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ABSTRACT 

Conventional micro tubes have been widely used in the last few decades in water and air for refrigeration heat 

exchanger applications during evaporation or condensation. Lowering the size possibility of micro tubes drives to 

a higher compact and heat exchanger performance and thus reducing the charge of system's refrigerant. This 

research investigates the R134a pressure drop and flow boiling heat transfer measurement inside a small micro 

tube. In this work, a domestic refrigerator was simulated with real capacity and dimensions by designing and using 

a test rig refrigeration system of 310 W. A tube of 1000 mm in length made from copper horizontally oriented 

having 4.35 mm internal diameter representing the refrigeration's system evaporator section is adopted as a test 

section. A total of 36 K-type thermocouples are installed in nine locations on the copper tube's external round 

surface with 100 mm equal spacing. Two glass tubes are connected to the copper tube test section to visualize the 

R134a refrigerant in the inlet and outlet zones. A software of computational fluid dynamics (CFD) by (ANSYS 

Fluent 18) is employed to numerically simulate the flow boiling R134a refrigerant's heat transfer in the evaporator. 

This study aimed to show the influencing factors of R134a refrigerant flow boiling heat transfer (FBHT) on the 

designed system's evaporator experimentally and numerically. The research range is (-14 to -3) °C saturation 

temperature, (12.8 to 31.1) kW/m2 heat flux, (0.21 to 1) vapor quality, and (92, 160 and 187) kg/m2.s mass flux. 

Experimental results reveal an improvement of 32% at 31.1 kW/m2 in the local heat transfer coefficient and 77% 

at 187 kg/m2.s mass flux at constant operational testing conditions. An Enhancement of 68% in the local heat 

transfer coefficient when the temperature of saturation increased from (-7 to -3) °C. The average deviation between 

experimental and numerical results is 8%. 
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INTRODUCTION  

Improved technologies provide additional design options in heat transfer to increase the thermal efficiency in heat 

transfer units. Condensers and evaporators are leading components in cooling and heating systems. Refrigerant's 

thermodynamic characteristics play's a crucial condition in the heat transfer of boiling [1]. R134a is an 

environmentally friendly refrigerant widely used as the working fluid [2], [3]. Its flow boiling heat transfer 

(FBHT) is remarkable in refrigeration and air conditioning units [4]. Liquid to vapour phase change in 

refrigeration systems is accompanied by boiling [5]. Many researchers studied heat transfer properties for R134a 

FBHT in various thermal systems due to its crucial role compared with its single phase with different circular 

channel diameters and materials [6]–[13]. In 2016, G. B. Abadi et al. [14] mixed R25fa and R134a refrigerants 

and pumped the fluids in a stainless steel 3 mm ID vertically oriented 200 mm length tube to investigate the 

refrigerant mixture FBHT. Their boundary conditions were: heat flux (qe) of (1 to 69) kW/m2, and mass flux (G) 

of (300 to 800) kg/m2.s. They reported that the coefficient of heat transfer (hz) was significantly affected by G, 

while a minor effect occurred by altering the qe. Y. Xu et al. conducted a study in 2016 [15] using R134a refrigerant 

in three smooth copper tubes of (4.065, 2.168, and 1.002) mm ID to investigate the refrigerant's hz. Their boundary 

conditions were: 0.578 to 0.82 MPa saturation pressure, 18 to 35.5 kW/m2 qe, vapour quality of (0.03 to 1), and 

G of (185 to 935) kg/m2.s. They showed that smaller ID tubes exhibited higher saturation pressures and high hz. 

Besides, qe, G, and vapour quality effects were differentiated among different tube diameters. In 2017, C. A. 

Dorao et al. [16] used R134a inside a 5 mm ID of stainless-steel horizontally oriented tube with 2035 mm length 
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to investigate the drop pressure and hz. Their boundary conditions were: G of (200 – 400) kg/m2.s, 18.6 °C 

temperature of saturation, and 3.9 to 47 kW/m2 qe. They reported that at high qe, dry out vapour occurs. D. Del. 

Col, in 2010 [17] used an 8 mm ID tube fixed horizontally with R410A, R125, R134a, and R22 refrigerants. Their 

boundary conditions were: qe of (9-53) kW/m2, (0.07 to 0.87) vapor quality, G of (200-600) kg/m2.s, and 25-45 

°C temperature of saturation. They reported that the main elements affecting hz were the saturation temperature 

and qe, while the G had only a minor effect. In 2011, J. Kaew-On et al. [18] studied the effect of using a mini 

channel in heat exchangers for tubes of (1.2 and 1.1) mm ID. They used R134a refrigerant with the following 

conditions: qe of (15 – 65) kW/m2, the pressure of saturation (4 – 6) bar, and G of (300 to 800) kg/m2.s. They 

concluded that hz was mainly affected by the refrigerant's qe, with minimum G and vapour quality influence. The 

hz increased by 50 – 70% when the number of channels reduced from 14 to 8. S. Basu et al. studied in 2011 [19] 

the hz for R134a experimentally in (1.6 and 0.5) mm ID horizontally oriented circular tubes made from stainless 

steel. Their boundary conditions were: qe of (0 - 350) kW/m2, G of (300 - 1500) kg/m2.s, (0 - 1) vapour qualities, 

and (4.9 to 11.6) bar saturation pressures. They reported that the pressure of saturation and qe highly affected the 

hz. G had a minor effect and was independent. Oh, and Son. (2011) [20] studied the hz in an experimental 

investigation for R134a and R22 refrigerants flowing inside horizontal tubes made from copper of (5.35, 3.36, 

1.77) mm ID. Their boundary conditions were: 10, 20, and 30 kW/m2 heat fluxes, 0.05 to 0.97 vapor quality, G 

of (300 - 500) kg/m2.s, and 0 to 5 °C saturation temperatures. They reported that smaller inner tube diameters 

affected the hz. In 2009, D. Shiferaw et al. [21] conducted experiments with R134a refrigerant fluid. They used a 

1.1 mm ID tube made from stainless steel, vertically oriented in their tests. Their boundary conditions were: qe of 

16 to 150 kW/m2, the pressure of saturation (6 – 12) bar, and G of (100 – 600) kg/m2.s. Their results showed that 

hz is affected by qe and pressure of saturation, with a minor influence on the vapour quality. D. Shiferaw et al. 

[22] used in 2007 (2.01 and 4.26) mm ID tubes made from stainless steel with R134a refrigerant in their 

experimental study. Their boundary conditions were: G of (100 - 500) kg/m2.s, up to 0.9 vapour quality, qe of (13 

- 150) kW/m2, and pressure of (8 – 12) bar. They concluded that using a 4.26 mm tube provided a vapour quality 

of (40-50) %, and a 2.01 mm tube provided (20-30) %. K. Il Choi et al. (2007) [23] conducted a multi-stage 

investigation on (3 and 1.5) mm ID tubes using CO2, R22, and R134a refrigerants. Their conditions were: G of 

(200 - 600) kg/m2.s, qe of (10 - 40) kW/m2, and 10 °C temperature of saturation. They reported that qe had a 

primary influence on the hz. S. Saitoh (2005) [24] used three circular channels of 3.1, 1.12, and 0.51 mm internal 

diameters in their experimental study. At 0.51 mm channel diameter made the hz proportional to qe, with a minor 

influence by G. At 3.1 mm channel diameter, both G and qe affected the hz. In 2005, A. Greco et al. [25] researched 

the effect of mixed and pure refrigerants of R134a, R404A, R22, R507, and R410A on the hz for a horizontal 

evaporator tube. They used a 6 m and 6 mm ID seamless stainless-steel tube. They revealed that the hz increased 

with the pressure of saturation and qe by fixing the G. They also showed that R134a provided the highest hz among 

other refrigerants. 

The major motivations of this paper are: 

1- Showing the influence of parameters such as heat flux, vapour quality, mass flux and saturation 

temperature on refrigerant flow boiling heat transfer coefficient on the evaporator numerically and 

experimentally. 

2- Analyzing the results in an evaporator tube section to predict the most influential factors that can enhance 

the heat transfer process.  

Upon the authors best knowledge, we believe a gap in literature was found on the following points:- 

• The simulated domestic refrigerator characteristic design is new. 

• The specific conditions of our research were not conducted before in the Iraqi environment. 

• An extensive number of K-type thermocouples were used (36 for copper tube + 12 around the system). 

• Operating conditions and test tube properties (only for this specific system) is new, and. 

• Computational fluid dynamics (CFD) by (ANSYS Fluent 18) software for simulating the heat transfer of 

this specific system numerically is also new.  

This study seeks to collect data that might help and provide the literature to address these research gaps. Therefore, 

the purpose of this investigation is to explore: 
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1. The Simulation of a domestic refrigerator with real capacity and dimensions by designing and using a 

refrigeration system suitable for testing. 

2. Studying R134a refrigerant FBHT influencing factors on the evaporator for the newly designed 

refrigeration system. 

METHODS AND MATERIALS  

Numerical Analysis 

The Computational fluid dynamics software (CFD) by (ANSYS Fluent 18) was conducted in this study to simulate 

the R134a FBHT in the evaporator numerically. According to the presented problem, the prediction of a numerical 

solution by solving the governing equations is acquired to achieve excellent results in minimum effort, cost and 

to reduce the more challenging difficulties of experiments. R134a flow boiling analysis for a two-phase horizontal 

tube evaporator was studied. A numerical prediction for the hz was made by measuring the vapour quality, 

refrigerant temperature, pressure, wall temperature, and flow speed distributions along the evaporator's tube 

length.  

Multiphase Model 

Eulerian is a two-phase flow model used in this study to analyze R134a refrigerant flow boiling. Eulerian has a 

good solution accuracy and a wide application range of two-phase flow problems, making it an encouraging option 

to adopt it in this work. Eulerian model per each phase solves Continuity, energy, and momentum equations.  

Governing Equations   

Some assumptions based on the two-phase properties determination and experiment results consider solving the 

mathematical model of the two-phase that simulates the refrigerant R134a flow boiling. 

The assumptions are as the following:    

The fluid is incompressible, Two-dimensional flow field, steady-state flow, qe is uniform along the evaporator's 

copper tested tube wall and turbulent flow field �⃗�𝑞 . �⃗�𝑙𝑖𝑓𝑡.𝑞 𝑎𝑛𝑑 �⃗�𝑣𝑚.𝑞 are neglected. According to the above 

assumptions, a reduction of the fundamental equations is acquired to the following formulas with the 

supplementary equations of ANSYS software [25]: 

The continuity formula for phase q is: 

𝜕

𝜕𝑡
(𝛼𝑞 𝜌𝑞) + ∇  ∙  (𝛼𝑞𝜌𝑞�⃗�𝑞) = ∑ (�̇�𝑝𝑞)𝑛

𝑝=1                                                                                                           (1) 

The momentum balance formula for phase q is: 

𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞�⃗�𝑞) + ∇  ∙  (𝛼𝑞𝜌𝑞�⃗�𝑞�⃗�𝑞) = −𝛼𝑞 ∇𝑝 + ∇  ∙ 𝜏�̿� + 𝛼𝑞𝜌𝑞�⃗� + ∑ (�⃗⃗�𝑝𝑞 + �̇�𝑝𝑞�⃗�𝑝𝑞)𝑛

𝑝=1                                             (2) 

The Conservation of Energy formula for the (q) phase is: 

𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞ℎ𝑞) + ∇  ∙  (𝛼𝑞𝜌𝑞ℎ𝑞 �⃗⃗�𝑞) = 𝛼𝑞

𝜕𝑝𝑞

𝜕𝑡
+ 𝜏�̿� ∙ ∇  �⃗⃗�𝑞 − ∇ ∙ �⃗�𝑞 + 𝑆𝑞 + ∑ (𝑄𝑝𝑞 + �̇�𝑝𝑞ℎ𝑝𝑞)𝑛

𝑝=1                               (3) 

k-ɛ Turbulence mode 

Model (k-ɛ) was one of several methods for the treatment of turbulent flow. Because of its reliability, lower 

computational time, and reasonable accuracy, the standard model (k-ɛ) is adopted. The standard two-equation (k-

ɛ) model allows transport equations of length scales and turbulent velocity separately determined. 

The turbulence kinetic energy (k) is obtained from [25]: 

∂

∂t
(ρk) +

∂

∂xi
(ρkui)  =

∂

∂xj
[ (𝜇 +

𝜇𝑡

𝜎𝑘
)

∂k

∂xj
] + Gk + Gb − ρϵ − YM + Sk                                                                       (4) 

The rate of dissipation (ɛ), is obtained from:   
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∂

∂t
(ρϵ) +

∂

∂xi
(ρϵui)  =

∂

∂xj
[ (𝜇 +

𝜇𝑡

𝜎ϵ
)

∂ϵ

∂xj
] + 𝐶1𝜖

𝜖

𝑘
(𝐺𝑘 + 𝐶3𝜖𝐺𝑏) − 𝐶2𝜖𝜌

𝜖2

𝑘
+ Sϵ                                                (5) 

The turbulent viscosity 𝜇𝑡 is calculated as: 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜖
                                                                                                                                                              (6) 

In these equations, Sk and 𝑆𝜖 of the equations (4) and (5) is a user-defined or constant source term, default is considered 

zero. Where 𝜎𝜖 𝑎𝑛𝑑 𝜎𝑘 Prandtl turbulent numbers for є and k, Gb is the buoyancy's generation of turbulence kinetic 

energy. Gk is the average speed gradient's generation of turbulence kinetic energy, and YM is the fluctuating dilation 

contribution of incompressible turbulence to the overall dissipation rate. 

Model constants in ANSYS software having “default” values as the following: C1ε = 1.44, C2ε = 1.92, C3ε = 1.3, 𝜎𝑘 =

1, 𝜎ϵ = 1.3, and 𝐶𝜇=0.09. 

Boundary Conditions 

Table 1 illustrates the numerical analysis's boundary conditions. 

Table 1. Boundary conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Testing Rig 

Figure 1 and Table 2 show the schematic diagram and details of the experimental test rig. A water-cooling 

condenser is selected for the test rig for higher efficiency, more natural cooling control, and higher cooling 

capacity than air-cooled condensers. The refrigerant flow meters were adopted to calculate in each part the rate of 

flow. Three heaters were employed to simulate the refrigeration system's evaporator (test section, pre-heater, and 

post-heater). They were wrapped uniformly around the tube to ensure uniform qe. Each heater was attached to a 

variac transformer (voltage controller) for controlling the refrigerant saturation temperature, downstream, 

upstream, and vapour quality of the desired test area. Three thermostats were used for the heating wires to have 

reasonable control over the testing rig's temperature. Two transparent tubes made from glass with the same internal 

diameters were fixed to the testing section at both outlet and inlet ports. Bourdon pressure gauges were installed 

in the system to calculate the low and high pressures of the refrigerant R134a inside the testing system. Bypass 

loop parallel-connected with the test section line was used to adjust the R134a G. 

Wall boundary - (Constant heat flux)   

Type Wall 

Phase Solid 

Wall thickness (m) 0.001 

Heat flux (W/m2) 20000 

Inlet - boundary  

Type Velocity inlet 

Phase Mixture 

Gauge pressure (Pa) 238900 

Type Velocity inlet 

Phase Phase 1 

Inlet temperature (oC) -5.5 

Velocity (m/s) 2.75 

Type Velocity inlet 

Phase Phase 2 

Volume fraction 0.225 

Inlet temperature (oC) -5.5 

Velocity (m/s) 2.75 

Outlet - boundary  

Type Outflow 
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Figure 1. Refrigeration system diagram. 

 Table 2. The test rig components 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Testing Section 

Figure 2 Illustrates the testing section. It consists of a smooth tube made from copper horizontally oriented (4.350 mm 

ID, 6.350 mm OD, and 1000 mm in length) representing the refrigeration's system evaporator section. A 3 m length 

of 450 W heat resistance wire electrically heated, wrapped uniformly around the copper test tube, was employed to 

provide a uniform qe for simulating the applied thermal loading on the evaporator[26–31]. K-type thermocouples are 

installed in nine locations on the tube's peripheral surface with 100 mm equal distance between each site[32–34]. Four 

thermocouples for each section (90-degree angle between each one) are installed. To calculate the average temperature 

of the tube's external surface, a total of 36 thermocouples are used in the testing zone of the copper tube. Twelve other 

k-type thermocouples are fixed in the system in various areas, as shown in Fig. 1. The copper test tube was wrapped 

with insulation material to reduce the heat losses to the atmosphere caused by the heat transfer of radiation and 

convection. Heat flux was controlled using three variac transformers by regulating the input electric power[35–38]. 

Two glass tubes are connected to copper tubes to visualize the R134a refrigerant in the inlet and outlet zones during 

the operational tests; each glass tube is (4.35 mm ID and 180 mm length). Two thermocouple bulbs (Tsat1 and Tsat2, as 

shown in Fig.1) are installed at outlet and inlet positions of the copper tube to calculate the R134a refrigerant 

temperature at high accuracy.   

Name Description 

Reciprocating compressor (125W) capacity 

Water-cooled condenser Tube in tube counterflow, (1 m) length 

Water pump (20 LPM) 

Water flow meter (2-18 LPM) 

Refrigerant flow meter R134a type, 3 pieces 

Capillary tube (188 mm) length 

Heating wire 3 pieces, (450W) heating resistance, (3 m) length 

Glass tube 2 pieces, (180 mm) length 

Variac transformer 3 pieces, rating (0 to 300 V, and 5 A) 

Bourdon pressure gauge 2 pieces, range (0 to 35 bar) 

K-type calibrated thermocouple 48 pieces, range (-40 to 375 ˚C) 

Temperature data logger 4 pieces, PCE-T 1200 with 12 channels 

Thermostat 3 pieces, (-40 to 99) °C Temperature range. 
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Figure 2. Illustration of the evaporator testing section. 

Testing Conditions 

The designed test rig's operating conditions are as follows: (-14 to -3) °C, (92, 160 and 187) kg/m2.s for G, (0.21 to 1) 

vapor quality, and (12.8 to 31.1) kW/m2 for qe.  

Data Reduction 

Calculating the coefficient of FBHT experimentally, a series of analysis is required, and some considerations were 

supposed as follows: 

• The qe along copper testing tube length is uniform. 

• Neglecting the axial direction heat transfer.   

Coefficient of Heat Transfer 

�̇�𝑒 Is the rate of heat transfer determined by heating wires wrapped around the external tube surface. It is measured 

by:  

�̇�𝑒 = 𝑉 ∙   𝐼 ∙ ʎ                                                                                                                                                        (7)  

Where ʎ is the heating coefficient that represents the heat transfer process efficiency in the testing area. ʎ is 

calculated by: 

ʎ =
𝑚 ̇ ∙  (ℎ𝑜−ℎ𝑖)

𝑃𝑒𝑙
                                                                                                                                                            (8)  

Where Pel is the supplied heating wire electrical power. The following formula calculates Pel: 

𝑃𝑒𝑙 = 𝑉 ∙   𝐼                                                                                                                                                      (9) 

𝑞𝑒 Is the supplied heat flux from the inside copper test tube surface. The following formula calculates it:  

�̇�𝑒 =  
�̇�𝑒

𝜋 ∙ 𝑑𝑖 ∙  𝐿𝑡𝑠
                                                                                                                                 (10)  

The pre-heater and post-heater heat flux are calculated using equations (7, 8, 9, and 10).                                                                                                      

hz is the coefficient of the local heat transfer measured by Newton's cooling law: 
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ℎ𝑧 =
�̇�𝑒 

𝑇𝑤𝑖−𝑇𝑠𝑎𝑡
                                                                                                                                                            (11) 

Where Twi is the local temperature of the tube's inner wall, Tsat is the refrigerant's local temperature of saturation. 

Assuming radial conduction via the tube wall, Twi is calculated by the following formula: 

𝑇𝑤𝑖 = 𝑇𝑤𝑜 − �̇�𝑒  ∙  𝑅𝑤                                                                                                                                            (12) 

Where Two is the local temperature of the tube's external wall. It is the average temperatures calculated around the 

copper test tube, as the following formula measure it: 

𝑇𝑤𝑜 =
𝑇𝑤𝑟 + 𝑇𝑤𝑙+𝑇𝑤𝑡 + 𝑇𝑤𝑏

4
                                                                                                                         (13) 

Where 𝑇𝑤𝑟  , 𝑇𝑤𝑙  , 𝑇𝑤𝑡  , 𝑎𝑛𝑑 𝑇𝑤𝑏   are the copper tube wall temperatures at right, left, top, and bottom, respectively. 

𝑅𝑤 (˚C/W) is the tube's thermal resistance calculated by: 

𝑅𝑤 =
𝐿𝑛 (

𝑑𝑜
𝑑𝑖

)

2 𝜋 ∙ 𝑘𝑐𝑢 ∙ 𝐿𝑧
                                                                                                                            (14)        

Where Lz is the copper test tube length of the test section.                                                                                                 

𝑇𝑠𝑎𝑡.𝑧 is the local temperature of saturation at the z position along the tested copper tube. 𝑇𝑠𝑎𝑡.𝑧 is measured 

concerning 𝑃𝑠𝑎𝑡.𝑧 which represents the pressure of local saturation at the z position.  

𝑃𝑠𝑎𝑡.𝑧 is calculated by the following formula:   

𝑃𝑠𝑎𝑡.𝑧 = 𝑃𝑖.𝑒 − ∆𝑝 ∙  
𝐿𝑧

𝐿𝑡𝑠
                                                                                                                                    (15) 

Where 𝑃𝑖.𝑒 is the inlet refrigerant pressure. ∆𝑝 is the refrigerant pressure difference between inlet and outlet ports 

at the testing section.  

Refrigerant Vapour Quality 

𝑥𝑖𝑛 is the inlet vapour quality. 𝑥𝑖𝑛 is measured by: 

𝑥𝑖𝑛 =
ℎ𝑖.𝑡𝑠 − ℎ𝑙.𝑖

ℎ𝑓𝑔.𝑖
                                                                                                                                                                 (16) 

Where  ℎ𝑓𝑔.𝑖 and ℎ𝑙.𝑖 are the specific latent and liquid heat of vaporization enthalpies respectively at the testing tube 

section.   

ℎ𝑖.𝑡𝑠 = ℎ𝑖.𝑝  +   
�̇�𝑝𝑟𝑒 

𝑚 ̇
                                                                                                                                                      (17) 

Where ℎ𝑖.𝑡𝑠 is the inlet refrigerant's specific enthalpy, and ℎ𝑖.𝑝 is the inlet of preheater refrigerant specific enthalpy. 

𝑥𝑧 is the refrigerant's vapour quality at a specific point, the following formula measures it: 

𝑥𝑧 = 𝑥𝑖𝑛 + ∆𝑥 ∙  𝐿𝑧                                                                                                                                                         (18) 

Where ∆𝑥 is the outlet and inlet ports vapour quality difference for the tested copper tube, it is calculated using by: 

∆𝑥 =
𝑥𝑜 − 𝑥𝑖

𝐿𝑡𝑠
                                                                                                                                                                        (19) 

Where 𝑥𝑜 Is the outlet refrigerant vapour quality. It is measured by:                                                                                                

𝑥𝑜 =
ℎ𝑜.𝑡𝑠 − ℎ𝐿𝑖.𝑜

ℎ𝑙𝑔.𝑜
                                                                                                                                                                 (20) 

Where ℎ𝑙.𝑜 is the outlet liquid refrigerant specific enthalpy. 

ℎ𝐿𝑔.𝑜 is the latent outlet vaporization heat of the refrigerant.   
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ℎ𝑜.𝑡𝑠 Is the outlet refrigerant's specific enthalpy. It is calculated by: 

ℎ𝑜.𝑡𝑠 = ℎ𝑖.𝑡𝑠 +
�̇�𝑒

�̇�
                                                                                                                                                             (21) 

Measurements Uncertainly 

Reliability analysis of standard errors was employed for measuring the uncertainties of the experimental results. The 

measurement errors in its maximum values for the instruments used in this study are ±0.04 for the local vapour quality 

xz, ±3 W for the heating power qe, hz is ±18 W/m2.°C and ±0.22 bar for the local saturation pressure Psatz. 

RESULTS AND DISCUSSIONS 

Boiling Curve 

Figure 3 illustrates the variation between the difference in wall-saturation temperature and the wall qe for the flow 

boiling at -3 °C saturation temperature, (12.8 to 31.1) kW/m2 qe, and (92, 160, and 187) kg/m2.s G. At the lowest rate 

of mass flow (92 kg/m2.s), the G was affected significantly by the variation of the temperature difference and qe. The 

contributions of forced convective and nucleate dominance of FBHT were visible in a temperature difference range 

of (12 – 43) °C correlated to the curve of refrigerant boiling.    

 

Figure 3. Wall-saturation temperature difference vs heat flux, at (-3) °C saturation temperature. 

Heat Flux Effect 

Figure 4 illustrates the influencce of qe for (12.8 to 31.1) kW/m2 at fixed mass fluxes on the hz. A variation in hz and 

vapour quality is noticed because of the convective boiling and nucleate contributions, wall refrigerant difference 

temperatures that correlate with the boiling curve. On qe of 31.1 kW/m2, the hz was at its highest values. At constant 

operating conditions, the hz increased by 32% at 31.1 kW/m2 compared to 12.8 kW/m2 qe. According to Newton's law 

of convection, the hz was improved at fixed differences between refrigerant temperatures and the tube surface when 

the qe was increased. At G of 187 kg/m2.s, the hz was higher than 92 kg/m2.s. Figure 4a and 4b had similar hz behaviors.  
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Figure 4. Vapour quality vis local coefficient of heat transfer, experimental results at the mass flux of a) 92 kg/m2.s, 

b) 187 kg/m2.s. 

Mass Flux Effect 

Figure 5 illustrates the G effect of (92 to 187) kg/m2.s at fixed qe on the hz. A variation in the records is noticed 

for the vapour quality, in addition to the hz. At G of 187 kg/m2.s, the hz was at its highest values for both qe cases 

because of the forced convective evaporation contribution. At constant operating conditions, the hz increased 77% 

at 187 kg/m2.s compared to 92 kg/m2.s G. Rising the applied thermal load on the evaporator copper tested tube 

resulted in a higher hz at 31.1 kW/m2 compared to 16.5 kW/m2 qe at other constant conditions.  

 

Figure 5. Coefficient of local heat transfer vs vapour quality, experimental results at a heat flux of a) 16.5 kW/m2, b) 

31.1 kW/m2. 

Heat and Mass Flux Effect 

Figure 6. illustrates the effect of mass and heat fluxes with fixed testing conditions on the average hz of the R134a 

flow boiling. A continuous increase in the average hz values in the tested copper tube was noticed because of the 

refrigerant mass flow rate and thermal load effects. They are critical elements of the evaporator's performance. At 

187 kg/m2.s G, the average hz was the highest among other mass fluxes. 
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Figure 6. Average FBHT coefficient vis heat flux, experimental results at various mass fluxes. 

Saturation Temperature and Inlet Vapor Quality Effect 

Figure 7. illustrates the R134a saturation temperature effect at qe of 31.1 kW/m2 and G of 187 kg/m2.s on the hz. 

Three saturation temperatures of (-7, -3.5, and -3) °C were tested. A variation in the hz was observed because of 

the increase in saturation temperatures. This behaviour was attributed mainly to the enhanced heat transfer rate at 

the flow boiling stratified region where the liquid film thickness inside the copper tested tube decreases causing 

the hz to rise. At fixed G and qe, an improvement of 78% for the hz was acquired when raising the temperature of 

saturation from -7 to -3 °C.   

 

Figure 7. Vapour quality vs coefficient of local heat transfer, experimental results at a mass flux of 187 kg/m2.s and 

heat flux of 31.1 kW/m2 

Figure 8. shows the hz of the copper tested tube at fixed G and qe affected by the inlet vapour quality of R134a. The 

partial increase of hz was noticed at various inlet vapour quality values. At vapour quality of high values, the 

dominance is for the forced convective boiling, resulting in a partial increase of hz. 
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Figure 8. Vapour quality vs local heat transfer coefficient, experimental results at a mass flux of 160 kg/m2.s and 

heat flux of 31.1 kW/m2 

Experimental and Numerical Comparison 

Heat Flux Effect 

Figure 9. illustrates the influence of qe (12.8 to 31.1) kW/m2 at fixed G on the hz. The curve shows a comparison 

between experimental and numerical findings. At G of 187 kg/m2.s, the hz was higher than 92 kg/m2.s. Numerical 

results show higher values than experimental results due to the refrigeration system's losses, instrument errors, 

humidity, fluid friction in the system, and other reasons. A deviation of 9% between the results of experimental work 

and numerical simulations were noticed at G of 187 kg/m2.s and 11% at 92 kg/m2.s  

 

Figure 9. Heat transfer coefficient vis vapour quality at a constant mass flux of a) 92 kg/m2. s, and b) 187 kg/m2.s 

Mass Flux Effect 

Figure 10. Illustrates the effect of G (92 to 187) kg/m2.s at fixed qe on the hz. The curve demonstrates the comparison 

of the results between numerical and experimental data. At G of 187 kg/m2.s, the hz was at its highest values for both 

qe cases because of the forced convective evaporation contribution. Experimental results show lower values than 

numerical results due to the refrigeration system's losses, instrument errors, humidity, fluid friction in the system, and 

other reasons. A deviation between numerical and experimental results of 7% was noticed at a qe of 31.1 kW/m2 and 

8% at 12.8 kW/m2. 
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Figure 10. Coefficient of heat transfer vis vapour quality at a constant heat flux of a) 12.8 kW/m2 and b) 31.1 

kW/m2. 

Saturation Temperature Effect 

Figure 11 illustrates the hz at fixed heat and mass fluxes applying three temperatures of saturation (-7, -3.5, -3) °C. The 

curve shows a comparison between experimental and numerical findings. An average deviation between them was 

9%.    

 

Figure 11. Coefficient of heat transfer vis vapour quality at various temperatures of saturation. 

CONCLUSION 

A research on the flow boiling of R134A refrigerant in one smooth tube was carried out. The effects of boiling 

heat transfer, saturation temperature, and mass flux were discussed. A comparison between the experimental data 

and predictions measured by several existing correlations using a test rig refrigeration system of 310 W was 

conducted. A tube of 1000 mm in length made from copper horizontally oriented having 4.35 mm internal 

diameter representing the refrigeration's system evaporator section is adopted as a test section. A total of 36 K-

type thermocouples are in-stalled in nine locations on the copper tube's external round surface with 100 mm equal 

spacing. A software of computational fluid dynamics (CFD) by (ANSYS Fluent 18) is employed to numerically 

simulate the flow boiling R134a refrigerant's heat transfer in the evaporator. 

The main conclusions can be summarized as follows: 
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1) Wall variation and saturation temperature difference (Twall – Tsaturation) are evident with lower G in the range of 

92, 160, and 187 kg/m2. s caused by various heat fluxes. 

2) At constant operating conditions, the hz increased by 32% at 31.1 kW/m2 compared to 12.8 kW/m2 qe. 

3) Increasing the G from (92 to 187) kg/m2.s achieved an improvement of  77% for the hz at constant test 

conditions. Since the refrigerant G is directly proportional to the hz. 

4) Increasing the temperature of saturation from (-7 to -3) °C at fixed heat fluxes and refrigerant G, the hz 

improved 68%. 

5) A partial increment to the hz occurred at various inlet vapour quality tested values of 0.24, 0.225, and 0.21 in 

the evaporator tube. 

6) Good agreement within the experimental and numerical results, with an 8%  average deviation. 
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