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Abstract   
     The present research aims at building of a mathematical model using (Engineering 
Equation Solver) (EES) software to analyze the flow of the refrigerant R134a into two 
configurations of adiabatic capillary tubes (straight and helical coiled tubes) which are 
used widely in a household refrigerator, freezer and water cooler. The governing 
equations which depend on the conservation of mass, momentum, and energy have been 
coded in order to calculate the length of the single-phase flow region. Moreover, the 
two-phase region has been divided numerically depending on homogenous flow 
assumption after determining the boundary conditions and calculating the physical 
variables at each point of the numerical divisions by using successive substitution 
method using iteration loops. Finite difference scheme, the length of the two-phase 
region and the total length for the capillary tube have also been determined. The results 
show that the behavior of the flow is similar for both forms with regard to the 
distribution of variables (pressure and temperature drop, dryness fraction, velocity and 
entropy) over the whole length , while the helical coiled tube length for all cases is 
shorter than the straight tube at the same conditions. The main parameters that affect 
the size of capillary tube and the behavior of refrigerant through it have been shown. 
The tube length increased with the increase of (condenser temperature, degree of sub-
cooling and tube diameter) and decreased with the increase of mass flow rate and 
roughness. The helical tube length increased by increasing coil diameter and coil pitch . 
The results of the present study agree with the experimental data of  previous works 
with error not exceeding ±10% . 
 
Keywords : Adiabatic capillary tube, Household refrigerators, R134a, EES, Helical, 
Two-phase flow. 
 

 R134aدساسح عذدَح ىدشَاُ ٍائع اىرثيُح فٍ الأّثىتح اىشعشَح تاسرخذاً ٍائع اىرثيُح 
 ساىٌ ئتشاهٌُ حسِ                                          أسرار ٍساعذد. أٍُش سيطاُ داؤود 

 /ميُح اىهْذسح/قسٌ اىهْذسح اىَُناُّنُحخاٍعح اىَىصو

 

 اىخلاصح
فٍ شنيُِ ٍِ الأّاتُة اىشعشَح  R134aَرضَِ اىثحث اىحاىٍ تْاء أَّىرج سَاضُاذٍ ىرحيُو خشَاُ ٍائع اىرثيُح       

الأدَثاذُح )اىَسرقَُح واىَيفىفح تشنو ىىىثٍ( اىَسرخذٍح تشنو واسع فٍ اىثلاخاخ واىَدَذاخ وتشاداخ اىَاء اىَْضىُح 
قذ ذَد تشٍدح اىَعادلاخ اىحامَح اىَعرَذج عيً ٍعادلاخ حفع ى .(EES) تاسرخذاً تشّاٍح حو اىَعادلاخ اىهْذسُح 

واىضخٌ, ىحساب طىه اىَداه أحادٌ اىطىس وٍِ ثٌ ذقسٌُ اىَداه ثْائٍ اىطىس عذدَاً تالاعرَاد عيً  اىنريح واىطاقح
فشضُح اىدشَاُ اىَرداّس تعذ حساب اىظشوف اىَحذدج وحساب اىَرغُشاخ اىفُضَاوَح فٍ مو ّقطح ٍِ اىرقسٌُ اىعذدٌ 

داه اىثْائٍ اىطىس تطشَقح اىفشق اىَحذد وتعذها تطشَقح اىرعىَض اىَرعاقة ورىل تعَو حيقاخ ذنشاسَح, وحساب طىه اىَ
ذٌ حساب اىطىه اىنيٍ ىلأّثىب . ذثُِ ٍِ اىْرائح أُ سيىك اىدشَاُ ٍرشاته فٍ ملا اىشنيُِ ٍِ حُث ذىصَع اىَرغُشاخ 

ىنِ طىه الأّثىب اىَيفىف  ّرشوتٍ( عيً طىه الأّثىب .)اّحذاس اىضغظ ودسخح اىحشاسج وّىعُح اىثخاس واىسشعح والإ
ذٌ ذىضُح اىَعاىٌ و.  َنىُ فٍ خَُع اىحالاخ أقصش ٍِ طىه الأّثىب اىَسرقٌُ عْذٍا ذنىُ اىَعاىٌ الأخشي ثاترح

اىشئُسُح اىرٍ ذإثش عيً اخرُاس اىحدٌ اىَْاسة ىلأّثىب وعيً سيىك خشَاُ اىَائع خلاىه . وتُْد اىْرائح أُ طىه 
ح اىرثشَذ اىذوٍّ وقطش الأّثىب( وَقو تضَادج )ٍعذه خشَاُ الأّثىب َضداد تضَادج مو ٍِ )دسخح حشاسج اىَنثف ودسخ

ّرائح اىذساسح اىحاىُح  أظهشخ. و اىنريح وخشىّح اىسطح اىذاخيٍ ىلأّثىب( ومزىل َضداد تضَادج )قطش اىيفح وخطىج اىيفح(
 . %10±ذىافقاً خُذاً تاىَقاسّح ٍع اىثُاّاخ اىردشَثُح فٍ اىذساساخ اىساتقح وتْسثح خطأ لاذرداوص 
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List of abbreviations 
Symbol Meaning Unit Symbol Meaning Unit 

A 
Internal cross section 

area of capillary tube 
m

2 
V Refrigerant velocity m/s 

ΔL 
Incremental length in 

the two phase region 
m x 

Dryness fraction 

(Vapor quality) 
----- 

ΔP 
Pressure drop in two 

phase region 
bar Greek Letters 

CP 
Specific heat at 

constant pressure 
kJ/kg.K Δ Difference ----- 

d 
Internal capillary tube 

diameter 
mm 𝜀 

Relative roughness 

of internal tube wall 
----- 

DC 
Coil pitch for helical 

capillary tube 
mm 𝜇 

Average dynamic 

viscosity 
kg/m.s 

De Dean number ----- 𝜌 Average density kg/m
3 

e 
Internal wall 

roughness 
µm 𝜈 

Average specific 

volume 
m

3
/kg 

ΔTsub. Degree of subcooling 
0
C    

Shear stress for flow 

inside tubes 
N/m

2
 

   
Friction factor for 

straight tube 
----- Subscripts 

   
Friction factor for 

helical tube 
----- Symbol Meaning 

G Mass flux kg/m
2
.s c Coiled capillary tube 

h Average enthalpy kJ/kg chock Chock point 

K 
Entrance losses 

coefficient 
----- cond. Condenser 

Lsp 
Single phase region 

length 
m evap. Evaporator 

Ltp 
Two phase region 

length 
m exit Tube exit 

Lcapillary 

tube 

Total capillary tube 

length 
m f Saturated liquid refrigerant 

 ̇ Mass flow rate kg/s g Saturated Vapor refrigerant 

P Pressure bar i 
Number of iteration in the 

two phase region 

  
Coil pitch for helical 

tube 
mm max. Maximum value 

Re Reynolds number ----- s Straight capillary tube 

s Average entropy kJ/kg.K sp Single phase region 

T Temperature 
0
C tp Two phase region 
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Introduction and Literature Review:                                                                  
        The main functions of an expansion device used in refrigeration system are to reduce 

pressure from high condenser pressure to low evaporator one, and to regulate the refrigerant 

flow from the high-pressure liquid line into the evaporator at a rate equal to the evaporation 

rate in the evaporator. The important type of expansion device that are widely used in small 

vapor compression refrigeration systems is capillary tube; it is one of the main parts of the 

refrigeration system. It is commonly used as expansion and refrigerant flow rate controlling 

to evaporator to reduced the refrigerant pressure from high pressure (Condenser pressure) to 

low pressure (Evaporator pressure). It is a long hollow tube of drawn copper with a small 

inside diameter of between (0.2-3 mm) and a length of (1 to 6 m) that connects the outlet of 

the condenser to the inlet of the evaporator. In practical application, the capillary tube is 

coiled in many configurations to reduce space. It works on the principle that the liquid 

refrigerant passes through it much more readily than vapor, which it is due to condensate in 

the condenser. The capillary tube allows the pressure in the system to equalize during the off 

cycle (period of stopping the compressor), reducing the compressor starting torque 

requirements. It operates generally in acceptable performance over a wide range of operating 

conditions. It has many advantages such as simplicity, has no moving parts and inexpensive, 

which make it common in many small size refrigeration systems of single-compressor/single-

evaporator. Its applications include refrigeration system of (10 kW) capacity such as 

household refrigerators, freezers, dehumidifiers, and room air conditioners. Lastly its 

application extended to larger units, such as unitary air conditioners up to (35.2 kW) .                                                                                                                                             

         Although the capillary tube physical configuration is very simple, the flow behavior of 

refrigerant through it is a very complex phenomenon. The refrigerant enters the capillary tube 

in subcooled liquid state, and with continuous flowing of this liquid the pressure will drop 

linearly due to friction, while the temperature remains constant . When this pressure drops to 

a level lower than the pressure of vaporization for the refrigerant, some of liquid will 

evaporate in a process called flash process, then the two-phase flow process begins proceeds 

to the tube exit .                     

 

Experimental Studies: 
  Many experimental and theoretical studies and researches have been done to study the 

refrigerant flow through capillary tubes. Keeping in view the importance of capillary tube in 

low capacity refrigeration systems, it is increasingly important for the design engineers, in 

general, and the researchers, in particular, to be conversant with the flow behavior of various 

refrigerants through the capillary tubes of different sizes and geometries under adiabatic and 

diabatic flow conditions . Lin et al.(1991) [1] have done an experimental investigation about 

local pressure drop during vaporization process of (R12) through adiabatic capillary tubes . 

They presented a theoretical model to predict local pressure drop using the theoretical 

equation for pressure drop. Another experimental research presented by Melo et al. (1999) [2] 

includes the effect of the main various parameters on mass flow rates through the capillaries. 

It hinges upon using three different types of refrigerants, namely (CFC-12, HFC-134a and 

HC-600a) at different condenser pressure and levels of subcooling . The theoretical model 

uses a conventional dimensional analysis to derive correlations to predict the mass flow rates 

for different refrigerants. The predictions from the developed correlations were found to be in 

good agreement with the measured data in other studies in the literature. Kim et al. (2002) [3] 

have done an experimental investigation to study the performance of refrigerant flow (R22, 

R407C and R410A) in several capillary tubes for air- conditioners. (28) Capillary tube with 

different lengths and inner diameters was selected as test sections. Mass flow rate through the 

capillary tube was measured for different condensing temperatures and degrees of subcooling 
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. Dimensionless correlation was developed, and its results were compared with experimental 

data and (ASHRAE) design correlation and proved to be in good agreement. Other studies for 

coiled capillary tube have been done recently. Khan et al. (2008) [4] for example have done 

an experimental study for helical coiled capillary tube using refrigerant (R134a) to investigate 

the effect of coil pitch on the mass flow rate through the tube when coiled diameter was 

constant (140 mm). The same researchers Khan et al. (2008) [5] have also done an 

experimental investigation to study the flow of refrigerant (R134a) inside an adiabatic 

spirally coiled capillary tube. The effect of various geometric parameters on the mass flow 

rate has been investigated. It has been concluded that the effect of coiling of capillary tube 

reduces the mass flow rate by (5-15%) compared to those of the straight capillary tube 

operating under similar conditions.                                                                                                                   

    

Theoretical Studies:  
In addition to the experimental researches presented above, theoretical studies have also been 

done using developed numerical models to study the flow of various types of refrigerants 

through the adiabatic capillary tubes. Wong and Ooi (1995) [6] have presented a model that 

includes a comparison of the homogenous flow and separated flow in adiabatic capillary tube 

for refrigerant (R12). Comparisons of the predicted results between the two-models are 

presented, together with experimental results from previous works. The results show that the 

separated flow model gives a better prediction compared to the homogeneous flow model. 

Bansal and Rupasinghe (1997) [7] presented a model to study the performance of capillary 

tube using the homogeneous adiabatic two-phase flow assumption called it (CAPIL), The 

effect of various design parameters results with various tube length  presented to show the 

real flow behavior in comparison with previous works . They were validated with the 

previous results over a range of operating conditions within ±10%. Ibrahim and Abdul-

Wahed (2008) [8] have carried out a research to study and analyses the refrigerant flow 

behavior in the capillary tube, and the distribution of some variables along the tube by using 

(FLUENT) program for the simulation, and using the separated two-phase flow assumption . 

Imran (2008) [9] has presented  a research for building a mathematical model for separated 

flow through adiabatic capillary tube using refrigerant (R22) and its alternative (R407C) . 

The results of the calculation were compared with the experimental data in the technical 

literature in order to validate the developed model, and its capability of using it to analyze the 

capillary tube performance to optimize and control the refrigerant in the refrigeration 

equipment. A few theoretical studies however, have also discussed the flow in adiabatic 

coiled capillary tubes . Mittal et al. (2009) [10] have presented a modern study about the 

metastable liquid region for the adiabatic flow of refrigerant (R22) and its alternatives (i.e., 

R407C and R410A) through a spiral capillary tube . The effect of the pitch of spiral on the 

mass flow rate of refrigerant and capillary tube length has been investigated. A comparison of 

the flow characteristics of this refrigerant has been made at different operating conditions. 

The results of the present research have also been compared with the experimental results of 

(Khan et al. [5]). Another modern study is developed to tackle the two-phase flow of 

refrigerant (R22) and its alternatives (R407C and R410A) through helically coiled capillary 

tubes by Chingulpitak and Wongwises (2010) [11] . The results obtained from this model 

show reasonable agreement with the experimental data.    
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Mathematical analysis for refrigerant flow through capillary tube: 
Assumptions used to analyze the flow through adiabatic capillary tube:-  

1. The capillary tube inner diameter and surface roughness are constant. 

2. The capillary tube is perfectly insulated. 

3. Pure refrigerant is flowing through the capillary tube (i.e. refrigerant is free of oil). 

4. One dimensional and steady state flow. 

5. The flow is homogeneous in the two-phase region. 

6. Flash point lies on saturated liquid line (i.e. the metastable flow region phenomena is not 

considered). 

7. The capillary tube is horizontal (i.e. the influence of gravity is ignored). 

8. The capillary tube is adiabatic (i.e. there is no heat transfer process from the tube or vice 

versa (Q=0)) 

 

Governing Equations:- 
       The governing equations used to describe the 

physical flow behavior through all capillary tube forms 

depend principally on the basic equations of  the 

conservation of mass, momentum and energy, and the 

basic fundamentals of fluid flow through the tubes, 

which are explained by considering an infinitesimal 

control volume as shown in Fig.(1), and applying the 

conservation equations as follows :         

 

Mass balance : 

 ̇  𝜌                                                                                                                             

     By applying the continuity equation above, with constant cross section, the mass flux is 

constant (dG=0) along the flow through tube therefore :                                                              

    
 𝜌

𝜌
  

  

 
                                                                                                                 

Momentum balance : 

     By applying the principle of momentum conservation on the control volume Fig.(1) the 

following equation is obtained : 

 

                          ̇                                                                
 

As the shear stress equation for the flow inside tubes is defined by Darcy as follows [12] : 

   
  𝜌   

 
                                                                                                                       

We get the following equation : 

   
   

 
[
 𝜌

𝜌
 

𝜌   

  
]                                                                                                      

 

 

Fig.(1) the control volume 

(C.V) for refrigerant flow in 

capillary tube . 
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Energy balance :  

     By applying the first law of thermodynamics (steady flow energy equation (S.F.E.E)) for 

open system on the control volume:                                                                                             

                                                                                                          

     The mathematical analysis includes building  a model for single-phase flow region and 

another model for two-phase flow region, and the governing equation above is applied as 

follows:  

 

1. Liquid single-phase flow region:- 
As the liquid single phase flow is practically incompressible, the density is almost constant, 

with constant tube cross section area, the liquid velocity is constant. By taking integration for 

both sides of equ. (5) between point (2-3) Fig.(3) therefore :                                              

    
    𝜌

   
                                                                                                             

The pressure losses due to entrance effects have been presented in equ.(8) [12] : 

        
𝜌   

 
                                                                                                             

As (K) is the entrance loss coefficient, with (0.5) value in this study assuming square 

edge at tube inlet, the following equation for calculating the length of single phase region is 

obtained :-                   

    
 

   
[
  𝜌

  
         ]                                                                                         

(   ) is the friction factor for single phase region. There are many correlations for friction 

factor of straight capillary tube, and also for helical coiled capillary tube as shown in table 

(1). 

Comparing the results of  the present study with the experimental results in the 

literature shows that the (Charchill[16] correlation) gives better results for straight capillary 

tube, and (Schmidt [20] correlation) gives better results for helical coiled capillary tube . 

Reynolds number (Re) and Dean number (De) in these equations are obtained from the 

following equation: 

   
𝜌     

𝜇
                                                                                                                           

     √    ⁄                                                                                                                    
 

2. Mixed (Liquid-Vapor) two-phase flow region :- 
       By applying the continuity equation between points (3-4) in Fig.(2), and also the steady 

flow energy equation with no external work, heat transfer or potential energy, equ.(6) turns as 

follows :- 

                                                                                                                       
 

The flash point is due to evaporate some of the liquid, therefore the velocity will be varied 

during the two-phase region, (i.e. the kinetic energy can't be equal to zero), therefore: 
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Table (1) Friction factor correlations for straight and helical coiled capillary tubes for some 

researchers. 

Researc

hers 

 Straight capillary tube friction 

factor correlation 

Researcher

s 

Helical coiled capillary tube friction 

factor correlation 

Blassius 

[13] 
   

     

      
 Dean [18] 

  

   (       (  
    ⁄ )

 

        (  
    ⁄ )

 
) 

 

Moody 

[14] 

 

   
     

*  (
 

 ⁄
   

 
    
   )+

  
Mori and 

Nakayama 

[19] 
 

  

 
       ⁄     

[      ⁄     ]  ⁄
{ 

 
  

[      ⁄     ]  ⁄
} 

  

                

              ⁄             
       ⁄              
       ⁄    

  

                

            𝜀  ⁄             
     𝜀  ⁄              
     𝜀  ⁄    

Colebro

ok [15] 

 

√  
           (

 

 
 

   

   √ 
) 

Schmidt 

[20] 

              
   

 
 [            ⁄       ⁄ ]     ⁄      ⁄  

 

 

Churchil

l [16] 

 

   *(
 

  
)
  

 (
 

        
)+

 
  

 

 

         *
 

(   ⁄ )
   

     (  ⁄ )
+

  

 

  (
     

  
)
  

 

Mishra and 

Gupta [21] 

        [       ]
   

  

   [    ⁄  {       ⁄   }⁄ ]  ⁄  

 

Chen[17

] 

 

√  

      (
 

 ⁄

      

 
     

  
    *(

(  ⁄ )
      

      

 
      

       
)+) 

Manlapaz 

and 

Churchill 

[22] 
 

  
   [       {       ⁄   }   ⁄   

     {   }⁄           ⁄  ]    
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As the specific volume and enthalpy at each point of the two-phase mixture represent the 

mean, according to the homogenous flow assumption, substituting it with the continuity 

equation results in the equation (13), and the derived equation is: 

  

 
 𝜈  

     (   𝜈   𝜈     )   (   
  

 
 𝜈 

     
  

 

 
)                        

This is a quadratic equation solved by variable (x) (dryness fraction), which is expressed as: 

 

  

        𝜈   𝜈  √(   𝜈   𝜈 )
 
      𝜈  (   

  

  𝜈 
     

  
 

 )

   𝜈  
         

 

 

 

 

 

 

 

 

Method of Solution: 

     The solution method for the present study depends on the homogenous flow assumption 

using  the successive substitution method to calculate the physical properties, and then the 

finite difference method to calculate the total length of capillary tube for the two 

configurations (straight and helical coiled), as follows : 

 Specifying the used refrigerant and the values of main parameters depending on 

previous experimental research. These include (the pressure or temperature of the condenser 

and evaporator, the degree of subcooling,  the refrigerant mass flow rate through tube,  the 

tube diameter and roughness,  the coil diameter and pitch for helical coiled tube) . 

 Calculating the temperature at  the tube inlet through the equation : 

 

                                                                                                                        
 

and the pressure (P1=Pcond.); then calculating all properties at this point, including (density, 

specific volume, velocity, viscosity, enthalpy and entropy), and pressure at tube inlet point 

(2) in Fig.(2) from equ.(8), Reynolds number from equ.(10), Dean number for coiled tube 

from equ.(11), friction factor for single phase region using Charchill[16] correlation for 

Fig.(2) The flow deatials of striaght and helical coiled tube 
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straight tube and using Schmidt[20] 

correlation for coiled tube, and 

specification of properties at point (3) 

and the length of single phase region 

from equation  (9). 

 The numerical method for 

dealing with the two-phase region is 

divided into infinitesimal division with 

uniform pressure drop      over each 

section as shown in Fig.(3). The 

pressure at each division (i) is calculated 

by the equation : 

 

                                                                                                                            
 Calculating the value of dryness fraction      for each point from equ.(15), to 

calculate all properties at each point from two-phase region, such as density for homogenous 

flow which is calculated  by using the following equation : 

𝜌  
 

  

𝜌  
 

    

𝜌  

                                                                                                              

And entropy through the following equation : 

 

                                                                                                                           

 Calculating the friction factor for each point of the numerical division in the two-

phase flow region (     ) (using [16] and [20] correlations for straight and helical respectively 

table (1))after calculating Reynolds number (      
) at each point from the following 

equation : 

      
 

𝜌      

𝜇    
                                                                                                                  

(𝜇   ) is the two-phase dynamic viscosity. There are many correlations to calculate the 

dynamic viscosity for the two-phase flow used in previous researches. In comparison with 

other experimental studies it is shown that McAdams et al.[23] correlation gives better 

results. The velocity at each point is calculated from the equation : 

   
 ̇

𝜌   
 

 

𝜌 
                                                                                                        

Dean number for coiled tube in the two-phase region is obtained from the following equation 

: 

      
       

√    ⁄                                                                                                     

 

 At this stage, pressure      , temperature     , vapor quality     , friction factor 

(     ), entropy      and all other properties at each limited point from numerical division in 

two-phase region are calculated by using the successive substitution method. Then the 

incremental length       for each section is calculated by using the finite difference method 

as follows: 

from the integration of equ.(5) between points (3-4) in Fig (2), the incremental length for 

each section will be : 

Fig.(3) Numerical divisions of the two-phase 

flow for straight and helical coiled tube 
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[
 𝜌 

𝜌 
 

𝜌     

  
]                                                                                              

 

 We notice from the entropy calculation that it is in continuous increase, and when it 

reaches a certain value its value will begin decreased. This is why the calculations are 

completed at a point when the entropy begins deceasing, i.e. the entropy value at this point 

will be maximum         through the flow in capillary tube, and the pressure at this value 

will be (        
), compared with the limited pressure for evaporator (      ): 

If: 

        
                          

Or If  : 

        
                            

        

 

the refrigerant velocity has reached maximum value (sound velocity), i.e. the flow reached to 

chocking condition (or critical condition) . Moreover the fluid flow velocity cannot exceed 

the sound velocity in the tubes with constant diameter blocking the continuity of calculation 

after this point as it will result in negative value for incremental length . 

 Then the length of two-phase flow region is calculated from the following equation : 

    ∑   

 

   

                                                                                                                     

the total capillary tube length will be the summation of single and two-phase regions : 

 

                                                                                                                       

 

The above governing equations have been coded in the numerical formula by using 

developed copy of Engineering Equation Solver (EES software, Academic professional 

V8.156), and then inputting the data for the main parameters, and implementing them to get 

all the required results and analyze them and drawing their curves as explained in the results 

and discussion .. 

 

Results and Discussion: 
     The analyzing of results in this study depend on the experimental data range by Melo 

et.al[2] and Kim et.al[24] for refrigerant R134a for straight capillary tube, and the theoretical 

data range by Chingulpitak and Wongwises [11] for helical coiled tube.                                    

A large number of graphs can be drawn from the output of this analysis . However due to 

space limitation, only typical results are shown.   

                                                          

1- Comparison of the main physical variables distribution for straight and 

helical coiled capillary tube:-                                                                                             

                                       

      Fig.(4) shows the comparison of distribution of pressure, temperature, dryness fraction, 

velocity and entropy in the straight and helical coiled capillary tube length, in certain 

conditions of the condenser and evaporator temperature and pressure, mass flow rate, tube 

diameter, internal wall roughness and coil diameter . The results show for all cases that the 

flow behavior is similar for both configurations, while the helical coiled tube length for all 

cases is shorter than the straight tube at the same conditions. This is because the flow in 

coiled tube meets the additional resistance due to centrifugal force, which causes appearance 



Dawood: Numerical Study of Refrigerant Flow in Capillary Tube Using ------ 

 

11 
 

of secondary flow, called the Dean effect, which increases the friction losses with a great rate 

compared with the straight tube . Therefore we note that the pressure drop in Fig.(4-a) is 

linear in the subcooled liquid single phase region due to friction with internal wall of tube, 

while it starts when it reaches the saturated condition (i.e. flash point) to drop rapidly 

nonlinearly due to friction and acceleration. This drop increases rapidly as the flow reaches 

the chocked or critical flow at the tube end . As the temperature in Fig (4-b) is constant in the 

single phase region which depends on the adiabatic flow assumption, the enthalpy and 

temperature is also constant, while in the two-phase flow region the temperature suddenly 

drops nonlinearly due to the pressure drop which results from the drop of that part of the 

enthalpy converts to kinetic energy, increasing the fluid velocity and  decreasing the 

temperature until the flow reaches the tube end .  
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In Fig.(4-c) we notice the distribution of vapor quality (dryness fraction) along the tube 

length. Its value is zero in the single-phase region until the flash process occurs, and then it 

increases nonlinearly and rapidly due to the increase in the amount of vapor in the two-phase 

mixture until it reaches the tube exit. Fig.(4-d , 4-e) show the variation of refrigerant velocity 

and entropy. We note that the velocity is constant in the single phase, then it begins to 

increase in great form in the two-phase flow, because the flow energy after evaporation is 

converted to kinetic energy, therefore the enthalpy decreases and the velocity increases. 

While there is a linear increase for entropy in the single-phase flow, when generating the first 

vapor bubble the entropy increase readily and nonlinearly in the two-phase flow . Actually 

the great increase in velocity through two-phase flow contributes to the increasing of the 

entropy until it reaches the critical condition at the tube end.                                                                                       

 

2- The effect of the main parameters on the capillary tube length:- 
       Fig.(5) shows the effect of the main parameters on the capillary tube length, which 

include the operation parameters (degree of subcooling, condenser pressure or temperature 

and mass flow rate) and the geometric parameters (tube diameter and internal wall 

roughness). Fig.(5-a)  shows that the tube length increases directly with the increase of the 

degree of subcooling when the other parameters are constant, because with the increase of the 

degree of subcooling the amount of liquid in tube increases also (i.e. increase the length of 

single phase). It is known that the resistance of liquid flow is less than the resistance of two-

phase flow. This causes shifting the flash point to the direction of the tube exit, therefore the 

higher degree of subcooling the greater length of the tube required to get the required 

pressure drop from the condenser pressure to the evaporator pressure i.e. the length of tube 

increases from (0.3765 m) to (3.009 m) when the degree of subcooling increases from (1 
0
C) 

to (25 
0
C) . Also the tube length increases for the same reason with the increase of the 

condenser temperature but in less ratio, i.e. when the condenser temperature increases from 

(10 
0
C) to (60

 0
C) the tube length increases from (0.4573 m) to (1.04 m) when the degree of 

subcooling is (5.5 
0
C) and the other parameters are constant, as shown in Fig.(5-b) . Fig.(5-c) 

shows the effect of mass flow rate variation on the capillary tube length. It shows inversely 

relationship between them, therefore when the mass flow rate increases from (1.5 kg/hr) to 

(8.5 kg/hr) the length of tube decreases from (5.192 m) to (0.446 m), and the reason behind 

this is that increasing the mass flow rate means increasing the resistance of the flow presented 

in friction with the internal wall for tube and the friction between refrigerant particles, which 

is due to increase in the pressure drop, therefore it requires shorter length of tube. The results 

also show that there are directly relation between the tube length and its internal diameter, as 

shown in Fig.(5-d), in that the varying of tube diameter from (0.5 mm) to (1 mm) is due to 

increasing the tube length in a great ratio, i.e. from (0.3428 m) to (5.723 m) in that the 

internal tube diameter has a great effect on its length reducing the friction effects with the 

increase of the internal tube area which requires a large length to get the required pressure 

drop . There are inverse relationship between the tube length and its internal wall roughness. 

when the internal wall is smooth (e=0 µm) in the Fig.(5-e) the tube length is (1.021 m), and 

when the roughness increases to (1.08 µm), the tube length decreases to (0.8832 m) when the 

other parameters are constant, because the increasing of roughness means increasing the 

friction effects of refrigerant with tube internal wall .                                                                                                                                         

        In addition to the parameters presented above, two other parameters have a direct effect 

on the helical tube length, and on the distributions of physical properties through it; these are 

coil diameter and coil pitch. Fig. (5-f) shows that with increasing coil diameter from (10 mm) 

to (420 mm), the helical tube length increased from (0.7517 m) to (0.8428 m) when the other 

parameters are constant. This is due to the fact that the smaller the coil diameter is the greater  
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the Dean number has according to equ.(11), Therefore the friction effect increases due to the 

secondary flow, and then the pressure drop which requires a shorter tube length increases. 

However, with the increase of the coil diameter to more than (100 mm) the tube length 

becomes nearly constant, and so does the effect of secondary flow. The effect of the coil pitch 

on the total length of helical tube is shown in Fig.(5-g) which uses (Mishra and Gupta 
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correlation [21]) to calculate the helical tube friction factor . This equation contains the coil 

pitch parameters (p), where the increase of the coil pitch gives a clear increase in the tube 

length . This is due to reducing the effect of flow resistance that is represented by friction due 

to the secondary flow with the increase of the coil pitch. The figure shows that with 

increasing coil pitch from (5 mm) to (100 mm) the helical tube length increase from (1.303 

m) to (1.44 m).                                                                                                    

 

3- The main parameters effecting the distribution of pressure through the 

straight capillary tube:-                                                                                                                                                    

       The other results of the effects of the main parameters on the straight tube length and on 

the variable distribution of refrigerant R134a that flows through it are presented in Fig.(6). 

We note in Fig (6-a) the effect of the variation in the degree of subcooling from (1 
0
C) to 

(10
0
C), we note that the tube length increases from (0.6356 m) to (3.209 m) i.e. nearly with a 

ratio (80%) when the other parameters are constant. We also note that the pressure drop is 

reduced with increasing the degree of subcooling. These results from the increasing of the 

liquid single phase region that has low flow resistance compared with the two-phase region . 

This requires increasing the total tube length to get the required pressure drop . Fig.(6-b) 

shows the effect of the variation of the condenser temperature on the total length of tube and 

on the distribution of pressure through it . Therefore with increasing the condenser 

temperature for five degrees from (40 
0
C) to (54 

0
C), the pressure drop will reduce and the 

tube length increases from (3.209 m) to (4.07 m) i.e. nearly with a ratio (27%). The reason 

behind this is the liquid single phase region increasing when the degree of  subcooling is (10 
0
C) and the other parameters are constant . Fig.(6-c) shows the effect of the variation of the 

mass flow rate on the tube length and the distribution of pressure through it. We note that 

with increasing of the mass flow rate, the total length of tube is reduced, i.e. when the mass 

flow rate increased from (6 kg/hr) to (15/ kg/hr) the tube length is reduced from (3.209 m) to 

(1.237 m) i.e. nearly with a ratio (61%). The reason behind this is that with increasing the 

mass flow rate the friction with the internal wall  increases, and also the friction between 

refrigerant particles, therefore the pressure drop increases to an extent that requires a shorter 

tube length for this increasing pressure drop . To show the effect of geometric parameters the 

distribution of pressure along the straight capillary tube length and its variations with tube 

diameter have been drawn in the Fig.(6-d). We note that with increasing the tube diameter the 

pressure drop is reduced because of increasing the internal wall cross section area, which 

reduces the friction resistance and requires increasing the tube length. With increasing the 

tube diameter from (0.95 mm) to (1.1 mm) i.e. with a ratio nearly (16%) the tube length 

increases from (2.323 m) to (4.362 m) i.e. nearly in (1.86) times or with a ratio nearly (47%) 

to give the same pressure drop, when the other parameters are constant . The effect of the 

internal wall roughness of tube on the distribution of pressure is shown in Fig.(6-e). With 

increasing the internal wall roughness the pressure drop increases because of increasing the 

friction effect. This requires a shorter tube length, i.e. when the internal wall is smooth (e=0 

µm) i.e. the friction of refrigerant with internal wall is very small, but when there is friction 

between refrigerant particles with each other the tube length was (3.87 m), and when 

increasing the roughness to (7.49 µm) the pressure drop increases because of the friction 

increase, which requires a shorter tube length to convey the pressure to the evaporator 

pressure, therefore the tube length becomes (2.713 m) i.e. the length is reduced in (30%) ratio 

.       
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4- Pressure distribution in straight and helical capillary tube at different 

coil diameter and coil pitch:-                                                                                                                                            

       In Fig.(7) the comparison of pressure distribution for flow refrigerant R134a through 

straight and helical capillary tube has been done at different coil diameters to show the effect 

of coil diameter on the coiled tube length and on the distribution of pressure through it. We 

note in Fig.(7-a) that the pressure drop in the straight tube is less than the pressure drop in the 

helical coiled tube which is increased with reducing the coil diameter. The coiled tube length 

with coil diameter (10 mm) is less than the straight tube in a ratio of nearly (29%), whereas it 

is less in a ratio of nearly (13%) when the coil diameter (400 mm). The reason behind this is 

that the friction loss in the helical tube is greater compared with straight tube. In Fig.(7-b) a 

comparison of the pressure distribution through the straight and helical capillary tube is done 

at different coil pitch to show the effect of coil pitch on the helical tube length and on the 

distribution of pressure through it using (Mishra and Gupta[21]) equation to calculate the 

friction factor. We note that the pressure drop decreases with increasing the coil pitch due to 

reducing the friction resistance, which requires a large tube length to get the required pressure 

drop .     
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5- Validation the results of the present study with experimental data in the 

literatures:-   
        The experimental studies that deal with the flow in capillary tubes have been done to 

evaluate the effect of main parameters on the mass flow rate through the capillary tube. They 

were done by using tubes with certain length, diameter and form in the test section, and then 

controlling the variation of operation parameters, and observing its effects on the mass flow 

rate and the behavior of the flow of refrigerant through it.                                                                                                     

       In Fig.(8-a) the results of the present study are compared with the experimental results of 

Wijaya [25], for the variation of straight capillary tube with mass flow rate in various 

condenser temperatures. We note that the mass flow rate reduces with reducing the condenser 

temperature and increasing capillary tube length. Because the friction loss in the tube 

increases with increasing the tube inlet temperature, the mass flow rate reduces through it 

(i.e. the reducing in the tube length means increasing the pressure drop through it, to get the 

same pressure drop when reducing the tube length requires reducing the mass flow rate) . 

These results show a good agreement with these experimental data with error nearly (±9%) .                                                                                

      Fig. (8-b) shows a comparison of the present study results with the experimental results of 

Khan et.al[4], of variation in the helical coiled capillary tube length with the mass flow rate at 

different degree of subcooling. It shows that the mass flow rate increases with increasing the 

degree of subcooling and reduces with increasing the tube length, when the other parameters  
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Fig.(7) shows comparison of the results of pressure distribuation through straight and 

helical tubes at different coil diameter and coil pitch . 
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Fig.(8) Comparison between the present study results and experimental results ([25] and 

[4]) for variation straight and helical tube length with mass flow rate at different 

condenser temperatures and degrees of subcooling . 
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are constant, i.e. with helical tube length (4 m) when increasing the mass flow rate from (9.5 

kg/hr) to (12 kg/hr) i.e. with a ratio of nearly (26%). This requires increasing the degree of 

subcooling from (1 
0
C) to (9.5 

0
C) in order for the capillary tube length to be constant. The 

results show a good agreement with the experimental results with error nearly (±7%).    

          

6- The applicability of the present study model on other types of refrigerants:- 
       To show the possibility of using other types of refrigerants in  this theoretical analysis, 

the results of distributing the pressure along the straight capillary tube have been presented in 

Fig.(9) using refrigerant (R12) that has bad effect on environment, and its suggested 

alternatives (R134a, R600a and R152a) . Fig. (9-a) shows that the pressure drop of refrigerant 

R12 is less than its alternatives, therefore the tube length is greater. The results show that the 

straight tube length using refrigerant (R134a, R600a and R152a) reduces with a ratio of 

(30%, 53% and 64%) respectively when the other parameters are constant . i.e. the 

refrigeration equipment that uses R12, when redesigned using its alternatives requires a 

shorter tube length . This result shows a good agreement with the experimental data of (Mikol 

[26]) with an error ratio of (-5%) for refrigerant R12. Fig.(9-b) shows another comparison 

with the experimental data of (Li et.al [27]), it gives a good agreement with an error ratio of 

nearly ((-3) to (+8)%) . It shows that the length of straight capillary tube using refrigerants 

(R134a, R600a and R152a) reduces with a ratio of nearly (11%, 20% and 50%) respectively.   

                        

                                                              

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions : 
      The present research implies building two mathematical models to compare the analysis 

of refrigerant flow through two different configurations of adiabatic capillary tubes (straight 

and helical coiled tube). Each model has been analyzed with building a region for liquid 

single phase flow and another for mixture two phase flow, and calculating the length of each 

region and the total tube length, and then presented the calculation and its curve results. The 

following results are concluded:                                                                                                                                             

1- The pressure drop is linear in the single phase region, while the temperature is constant . 

When the flow reaches the saturated conditions (flash point) the pressure and temperature 

drop rapidly in the two-phase region . Whereas the vapor quality value equals zero, fluid 

velocity is constant and the entropy increases linearly in the single phase region. Then they 

all increases rapidly nonlinearly in the two-phase region until reaching the tube exit .                                                        

2- The results show that the capillary tube length increases with increasing the degree of 

subcooling, condenser temperature or pressure, internal diameter of tube, coil diameter and 
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Fig.(9) Comparison of the results of the pressure distribuation for refrigerant R12 and its 

alternatives and with the exprimental data for ([26] and [27]) . 
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coil pitch, and decreases with increasing the mass flow rate and internal wall roughness, with 

varying the input parameters in this numerical model .                                                                                      

3- The straight capillary tube length is greater than the helical tube at any value of coil 

diameter and coil pitch . Therefore the use of helical coiled tube is better for reducing the cost 

and also reducing the space .                                                                                                                           

4- The variation of the degree of subcooling and tube diameter have a greater effect on the 

tube length in comparison with other parameters . Therefore if the refrigeration system 

requires replacing the capillary tube with another one of shorter length to reduce space or 

cost, this should be done by reducing the degree of subcooling or the tube internal diameter .                                      

5- The distribution of pressure and other physical variables is constant along the helical 

coiled tube when increasing the coil diameter to more than (100 mm), i.e. the tube length will 

be nearly constant.                                                                                                                                            

6- The results also show the possibility of using any other type of refrigerant in the present 

study model, and that the tube length using refrigerant R12 is greater in comparison with its 

alternatives (R134a, R600a and R152a) .                                                                                                                 
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