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MATHEMATICAL MODELING AND NUMERICAL 

SIMULATION OF A REFRIGERATION CONDENSER IN 

DYNAMIC REGIME 

Achour MANSOURI 1, *, Hamou SOUALMI 2, Ahmed HAIDOUR 3, Boumediene 

TOUATI 4, Farouk MEGUELLATI 5 

This work is consecrated to the mathematical modeling and numerical 

simulation of the flow of an R-22 refrigerant inside the horizontal circular tubes of 

the coil of a compact finned-tube condenser in dynamic regime. The system of 

equations governing the flow in the two-phase region consists of six equations and, 

three equations in the single-phase region. These equations are of hyperbolic type 

with source terms. Moreover, two equations: one is the energy equation applied to the 

air and the other is the energy equation applied to the wall of the coil tube. The 

equations are discretized using the finite difference method, and the resolution of this 

system was completed using the Newton-Raphson method. The results obtained from 

the simulation allow for the prediction of the evolution of the thermophysical 

properties of the refrigerant and the temperatures of the coil tube wall and the air 

along the condenser tube. These results are consistent in terms of profile with other 

works found in the literature. 

Keywords: Simulation, modeling, two-phase, flow, condenser, refrigerant, 

dynamic regime, fins. 

1. Introduction 

Air cooler condensers are generally tubular heat exchangers, and the tubes 

used are quite thin and triangular or square in arrangement. They allow heat to be 

transferred between two fluids with different temperatures through a wall. Usually, 

these tubes are connected with rounded base fins whose purpose is to increase the 

heat transfer to the outside. While the performance of these condensers is a key 
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factor in the thermal design of refrigeration systems, improvements in modeling are 

essential for better prediction of their performance. However, their study presents 

complexities that arise from: 

• During the flow of refrigerant in the circuit, it undergoes several phase changes 

(superheated, vapor-mixture, liquid); 

• Their complex geometric configuration;  

Although the equations governing the physical phenomenon can be 

formulated, due to these complexities, there are several modeling approaches, but 

the choice depends on a compromise between the accuracy of the results and the 

complexity of the chosen model. A technical classification of modeling has been 

introduced in recent years and can be subdivided as follows: 

• The method of displacement of the boundaries of the dependent phases; 

• The method of finite differences of the independent phases; 

The first method consists of subdividing the length of the condenser tube into three 

segments, and each segment presents a single state of the refrigerant (superheated 

vapor, mixture or liquid). In the present study, the condenser is modeled in three 

zones with a simple and deterministic approach, and this approach is illustrated in 

the works of Cristian Cuevas, Jean Lebrun et al. [1], M. Willatzen, N.B.O.L. Pettit 

et al. [2, 3] and Xing Xuea, Xianming Fenga et al. [4]. While the second method 

(finite differences), the equations governing the flow are described by a scheme in 

which the length of the condenser is divided into a multitude of identical finite 

volume elements. Each element is defined by its own state properties; therefore, the 

mathematical formulation of an element for a given phase is not valid for the other 

two phases. In literature, we find various works devoted to this study, among them 

X. Jia, C. P. Tso et al. [5], H. Wang and S. Touber [6] and F.Q. Wang, G.G. 

Maidmentet et al. [7]. This method is used in this work where the flow configuration 

is considered annular and the pressures of the two liquid and vapor phases are 

different. The transition point between the superheated vapor/mixture and 

mixture/liquid phases is predicted using the Vandermonde matrix method [8] whose 

aim is to accurately determine the transition point between the states of the fluid. In 

this study, the condenser is modeled in three zones, using a "deterministic" 

approach [1]. The geometry of the condenser is known and the heat transfer 

coefficients, the void fraction, the pressure losses and the dynamic viscosity are 

calculated using correlations from the literature. 

2. Mathematical modeling of the flow 

During the flow of the refrigerant through the circuit tubes, the fluid 

undergoes several state changes, which are (see figures 1): 

• Region of superheated vapor single-phase flow; 

• Two-phase flow region (liquid-vapor); 
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• Region of liquid single-phase flow. 

The different models of single-phase or two-phase flow are all based on the local 

mass conservation equations (continuity, momentum, energy) and are established 

as follows (see Fig. 2): We consider an infinitesimal control volume comprising 

two phases separated by an interface. 

 
In this volume, we write the mass, momentum, and energy balances for each phase. 

Subsequently, to solve these equations, a number of approximations must be 

assumed, and they are: 

• The temperatures of the two phases are identical: 𝑇 = 𝑇𝐿 = 𝑇𝑉 ; 
• The viscous diffusion terms (molecular and turbulent) are negligible; 

• The tubes are assumed to be straight and horizontal, and the gravitational and 

interfacial forces are negligible; 

• The mass flow rates transferred between the liquid ΓL phase and the vapor phase 

Γ𝑉 per unit volume are equal, but of opposite sign; 

• The configuration of the mixed flow is annular. 

 
The continuity equations for the liquid and vapor are [5, 9]: 

𝜕

𝜕𝑡
[𝜌𝐿(1 − 𝛼)]+

𝜕

𝜕𝑧
(𝜌

𝐿
𝑈𝐿(1 − 𝛼))− Γ𝐿 = 0                                                             (1) 

𝜕

𝜕𝑡
(𝜌𝑉𝛼)+

𝜕

𝜕𝑧
(𝜌𝑉𝑈𝑉𝛼)− Γ𝑉 = 0                                                                                     (2)  
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Fig. 1. The distribution of nodes along the coil of a condenser in the first 

stage [3]. 
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The mass velocity 𝐺, the density 𝜌, and the average mixture enthalpy ℎ can 

respectively be expressed as follows [9, 10]: 

𝐺 =
𝛼𝜌𝑉𝑈𝑉
𝑥

=
(1 − 𝛼)𝜌𝐿𝑈𝐿
(1 − 𝓍)

                                                                                           (3) 

𝜌 = 𝛼𝜌𝑉 + (1 − 𝛼)𝜌𝐿                                                                                                       (4) 

ℎ = [𝜌𝑉𝛼ℎ𝑉 + 𝜌𝐿(1 − 𝛼)ℎ𝑉] 𝜌⁄  = (1 − 𝑥)ℎ𝐿 + 𝑥ℎ𝑉                                                  (5) 

Taking into account equation (4), equation (3) will become [5, 9]: 

𝜕𝜌

𝜕𝑡
+
𝜕(𝜌𝑈)

𝜕𝑧
= 0                                                                                                                 (6) 

The equations of momentum for the two phases are written as [6,9]: 
𝜕

𝜕𝑡
[𝜌𝐿𝑈𝐿(1 − 𝛼)]+

𝜕

𝜕𝑧
[𝜌𝐿𝑈𝐿

2(1 − 𝛼)] = −(1 − 𝛼)
𝜕𝑃

𝜕𝑧
+ Ϝ𝐿

𝑤                                       (7)  

𝜕

𝜕𝑡
(𝜌𝑉𝑈𝑉𝛼)+

𝜕

𝜕𝑧
(𝜌

𝑉
𝑈𝑉
2𝛼) = −𝛼

𝜕𝑃

𝜕𝑧
+ Ϝ𝑉

𝑤                                                                      (8)  

The resultant of the friction forces between the wall and the two phases is [6]: 

ƒ
𝓍
= Ϝ𝑉

𝑤 + Ϝ𝐿
𝑤                                                                                                                      (9) 

This friction is expressed as a function of the two-phase multiplier and the pressure 

drop of a single phase, and is given by the following equation [6, 11]: 

ƒ
𝓍
= Φ𝜅𝜊(−

𝑑Ρ

𝑑z
)
𝜅𝜊
                                                                                                            (10) 

Similarly, the equation for the momentum of the mixture is the summation of 

equations (7) and (8) and, after some rearrangements, is written as follows [5, 9]: 

𝜕

𝜕𝑡
(𝜌𝑈)+

𝜕

𝜕𝑧
(𝛽𝜌𝑈2) = −

𝜕𝛲

𝜕𝑧
+ƒ

𝓍
                                                                               (11) 

Where: 

𝛽 = 𝑥2 [1 +
(1 − 𝛼)𝜌𝐿
𝛼𝜌𝑉

] + (1 − 𝑥)2 [1 +
(1 − 𝛼)𝜌𝑉
𝛼𝜌𝐿

]                                          (12) 

Applying the first law of thermodynamics to the control volumes of the liquid and 

vapor allowed the energy equations of each phase to be deduced. Similarly, the 

resulting mixing equation is the summation of the two balances of these two phases. 

[10, 11]: 

𝜕

𝜕𝑡
(𝜌ℎ +

𝐺2

2𝜌′
−𝑃)+

𝜕

𝜕𝑧
{𝐺ℎ+ 𝐺3 [

𝓍3

2𝛼2𝜌
𝑉
2
+

(1 − 𝓍)3

2(1 − 𝛼)2𝜌
𝐿
2
]} =

𝜋𝐷𝑖
𝐴𝑖

𝑄𝑤             (13) 

Where [6,9]: 

𝑄𝑤 = ℎ𝑟(𝛵𝑤 − 𝛵𝑟)                                                                                                           (14) 
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The term 𝜌′ (sometimes called the momentum density) is defined as follows [10, 

12]: 

𝜌′ = [
(1 − 𝑥)2

𝜌
𝐿
(1 − 𝛼)

+
𝑥2

𝜌
𝑉
𝛼
]

−1

                                                                                            (15) 

In the single-phase region, the situation is relatively simple, and the mass 

conservation equations are expressed as follows [6, 13]: 

𝜕𝜌

𝜕𝑡
+
𝜕(𝜌𝑈)

𝜕𝑧
= 0                                                                                                               (16) 

𝜕(𝜌𝑈)

𝜕𝑡
+
𝜕(𝜌𝑈2 +𝑃)

𝜕𝑧
= 𝑓

𝑤
                                                                                           (17) 

𝜕(𝜌ℎ − 𝑃)

𝜕𝑡
+
𝜕(𝜌𝑈ℎ)

𝜕𝑧
=
𝜋𝐷𝑖
𝐴𝑖

𝑄𝑤                                                                                   (18)  

3. Energy equation applied to the tube wall 

The energy equation applied to a finite length element of the tube wall is 

expressed as follows [6, 9]:  

Μ𝑤𝐶𝑝,𝑤
𝜕Τ𝑤
𝜕𝑡

= 𝑄𝒶 + 𝑄𝑟                                                                                                (19) 

While the tubes and fins are generally made of different materials, the specific heat 

of the metal that is constituted is given as follows [6, 9]: 

𝐶𝑝,𝑤 =
𝐶𝑝,𝑡𝑢𝑏𝑒Μ𝑡𝑢𝑏𝑒 + 𝐶𝑝,𝒶𝑖𝑙𝑒𝑡𝑡𝑒Μ𝒶𝑖𝑙𝑒𝑡𝑡𝑒

Μ𝑤
                                                                  (20) 

4. Energy equation applied to air 

In this work, we adopt the approach that the air is in a dry state and that the 

conduction between the fins is negligible. Therefore, the energy equation is [6, 14]: 

𝑑(𝑚̇𝒶ℎ𝒶)

𝑑𝑧𝜅
= (𝜋𝐷0)𝑄𝒶                                                                                                     (21) 

The flux transferred by sensible heat is defined according to Wang [6, 14] by the 

following expression: 

𝑄𝒶 =
(𝛢𝑜 + 𝜂ƒ𝛢ƒ)

𝜋𝐷0∆𝑧𝔦
ℎ𝒶,𝑠(𝛵𝑡𝑜 − 𝛵𝒶)                                                                                (22) 

The heat transfer coefficients are expressed in terms of the Colburn factor and are 

defined according to references [14, 15] as follows: 
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𝑗𝑠 =
ℎ𝑎,𝑠
𝐺𝑎𝐶𝑝,𝑎

𝑃𝑟𝑎
2
3⁄                                                                                                             (23) 

The efficiency of the cylindrical base fin is given according to H. Wang [6] by the 

following expression: 

η𝑓 = 𝑡𝑔ℎ ൝0.5(Δ𝑧𝑗 − 𝐷0) (
2ψℎ𝑎
𝐾𝑓𝑒𝑓

)

0.5

} ൝0.5(Δ𝑧𝑗 − 𝐷0) (
2ψℎ𝑎
𝐾𝑓𝑒𝑓

)

0.5

}⁄               (24) 

Where: ψ is equal to 0.85 for the case of a cylindrical base fin. 

The total efficiency of the dry finned surface can be formulated as follows [6, 15]: 

η𝑠,𝑎 = 1 −
𝐴𝑓

𝐴𝑜
(1 − η𝑓)                                                                                                  (25) 

The pressure losses inside a circular tube for a single-phase flow are given as 

follows [16]: 

∆𝑃 =
1

2
𝑓𝜌
𝑈2

𝐷𝑖
                                                                                                                  (26) 

Whereas, for a two-phase flow, we adopted the Mishima correlation [10, 16] which 

is expressed as follows: 

Δ𝑃 = 𝜙𝐿𝑂∆𝑃𝐿𝑂                                                                                                                 (27) 

In this work, we adopted the geometric calculation methods cited in references [17, 

18], and the friction factor is provided in reference [19]. 

5. The different correlation models used 

In this study, we adopt Wallis's model (1969) [14] which is expressed as 

follows: 

𝛼 = ൜
(1.+𝑋𝑇𝑇

0.8)−0.378 𝑋𝑇𝑇 ≤ 10.

0.823 − 0.15𝑙𝑜𝑔(𝑋𝑇𝑇) 𝑋𝑇𝑇 > 10.
                                                           (28) 

The heat transfer coefficient between the refrigerant and the inner wall of 

the tube in the single-phase state is given by the formula below (vapor state 𝑛 =
0.3, liquid state 𝑛 = 0.4) [16, 20]: 

ℎ𝑟 = 0.023𝑅𝑒
0.8𝑃𝑟𝑛

𝐾𝑟
𝐷𝑖
                                                                                                (29) 

While the heat transfer coefficient of a two-phase flow is given by the Akers 

correlation (1959) [10, 20]: 
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ℎ𝑟 =

{
 

 0.0265
𝑘𝐿
𝐷𝑖
𝑅𝑒𝑒𝑞

0.8𝑃𝑟𝐿
1 3⁄ 𝑅𝑒𝑒𝑞 ≥ 5 × 104

5.03
𝑘𝐿
𝐷𝑖
𝑅𝑒𝑒𝑞

0.8𝑃𝑟𝐿
1 3⁄ 𝑅𝑒𝑒𝑞 < 5 × 104

                                                   (30) 

𝑅𝑒𝑒𝑞 = 𝑅𝑒𝐿𝑂 + 𝑅𝑒𝑉𝑂 (
𝜇𝑉
𝜇𝐿
) (
𝜌𝐿
𝜌𝑉
)
0.5

                                                                           (31) 

𝑅𝑒𝑒𝑞: Reynolds number for an equivalent mass flow. The correlation for dynamic 

viscosity adopted in this work is that of McAdams [11]. 

6. Conditions of transition between zones 

The transition between the three phases when the refrigerant flows through 

the condenser tubes is described by the enthalpy, pressure, and quality of the vapor 

as shown below [21]:  

▪ The superheated vapor zone : if  ℎ(𝑃) > ℎ𝑉,𝑠𝑎𝑡(𝑃) and 𝑥 = 1 ; 
▪ The two-phase zone : if ℎ𝐿,𝑠𝑎𝑡(𝑃) < ℎ(𝑃) < ℎ𝑉,𝑠𝑎𝑡(𝑃) and 0 < 𝑥 < 1 ; 

▪ The liquid zone : if  ℎ(𝑃) < ℎ𝐿,𝑠𝑎𝑡(𝑃) et 𝑥 = 0. 

7. Newton-Raphson method 

The Newton-Raphson method allows solving the systems of equations of 

the two-phase and single-phase flow models and finding the vector of unknowns 

𝑋⃗ = {𝜌, 𝑈, 𝑇𝑟 , 𝑇𝑤, 𝑇𝑎} that satisfies the five functions 𝐹𝑘(𝑋𝑘) of multiple 

variables(𝜌, 𝑈, 𝑇𝑟 , 𝑇𝑤 , 𝑇𝑎) in space (𝑖, 𝑗, 𝑘)and time 𝑡 [22]: 

𝐹𝑘(𝜌, 𝑈, 𝑇𝑟 , 𝑇𝑤, 𝑇𝑎)𝑘 = 0                                                                                                (32) 

For example, after discretizing the continuity equation using the finite difference 

method, it follows that: 

𝐹1 = {[(𝜌)𝑖,𝑗,𝑘]
𝑡+∆𝑡

− [(𝜌)𝑖,𝑗,𝑘]
𝑡
}

+
∆𝑡

∆𝑍𝑖
{[(𝜌𝑈)𝑖,𝑗,𝑘]

𝑡+∆𝑡
− [(𝜌𝑈)𝑖−1,𝑗,𝑘]

𝑡+∆𝑡
}                                  (33) 

To predict the correction vector of the unknowns, we solve the nonlinear system 

indicated in matrix form as follows [22]: 

𝐽(𝑋𝑘
0)𝛿(𝑋𝑘

0) = −𝐹(𝑋𝑘
0)                                                                                                (34) 

Where: 𝐽(𝑋𝑘
0) =

𝜕𝐹𝑘(𝑋𝑘
0)

𝜕𝑋𝑘
: designates the Jacobian matrix evaluated at the initial 

vector 𝑋𝑘
0, 𝛿(𝑋𝑘

0): correction vector, 𝐹(𝑋𝑘
0): residual vector evaluated at 𝑋𝑘

0 : 
Solving the system of equations indicated by equation (34) allows us to 

obtain the roots of the first approximation of the solution of our system, and for the 

nth iteration, the new root values are written in the following compact form [22]: 
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𝑋𝑘
𝑛+1 = 𝑋𝑘

𝑛 + 𝛿(𝑋𝑘
𝑛)                                                                                   (35) 

8. Initial and boundary conditions in the condenser 

In a dynamic model, all thermophysical quantities are considered time-

dependent, and the initial conditions have an impact on the performance of the 

system at start-up; therefore, this state plays an important role in the results 

obtained. Unfortunately, it is very difficult to track the initial distribution of these 

quantities along the serpentine tubes. For this purpose, the initial state is only based 

on the hypothesis that the fluid is in two-phase equilibrium or in a superheated state. 

In our study, it was assumed that the refrigerant is in the saturated vapor state and 

the initial conditions in the condenser are calculated at the vapor saturation 

temperature of the order of 30°C (𝑃0 = 1.1919 𝑀𝑃𝑎). In addition, at the boundary 

conditions at the inlet of the condenser, it was assumed that the isentropic 

compression efficiency is of order one (100%) with a temperature difference of 

10°C between each time increment. The geometric and physical parameters of the 

condenser used in the numerical simulation are mentioned in Table 1. 

Table 1. Geometric and physical parameters. 

Symb. Values Designations 

𝑁 5 Number of equations 

𝑁𝐷 10000 Number of nodes along the tube 

𝑡 0.3 mm Fin thickness 

𝑆 2.3 mm Space between two fins 

𝑛 6 Number of tubes per row 

𝑁 3 Number of tubes row 

𝑑𝑧𝑖 10.mm Dimension of the node in front of the flow 

𝑑𝑧𝑗 50. mm Dimension of the node along the vertical J 

𝑑𝑧𝑘 50.mm Dimension of the node according to face k 

𝑚̇ 25 Kg/h  Mass flow rate of refrigerant 

𝑇𝑎𝑚𝑏  35°C Ambient temperature 

R22 / Refrigerant 

𝐷0 10. mm Outside diameter of the tube 

𝐷𝑖  8. mm Inner diameter of the tube 

𝐶𝑃,𝑎𝑙𝑖𝑚 0.86 KJ/kg.k Specific heat of Aluminum 

𝑑𝑡 0.5s Time increment 

𝑋𝑙𝑜𝑛𝑔 25 m The length of the heat exchanger 

𝐾𝑓 200W/m.k Thermal conductivity of the aluminum fin. 

𝐾𝑐𝑢𝑖𝑣  389 W/m.k Thermal conductivity of copper 

𝑈𝑎𝑖𝑟  3 m/s The air speed outside 

𝜌𝑐𝑢𝑖𝑣 8940 Kg/m3 Copper density 

𝐶𝑃,𝑐𝑢𝑖𝑣  0.38 KJ/kg.k Specific heat of copper 

𝜌𝑎𝑙𝑢𝑚 2700 g/m3 Aluminum density 
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9. Methodology for numerical resolution of systems of equations 

The system of equations to be solved in this work for each model (single-

phase and two-phase) consists of five equations with five unknowns 
(𝝆𝒓, 𝑼, 𝑻𝒓, 𝑻𝒘, 𝑻𝒂 ). Such that, the single-phase model is formulated by equations 

(16), (17), (18), (19) and (21), and the two-phase model is constituted by equations 

(6), (11), (13), (19) and (21). Therefore, the resolution of these two systems of 

equations with several unknowns requires knowledge of the heat transfer 

coefficients and the pressure losses due to friction for each model, in addition to the 

void fraction and the vapor quality respectively for the two-phase model. By 

highlighting that the use of the subroutines of McLinden Refprop V7.0 [23] makes 

it possible to calculate all the thermodynamic quantities of the refrigerant if we 

know two quantities between them, and in our case, these are the temperature and 

the density. While the properties of the air are calculated with the correlations 

indicated in Ref. [24].  

The methodology of the numerical solution of the global mathematical 

model mentioned previously involves the division of the condenser tube into small-

sized cells. Each cell of a phase has five unknown variables (𝜌𝑟 , 𝑈, 𝑇𝑟 , 𝑇𝑤, 𝑇𝑎). For 

each cell, the flow is governed by differential equations that are easily discretized 

via the finite difference method, and this gives rise to a set of nonlinear, 

nonhomogeneous, and coupled equations (hyperbolic system of equations 

including source terms). Therefore, the five equations of each model must be 

formulated as follows: 𝐹𝑖(𝜌𝑖 , 𝑢𝑖 , 𝑇𝑟𝑖, 𝑇𝑝𝑖, 𝑇𝑎𝑖) = 0. In our case, we have simplified 

the condenser as a straight tube where the flow configuration is countercurrent and 

the tube is divided into 𝐌 cells. Therefore, the number of unknown variables is of 

order 𝟓 ×𝐌. Therefore, the solution can be obtained by the cell-by-cell method 

from the refrigerant inlet cell to the condenser outlet, thus starting with the 

superheated vapor model and then the two-phase vapor/liquid model and finally the 

liquid model. 

The properties of the refrigerant in the inlet cell are known (see Table 1). 

However, the properties of the air and the wall temperature must be calculated 

separately (only in the first cell). Subsequently, the system of equations must be 

solved simultaneously for all cells following the inlet cell at each abscissa step. At 

each cell, we check the state properties of the refrigerant if they are at the saturation 

line, in other words, the conditions of transitions between the phases mentioned in 

paragraph (6). For this purpose, a threading of the enthalpy, temperature, and 

pressure profiles using the Vandermonde matrix and Toeplitz matrix method [8] 

has been included in the calculation code, the aim of which is to accurately 

determine the transition point between the states of the fluid. A simple flowchart 

illustrates the methodology of numerical resolution and is presented in Fig. 3. 
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In this work, the Newton-Raphson algorithm has been used to solve this 

system of equations, and it is chosen for its stability, speed of convergence, and 

efficiency. Thus, the application of this method requires the calculation of the 

Jacobian matrix 𝐽 and its inverse matrix 𝐽−1, but this derivation procedure is more 

complicated, as in our case. To achieve this objective of numerical resolution of the 
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vapor saturation line jump with 

Vandermonde matrix method 

Initialization of thermodynamic parameters at t=0 for all cells 

Calculation of the thermodynamic properties of the first cell 

(1,1,1) 
Set: 𝐿 = 𝐿 + ∆𝑧 

Calculation of the position of the cell (𝑖, 𝑗, 𝑘)  
Numerical solution of the system of equations (16), (17), (18), (19), and (21) 
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of the cell of position (𝑖, 𝑗, 𝑘) using the Newton-Raphson method. 
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jump with Vandermonde matrix method 
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END 
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false true 

false true 

true false 

Fig.3. Flowchart of the numerical simulation of refrigerant flow in the condenser coil. 
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system of equations governing the flow of the three phases, we used the subroutines 

of Fortran Numerical Recipes [8]. The main subroutines that we used in our 

calculation code are mnewt, lubksb, ludcmp, usrfun, and fdjac. And on the other 

hand, we introduced in the calculation code the subroutines of Refprop V7.0 [23] 

which consist in calculating the different thermodynamic quantities 

(𝜌, ℎ, 𝑃, 𝑥, 𝛼, 𝑘, 𝜇, 𝐶𝑝, 𝜎, 𝑒𝑡𝑐. . . ). Consequently, the introduction of these 

subroutines makes the numerical resolution of the system of equations more flexible 

and easier to handle on a computer medium. 

10. Results obtained 

The results obtained from the numerical simulation are presented by profiles 

and show the evolutions of the thermophysical properties of the refrigerant, such as 

temperature, velocity, pressure, etc., respectively, along the condenser coil tubes 

under the fluid inlet conditions, i.e., the temperatures of the first coil cell of the 

condenser tubes at each instant. It is assumed that the gas compression in the 

compressor is isentropic 𝑠 = 1711.12 𝑘𝑗/𝑘𝑔, and the corresponding temperatures 

are indicated as follows: 

Table (2). Initial conditions for temperature inputs into the condenser. 

𝒕 s 𝑻 °C 𝒕 s 𝑻 °C 𝒕 s 𝑻 °C 

0.0 30 1.0 48 2.0 64 

0.5 40 1.5 56 / / 

Figs (4), (5), and (6) represent the spatial variations of the density, 

temperature, and vapor quality of the refrigerant along the length of a tube (𝐿) for 

an inlet temperature of 40°C at time (𝑡 = 0.5𝑠). It is noted that the profiles of 

temperature and vapor quality decrease with the increase in the stage number and 

the distance from the tube in the direction of flow and, vice versa for the density.  

While figs. (7) to (9) show the temporal variations of the density, mass 

velocity, and heat transfer coefficient, respectively, of refrigerant along the length 

of the condenser tubes at different time steps (0.5, 1.0, 1.5, 2.0 s). In general, we 

note that quantities have significant values for high inlet temperatures. In addition, 

the density profile increases almost linearly in the superheated vapor phase and 

parabolically in the two-phase; on the other hand, in the liquid phase it remains 

practically stable, leading to the conclusion that the fluid in this state can be 

classified as an incompressible fluid. 

Although the refrigerant heat transfer coefficient profile (Fig. 9.) shows 

moderate values in the superheated vapor phase, it presents considerable values in 

the two-phase compared to other phases. This demonstrates the importance of using 

refrigerants in refrigeration systems. 

Thus, Fig. 10. shows the spatial variation of the fluid temperature along the 

coil tubes at (𝑡 = 0.5 𝑠), Furthermore, the profile gradually decreases in a parabolic 
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manner in the superheated vapor phase and is nearly constant in the two-phase and 

decreases rapidly in the liquid phase. The purpose in this figure is to clarify the 

transition between the phases (superheated vapor, two-phase, liquid) using the 

method of the Vandermonde matrix and the Toeplitz matrix [25], which consists of 

finding the coefficients of the polynomial interpolation of the temperature variation 

in function of distance. This method is introduced in our calculation code. 
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Fig. 4. Variation of the density along the coil 

 (stages and columns) at t=0.5s. 

Fig. 5. Variation of temperature along the coil  

(stages and columns) at t=0.5s. 

Fig. 6. Variation of vapor quality along the 

serpentine (stages and columns) at t=0.5s. 

Fig. 7. Temporal variation of density along 

serpentine. 

Fig. 8. Temporal variation of the mass 

velocity of the fluid along the serpentine. 
Fig. 9. Temporal variation of 

refrigerant heat transfer coefficient 
along the coil. 
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11. General conclusion 

In this work, a numerical model has been developed describing the thermal 

and dynamic behaviors of a flow of refrigerant R22 inside the coil tubes of a 

compact condenser in an unsteady regime. The study is based on the principles of 

fluid mechanics and heat and mass transfer. The system of equations governing the 

flow inside the tubes is constituted by the equations of conservation of mass, 

momentum, and energy. Two other equations were considered, namely: the 

equation of the energy applied to the tube wall and the equation of the energy 

applied to the air. The parameters used in the system of equations and some 

correlations found in the literature were used to evaluate the friction force, the heat 

Fig. 10. Temperature profile at 𝑡 = 0.5𝑠 and the transitions between regions 

(superheated vapor/two phase/liquid). 

Fig. 11. The refrigerant temperature distribution in the condenser [7]. 
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transfer coefficient, the void fraction, and the viscosity of the fluid. The numerical 

methods used for solving the system of equations are mainly those of Newton-

Raphson [25]. The model that we have developed proves useful in the design and 

optimization of refrigeration systems and also shows the advantage of using the 

Refprop V7.0 subroutines [23]. The graphical representation of the results obtained 

is in agreement with the results found in references [7, 21, 26] and as shown in Fig. 

11 from a profile point of view. In the liquid region, the model of a compressible 

fluid was used, and the results obtained show that the density and the enthalpy are 

almost constant. Therefore, the model of an incompressible fluid is applicable in 

the liquid region. 

Nomenclature 

Latin alphabet 

Aƒ Total surface area of the fins of an element per unit length [m2 m-1]; 

Ato Outer surface of tubes with collars and without fins of one element per unit length [m2 m-1]; 

Ao Total external surface area of the tube element per unit length [m2 m-1]; 

Ai Total internal surface area of the tube element per unit length [m2 m-1]; 

C𝐩 Specific heat at constant pressure [J.kg-1K-1]; 

C𝐩,w Specific heat at constant pressure of the tube wall [J.kg-1K-1]; 

Do Outside diameter of the tube [m]; Dto Outside diameter of tube with collar [m]; 

Di Inner diameter of the tube [m]; Fw Friction force on the wall [N m-3]; 

Fk
int Momentum transfer at the interface resulting from viscous interfacial forces and pressure 

forces normal to the interface per unit volume [Nm-3]; 

Fk
w Friction force between the tube wall and the phase k per unit volume [N m-3]; 

ƒ𝓍 Resultant of frictional forces [N m-3]; 

G Mass velocity [kg m-2 s-1]; H Height of heat exchanger [m]; 

hr Heat transfer coefficient of refrigerant [W m-2 K-1]; 

h0 Specific enthalpy [J/kg-1K-1]; h Total enthalpy [J/kg-1K-1]; 

Js Colburn factor for dry air [/]; k Thermal conductivity [W m-1 K-1]; 

L Total length of heat exchanger element [m]; 

l Total width of heat exchanger element [m]; 

M Mass [kg]. Spacing [m]; 

MP,w Mass of metal constituting the wall of the tube element [kg]; 

ṁ Mass flow rate [kg s-1]; P Pressure [N m-2]; 

Pr Prandtl number [/];   \Qr 
 Heat flow exchanged between the refrigerant and the tube wall [W/m2]; 

Qa Heat flow exchanged between the tube wall and the outside air [W/m2]; 

Qw Heat flow in the wall [W/m2]; 

s Entropy [J/kg-1K-1]; S1 Vertical distance between tubes [center to center] [m]; 

S2 Horizontal distance between tubes [center to center] [m]; 

T Temperature [K]; t Time [s]; tc Fin collar thickness [m]; 

U Speed [m s-1]; x Vapor Quality [kg kg-1]; 

z Coordinated [m]; 

∆zi Length of heat exchanger element [m]; 

∆zj Vertical center distance of heat exchanger element [m]; 
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∆zk Longitudinal center distance of heat exchanger element [m]; 

 

Greek alphabet 

α Void fraction; ηs Surface efficiency; 

ηƒ Fin efficiency; ρ Density [kg m-3];  

Γνl Mass flow rate of vapor phase transferred to liquid phase per unit volume [kgm-3s-1]; 

Γνl Mass flow rate of liquid phase transferred to vapor phase per unit volume [kgm-3s-1]; 

 

Subscripts and exponents 

a Air;  ƒ Friction;     I Interface;  

k Indicates the phase (liquid or vapor);  L   Liquid;   V   Vapor; 

lν From liquid to vapor;  νl From vapor to liquid;  lo Liquid only; 

νo Vapor only;  w Tube wall;   r Refrigerant;  row Tube Row; 

s Exit from the tube; or single phase;  to Outer side of tube wall with collar; 

wL From the tube wall to the liquid refrigerant;  

wV From the tube wall to the vapor refrigerant; 

sat  Saturation;  w Wall. 
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