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Abstract 
The article presents the structural diagram of the static mathematical model for vapor compression cooling system 
(VC CS), which is the sequence of units with known transfer functions of thermal processes and the static 
mathematical model that allows to calculate the static characteristics of the considered CS in the form of cooling 
capacity dependence on the ambient temperature and the mass flow rate of cooling water. 
The non-azeotropic mixture R423A was chosen as the working agent for static characteristics development, as the 
most environmentally safe among single-component refrigerants, and with greater energy efficiency for reverse 
cycles of heat engines. The evaluation criterion was the condition of lower energy consumption for a working agent 
compression in the compressor at a sufficiently high value of the refrigeration coefficient. 
The calculation result showed that with the cooling water temperature decrease at the inlet to the condenser tw1 with 
a constant flow of cooling water Gw, the heat load of the evaporator Qev will increase. A sharp increase of the 
evaporator heat load Qev was also observed with flow rate increase Gw to 0.4 kg/s, and with a further increase of 
cooling water flow rate, the heat load of the evaporator gradually increases. The dependence of the heat load of the 
evaporator Qev on the temperature of the cooling water tw1 is linear. 
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Introduction 
Steam compression chillers are the most common for artificial cooling in the moderate cold area [1]. They are 
widely used in cryogenic and refrigeration equipment for cooling, freezing and storage due to their energy efficiency 
(lower energy consumption as compared to other machines) and less environmental hazard. Currently, refrigeration 
equipment does not have one-component working substances with simultaneously high thermodynamic, 
thermophysical and environmental indicators, and in this regard, they started to apply mixtures consisting of one-
component substances authorized for production and use by the Montreal Protocol [2]. 
In particular, non-azeotropic refrigerants have such advantages that during the circulation of the working fluid along 
the circuit of the refrigeration system, its composition changes, which can lead to cooling capacity and refrigeration 
coefficient increase as compared with the characteristics for pure refrigerants [3]. Thus, changing the composition of 
non-azeotropic mixtures over a wide range, it is possible to obtain such properties of the working fluid that will 
provide the greatest (in specific conditions) efficiency of the refrigeration machine, which is estimated by the 
refrigeration coefficient. When they use non-azeotropic refrigerants, the aim is to increase refrigeration capacity, 
reduce the temperature of the end of compression, improve the circulation conditions of oil in the system, expand 
the range of applications for boiling and condensation temperatures, and provide the desired combination of 
refrigeration capacity with pressure levels. In some cases, the use of non-azeotropic mixtures can reduce the 
influence of the finite temperature difference on the efficiency of the thermodynamic cycle by performing cycles 
with variable boiling and condensation temperatures. At that, during vapor compression cooling system design 
operating on these mixtures, it is necessary to take into account such features as evaporation with increasing 
temperature, condensation with decreasing temperature, the influence of mixture component concentration on heat 
transfer coefficients, and other factors. 
Besides, in the absence of control actions, the system can switch to a new operating mode with a possible 
deterioration in performance, which necessitates automatic control [4]. 
Therefore, the aim of this work is to develop a static mathematical model and calculate the static characteristics of a 
vapor compression cooling system on a multicomponent working agent. 

 
Methods 
Instead of refrigerants prohibited by the Montreal Protocol, it is proposed to use alternative refrigerants that comply 
with international environmental agreements [5]. Compression chillers use not only pure refrigerants and azeotropic 
mixtures, but also non-azeotropic mixtures, the distinguishing feature of which is the difference in the equilibrium 
concentrations of the components in the liquid and gas phases [6]. Changing the composition of non-azeotropic 
mixtures over a wide range, it is possible to obtain such properties of the working fluid that will provide the greatest 
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(in specific conditions) efficiency of a refrigeration machine. Given this, initially one-component refrigerants were 
selected that are acceptable in terms of environmental performance, toxicity and flammability standards. Therefore, 
the calculations were performed for non-azeotropic mixtures containing these components. Further selection of 
refrigerants was made according to the main energy indicators of the cooling system, based on the conditions of 
energy cost reduction for the working agent compression in the compressor and the refrigeration coefficient 
increase. Energy performance was estimated using data interpolation from the tables of thermodynamic properties of 
multicomponent refrigerants [7]. During the analysis of the calculation results, the non-azeotropic refrigerant R423A 
was selected for further research. 
The static mathematical model for the study was compiled according to the works [8, 9], while the basis for its 
development was the structural diagram of the simulated object, which is the sequence of units with known static 
characteristics of elementary thermal processes (Fig. 1) [10]. For the model of the vapor compression cooling 
system under consideration, the determining influences are the mass flow rate of cooling water Gw through the heat 
exchanger-condenser and its temperature tw1, and it is necessary to take into account the effect of the flow rate Gw on 
the heat transfer coefficient of the heat exchanger-condenser kK tubes.  

Gw                                              aw                                           kk 

 

 

Gw                                                        tw2                                            tav                            Qk                            Qev 
tw1 

 
Figure 1: Block Diagram of the Vapor Compression Cooling System 

 
In order to determine the first function tw2 = f(Gw, tw1) let's put down the heat balance equation for the heat 
exchanger-condenser, in which the heat from the hot working agent is removed by cooling water, while the working 
agent condenses and completely passes from the gaseous to the liquid state. The equation of the condenser heat 
balance has the following form, kJ/s: 
Qk = Ga • qk = Gw • cpw • (tw2 – tw1)                                                   (1) 

where Qk is the thermal load on the capacitor, kW;  - mass flow rate of the working substance, kg/s;  qk = i2 – i3 – 
the specific heat consumption per unit flow rate of the refrigerant during condensation, kJ/kg, here i2 and i3 is the 
refrigerant enthalpy at the operating points of the cycle at the inlet and outlet of the heat exchanger-condenser; 

and  – water temperature at the inlet and outlet of the heat exchanger-condenser, °С;  - specific 

mass isobaric heat capacity of water, kJ/(kg∙K). 
A stable thermal regime of the evaporator of the vapor compression cooling system during change of cooling water 
qualitative and quantitative parameters (temperature tw1 and mass flow rate Gw) circulating through the heat 
exchanger-condenser can be achieved by excluding the water temperature tw2 at the outlet of the condenser from 
the heat balance equation (1), based on the condition that it is not necessary to control its value, then we obtain the 
temperature of outlet water from the heat balance equation (1): 

tw2 = tw1 +                                                                                                                      (2) 

To determine the second function tav = f(tw2) (the average temperature head in the heat exchanger-condenser) and 
simplify the mathematical transformation, we can use the arithmetic expression used for small values of the ratio 
Tb /Tм < 2 of the coolant temperature differences circulating on both sides of the heat transfer surface, °C [6]. 
Considering the average temperature head as the arithmetic mean and taking into account the expression (2): 

 tav =                      (3)            

                                                                                                                                                        

tav =                                     (4)            

                                                                                                                                                                                           

where  and  – are the condensation temperatures of the refrigerant at the condensation pressure on the saturated 
liquid line and the saturated vapor line, respectively, °C. 
Given the known heat-transfer surface area FK of the heat exchanger-condenser tubes and the heat transfer 
coefficient kK, in accordance with the Fourier law, we write the equation for the third function QК = f(tср) in the 

    f(Gw)     f(aw) 

    f(Gw; tw1)    f(tw2)    (f  tav; kk)    f(Qk) 
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structural diagram (Fig. 1), which determines the value of the amount of heat transferred through the wall of the heat 
exchanger-condenser kJ/s: 

Qk = kk • Fk •    tav                        (5)           
                                                                  

where  tav is the temperature head in the heat exchanger-condenser, °C. The amount of heat transferred by the 
working agent to the cooling water through the wall of the heat exchanger-condenser in the process of its complete 
condensation is obtained by solving the system of three equations: the temperature of the cooling water at the outlet 
of the heat exchanger-condenser (2), the arithmetic mean temperature head (4) and heat transfer through the tube 
wall (5). This solution has the following form: 

Qk = kk • Fk •         (6) 

Heat transfer coefficient through the walls of the condenser tubes kk(Gw), W/m2*K: 

               (7) 

Heat transfer coefficient from the water in the condenser , W/m2*K: 

aw (Gw)= • (0,021•       (8) 

where  is the Nusselt number;  – the coefficient of thermal conductivity, W/(m∙K); din – the inner 

diameter of the heat exchanger-condenser tubes; Rew - Reynolds number; Prw – Prandtl criterion; = 1 – 

transition mode ratio. 

aw (Gw)= • (0,021•  • •         (9) 

where w is the water velocity in the apparatus, m/s;  – kinematic viscosity of water, m2/s. 

aw (Gw)= •        (10) 

where  – water density, kg/m3;  – the number of pipes in one stroke of the heat exchanger. 
Let's put down the fourth equation for the function Qev = f(Qk) on the structural diagram (1), which determines the 

thermal load on the vapor compression cooling system, characterized by the amount of heat Qev removed from the 
heat carrier in the heat exchanger-evaporator. To do this, we compose the equation of material balance, based on the 
equality of the mass flow of the working agent circulating in the cooling system. We get the following equality: 
Qev = Qk = Qkom             (11) 
where Qk = Gk*qk is the thermal load on the capacitor; Qev = Gev*qev  is the heat load on the evaporator, here qev = i1 
– i4 – the specific heat consumption per unit flow rate of the refrigerant during evaporation, kJ/kg, here i1 and i4 are 
the enthalpies of the refrigerant at the operating points of the cycle at the outlet and inlet of the heat exchanger-
evaporator. 
Then the heat load of the heat exchanger-evaporator is the following: 

Qev = Gev • qev = Gk • qev = • qev =  Qk                                      (12) 

Thus, after the conversion, we finally obtain a static mathematical model of a vapor compression cooling system on 
a multicomponent working agent, which will be represented by the following equation: 

Qev (Gw, tw1) = •kk (Gw) • Fk •         (13) 

 
Results and Discussion 
The model allows you to determine the amount of heat removed in the evaporator from the coolant, depending on 
changes of cooling water temperature tw1 and the mass flow rate Gw of cooling water (Figure 2, Figure 3). 
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Figure 2: Dependence of the Evaporator Heat Load on the Flow of Cooling Water at Different Water 
Temperatures at the Inlet to the Condenser 

 
Figure 3: Dependence of the Evaporator Heat Load on the Temperature of Cooling Water at the Inlet to the 

Condenser at Different Flow Rates of Cooling Water 
 

According to these graphs, it can be seen that with cooling water temperature decrease at the inlet to the condenser 
tw1 and its constant mass flow Gw, the heat load of the evaporator Qи will increase. Figure 2 shows a sharp increase 
of the evaporator heat load with the flow rate increase of cooling water Gw to 0.4 kg/s. With a further increase of 
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cooling water flow rate, the heat load of the evaporator increases smoothly. The dependence of the evaporator heat 
load on the temperature of the cooling water (Fig. 3) is linear. 

 
Conclusions 
Thus, the mathematical model was compiled and the static characteristics of the vapor compression refrigeration 
machine on a multicomponent working agent were calculated. They considered the dependence of the heat load of 
the evaporator on the flow of cooling water with a changing temperature of the water at the inlet to the condenser 
and the dependence of the heat load of the evaporator on the temperature of the cooling water at the inlet of the 
condenser with a changing flow of cooling water. The obtained static model makes it possible to evaluate the 
performance parameters of the steam compression cooling system under consideration: mass flow of the working 
agent, the amount of heat Qи, the heat transfer coefficient in the condenser kK and the heat transfer surface area FK of 
the condenser.  
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