[42] N/A N/A ↘ Over- prediction Increase 

↘ 
Well predicted 

↘ 
Over- 

prediction 

Hayes et. al (2012) 
[59] 

2 ≤ 𝐺 ≤ 45 
2.5 ≤ 𝑞 ≤ 15.7 

𝐺 = 17.84 → 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 
𝑞 = 17.3 ÷ 37
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

↗ Over- prediction Increase 
↗ 

Slight under- 
prediction 

↗ 
Over- 

prediction 
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Table 5-6 Single phase heat transfer pressure drop scale of predict 

Reference Range of application Test range Slope Scale of Predict 
Reynolds 

increase effect 
Use of R1234ze 

Use of 
Cyclopen 

 Focke et al. 
(1985) [45]  90 < 𝑅𝑒 < 16,000 

𝑅𝑒 = 125 ÷ 169
→ 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

↗ Well predicted Increase 
↗ 

Well predicted 
→ 

Well predicted 

 Chisholm and 
Wanniarachchi  
(1992) [46] 

1,000 < 𝑅𝑒 < 40,000 
𝑅𝑒 = 125 ÷ 169
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

→ 
Under- 

prediction 
Increase 

→ 
Under- 

prediction 

→ 
Under- 

prediction 

 Thonon et al. 
(1995) [60] N/A N/A → 

Under- 
prediction 

Increase 
→ 

Under- 
prediction 

→ 
Under- 

prediction 

 Martin(1996) 
[61]  N/A N/A ↘ Well predicted Increase 

↘ 
Well predicted 

↘ 
Well predicted 

Tovazhnyanski 
et. al (1980) 
[62] 

2,000 < 𝑅𝑒 < 25,000 
𝑅𝑒 = 125 ÷ 169
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

→ 
Under- 

prediction 
Increase 

→ 
Under- 

prediction 

→ 
Under- 

prediction 

Muley and 
Manglik (1999) 
[63] 

N/A N/A ↘ 
Under- 

prediction 
Increase 

↘ 
Under- 

prediction 

↘ 
Under- 

prediction 

Sinnott (2008) 
[64] 𝑅𝑒 ≥ 3,000 

𝑅𝑒 = 125 ÷ 169
→ 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑎𝑛𝑔𝑒 

→ 
Under- 

prediction 
Increase 

→ 
Under- 

prediction 

→ 
Under- 

prediction 

Maslov and 
Kovalenko 
(1972) [56] 

50 < 𝑅𝑒 < 20,000 
𝑅𝑒 = 125 ÷ 169
→ 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

→ 
Under- 

prediction 
Increase 

→ 
Under- 

prediction 

→ 
Slight under- 

prediction 

Wanniarachchi 
et al. (1995) 
[52] 

1 < 𝑅𝑒 < 10,000 
𝑅𝑒 = 125 ÷ 169
→ 𝑖𝑛 𝑟𝑎𝑛𝑔𝑒 

↘ 
Under- 

prediction 
Increase 

↘ 
Under- 

prediction 

↘ 
Under- 

prediction 
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 Future work 

Due to the lack of time many scenarios were not taken into consideration, but can be 

analyzed in other studies depending on future needs and new proposals. Some ideas worth 

looking into are the following: 

 Using different fluids in the evaporation, condensation or single phase heat 

transfer case.  For example fluids that are rarely used in each situation and are 

worth a deeper behavior analysis. 

 Researching to find new correlations and include them in a similar analysis to 

compare them with the already tested correlations. 

 Using a different type of heat exchanger, such as a shell and tube heat exchanger, 

to calculate the corresponding results with the use of the same correlations and 

conditions. 

 Considering larger Reynolds number regions, and calculating the equivalent results 

for 𝑅𝑒 < 100, or 𝑅𝑒 > 5000. 

 Investigating the scenario of supercritical flows. 

 Using different script conditions such as initial temperatures, therefore alternating 

the pinch point in each case. 
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47. Bogaert, R. and A. Böles, GLOBAL PERFORMANCE OF A PROTOTYPE BRAZED PLATE 
HEAT EXCHANGER IN A LARGE REYNOLDS NUMBER RANGE. Experimental Heat 
Transfer, 1995. 8(4): p. 293-311. 

48. Walraven, D., B. Laenen, and W. D'haeseleer. Optimum configuration of plate-type 
heat exchangers for the use in ORCs for low-temperature geothermal heat sources. 
in Proceedings of the European Geothermal Congress 2013. 2013. 

49. Donowski, V.D. and S.G. Kandlikar. Correlating evaporation heat transfer coefficient 
of refrigerant R-134a in a plate heat exchanger. in Engineering Foundation 
Conference on Pool and Flow Boiling, Alaska. 2000. 

50. Chisholm, D. and A. Wanniarachchi. Layout of plate heat exchangers. in ASME/JSME 
Thermal Engineering Proceedings. 1991. ASME New York. 

51. Kim, Y., An experimental study on evaporation heat transfer characteristics and 
pressure drop in plate heat exchanger. Diss. MS thesis, Yonsei University, 1999. 

52. Wanniarachchi, A., et al., Approximate correlations for chevron-type plate heat 
exchangers. 1995, American Society of Mechanical Engineers, New York, NY (United 
States). 

53. Muley, A. and R. Manglik, Experimental study of turbulent flow heat transfer and 
pressure drop in a plate heat exchanger with chevron plates. Journal of heat transfer, 
1999. 121(1): p. 110-117. 



 

100 

54. Talik, A.C., et al., Heat transfer and pressure drop characteristics of a plate heat 
exchanger using a propylene-glycol/water mixture as the working fluid. Vol. 314. 
1995. 

55. Hayes, N., A. Jokar, and Z.H. Ayub, Study of carbon dioxide condensation in chevron 
plate exchangers; heat transfer analysis. International Journal of Heat and Mass 
Transfer, 2011. 54(5): p. 1121-1131. 

56. Maslov, A. and L. Kovalenko, Hydraulic resistance and heat transfer in plate heat 
exchangers. Molochnaya Promyshlennost, 1972. 10: p. 20-22. 

57. Longo, G. and A. Gasparella, Refrigerant R134a vaporisation heat transfer and 
pressure drop inside a small brazed plate heat exchanger. International journal of 
refrigeration, 2007. 30(5): p. 821-830. 

58. Okada, K., et al., Design and heat transfer characteristics of new plate heat 
exchanger. Heat Transfer Japanese Research, 1972. 1(1): p. 90-95. 

59. Hayes, N., A. Jokar, and Z.H. Ayub, Study of carbon dioxide condensation in chevron 
plate exchangers; pressure drop analysis. International Journal of Heat and Mass 
Transfer, 2012. 55(11): p. 2916-2925. 

60. Thonon, B., R. Vidil, and C. Marvillet, Recent research and developments in plate 
heat exchangers. Journal of Enhanced Heat Transfer, 1995. 2(1-2). 

61. Martin, H., A theoretical approach to predict the performance of chevron-type plate 
heat exchangers. Chemical Engineering and Processing: Process Intensification, 
1996. 35(4): p. 301-310. 

62. Tovazhnyanski, L., P. Kapustenko, and V. Tsibulnik, Heat transfer and hydraulic 
resistance in channels of plate heat exchangers. Energetika, 1980. 9: p. 123-125. 

63. Muley, A., R. Manglik, and H. Metwally, Enhanced heat transfer characteristics of 
viscous liquid flows in a chevron plate heat exchanger. Journal of Heat Transfer, 
1999. 121(4): p. 1011-1017. 

64. Sinnott, R.K., Chemical engineering design. Vol. 6. 2014: Elsevier. 


	ΔΙΠΛΩΜΑΤΙΚΗ ΕΡΓΑΣΙΑ
	Του Φοιτητή
	Επιβλέπων
	Καρέλλας Σωτήριος, Αναπληρωτής Καθηγητής,


	Abstract
	Περίληψη
	Preface
	Table of Contents
	List of Figures
	List of Tables
	Nomenclature
	Chapter 1. Introduction
	1.1. Heat transfer
	1.2. Heat Exchangers
	1.2.1 Shell and tube heat exchangers
	1.2.2 Plate heat exchangers
	1.2.3 Finned tube heat exchangers
	1.2.4 Plate fin heat exchangers
	1.2.5 Micro-channel heat exchangers

	1.3. Thesis scope

	Chapter 2. Plate heat exchanger modelling
	2.1. Evaporator Modelling
	2.1.1 Preheating zone
	2.1.2 Evaporation zone
	2.1.3 Superheating zone
	2.1.4 Overall Calculations

	2.2. Condenser Modelling
	2.2.1 Desuperheating zone
	2.2.2 Condensation zone
	2.2.3 Subcooling zone
	2.2.4 Overall calculations

	2.3. Single phase heat exchanger
	2.4. Geometrical characteristics of evaluated commercial plate heat exchangers

	Chapter 3. Heat transfer correlations
	3.1. Evaporation
	3.2.  Condensation
	3.3. Single Phase heat transfer

	Chapter 4. Pressure drop correlations
	4.1. Evaporation
	4.2. Condensation
	4.3. Single phase heat transfer

	Chapter 5. Conclusions
	5.1. Heat transfer coefficient
	5.2. Pressure drop
	5.3. Future work


	References

