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ABSTRACT 
 
 

Small-diameter tubes are utilized widely as expansion devices in refrigeration systems. 

Performance of these tubes is reliant upon critical flashing of the two-phase flow that controls 

the mass flow rate of the refrigeration system, resulting in a steep reduction in pressure and 

temperature. Due to the evaporating two-phase flow and the choked-flow condition, numerical 

analysis of flow through short-tube orifices is challenging. Accordingly, all available numerical 

analyses are performed as one-dimensional flows. The most comprehensive method for 

analyzing such flows is the two-fluid model, which does not assume equilibrium between phases. 

However, in all previous applications of this model, two-phase flow calculations at the entrance 

and vena contracta regions were eliminated. In the current investigation, two additional steps 

were used to improve the accuracy of computations: (1) applying the most comprehensive two-

fluid model, including the effect of various two-phase flow patterns and the metastability of 

liquid phase; and (2) performing a two-phase analysis of the evaporating flow through the 

entrance and vena contracta. The second step involves simulation of this region as a contraction 

from the up-stream diameter to the throat, and an expansion from the throat diameter to the tube 

diameter. Results showed more compatibility with experimental data in comparison with those of 

previous investigations for predicting the critical flow condition of common refrigerants 

hydrofluorocarbon (HFC)-134a, hydrochlorofluorocarbon (HCFC)-22, and HFC-410a through 

short-tube orifices. Finally, the developed numerical simulation was applied in order to develop 

selection charts for short-tube orifices based on the common refrigerant HFC-134a and the 

alternative newly released refrigerants hydrofluoroolefin (HFO)-1234yf and HFO-1234ze. These 

charts help industry select new sizes for the expansion tools of their systems in order to run the 

system with its previous mass flow rates.  
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CHAPTER 1 
 

INTRODUCTION 
 

 
Expansion tools, including expansion valves and expansion tubes, play the most 

important role in the operation of a compression refrigeration cycle. Although these tools are 

simple devices, they are the main components of a compression refrigeration cycle because they 

decrease the temperature of the working fluid from the condenser temperature (environmental 

temperature) to the evaporator temperature (target temperature). Expansion tools are used in both 

adiabatic and non-adiabatic forms. Enthalpy of the flow remains constant through adiabatic 

expansion tools. However, because of friction losses, entropy of the flow increases through them. 

Figure 1.1 shows the main components of a compression refrigeration system, and Figure 1.2 

depicts the parts of an automobile air conditioning system and a refrigerator, as well as the 

position of short-tube orifices and long capillary tubes in these cycles. 

 

 
 

Figure 1.1 Components of compression refrigeration system (figure from www.kazuli.com) 
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Figure 1.2 Components of automobile air conditioning system (left) and refrigerator (right) [1] 
 

Figure 1.3 illustrates the changes in enthalpy and entropy of flow through an expansion 

device. Simulation of the vaporizing two-phase flow through millitubes and valves plays an 

important role in the design and optimization of a refrigeration system. In such a system, high-

pressure external flow from the condenser, which may be in either a subcooled liquid condition, 

subcooled two-phase condition, or saturated two-phase condition, passes through the expansion 

tube to be depressurized. Subsequently, it enters the evaporator as a saturated or metastable two-

phase mixture with low pressure and temperature. Expansion devices also regulate the mass flow 

rate of the system to retain 8˚C to 12˚C of super heat at the outlet of the evaporator, which 

reduces the risk of liquid entering into the compressor during situations of variable refrigeration 

load. There are four kinds of expansion devices: thermostatic expansion valves, orifices, long 

capillary tubes, and short-tube orifices. The first kind of expansion device involves small tubes 

with a mechanical variable cross section connected to a thermal sensor at the outlet of an 

evaporator. Under the condition of a low evaporating load, there is not sufficient heat to 
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evaporate all the liquid. Consequently, an adequate amount of superheat is not provided at the 

outlet of the evaporator. Accordingly, pressure through the evaporator and suction tube of the 

compressor decreases. This results in an increase of the mass flow rate, which results in a greater 

amount of liquid at the outlet of the evaporator and a greater decrease in evaporator pressure. 

This phenomenon resonates itself. In such a condition, the sensor restricts flow through the 

valve, which results in a reduction of the mass flow rate. As a result, the evaporating load is 

sufficient for the approached mass flow rate to produce superheated vapor at 8˚C to 12˚C. This 

system operates conversely when there is large amount of evaporation load, which increases the 

evaporator pressure and decreases the mass flow rate. Under this condition, the valve opens, and 

the mass flow rate is increased. Mechanisms inside an expansion valve are shown in Figure 1.4. 

 

    

Figure 1.3 Entropy (left) and enthalpy (right) changes through parts  
of compression refrigeration cycles [1] 

 

Expansion tubes are much simpler and cheaper than thermostatic expansion valves 

because they do not include any mechanical systems. They are designed to work with the critical 

mass flow rate, meaning that the internal pressure of the evaporator is chosen lower than the 

critical down-pressure of the expansion tubes, which is a function of up-stream conditions and 
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tube properties. As a result, flow will be choked at the outlet of the tube, and the mass flow rate 

of the system will be equal to the critical mass flow rate of the tube. Therefore, it is necessary to 

have a design tool to estimate the critical refrigerant mass flow rate through the expansion tubes 

[4].  

 

 
 

Figure 1.4 Internal mechanism of expansion valve (figure from www.swtc.edu) 
 
 

There are two kinds of expansion tube: long capillary tubes and short-tube orifices. Long 

capillary tubes are usually more than 1 m long, while short-tube orifices are 10 to 40 mm long [5, 

6]. Common diameters for both long capillary tubes and short-tube orifices are in the range of 

0.5 mm to 5 mm. Due to their much longer length, long capillary tubes work with a lower 

amount of critical mass flow rate compared to short-tube orifices and are utilized in refrigeration 

systems, whereas short-tube orifices are used in residential and mobile air conditioning systems 

and heat pumps. Long capillary tubes are manufactured by using brass tubes that are straight or 

http://www.swtc.edu/
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helical, and are utilized in both adiabatic and non-adiabatic conditions; however, short-tube 

orifices are manufactured by making a small hole on a brass plate and are utilized in an adiabatic 

condition only. Figure 1.5 shows the location of an orifice tube in a tube that connects a 

condenser to an evaporator, and Figure 1.6 shows a typical long spiral capillary tube. 

 

 
 

Figure 1.5 Short-tube orifice and its position inside tube between condenser and evaporator 
(figure from dmctalk.org) 

 
 

 

 
 

Figure 1.6 Typical long spiral capillary tube (figure from refrigerationbestest.blogspot.com) 
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In these tubes, the pressure and temperature of the phases decrease along the tube and 

reach a steep loss at the end of the tube where the quality and velocities of the phases increase 

and rise steeply. Under this condition, the variation in evaporating load and evaporator pressure 

does not make any change in the mass flow rate of the system. With a non-choked flow, 

however, the increase of evaporating load results in an increase of evaporator pressure and a 

decrease in the mass flow rate of the system. In single-phase compressible flows, the critical 

mass flow rate is the sonic velocity of the liquid or vapor at the outlet of the tube. When it comes 

to two-phase flow, the critical mass flow rate differs from the sonic mass flow rate of separate 

phases. In order to approach a choked-flow condition through these tubes, Aron and Domanski 

[5] and Yin [7] have recommended that the length-to-diameter ratio should be larger than 5. A 

larger length-to-diameter ratio results in a lower critical mass flow rate. Typically, this ratio for 

residential systems is between 3 and 20 and for mobile systems is between 21 and 35. 

In most refrigeration system designs, the refrigerant enters the expansion tube as a 

subcooled liquid. In situations where the refrigeration system is operating far from the designed 

condition, there is a two-phase flow entering the tube. The amount of critical mass flow rate 

through the expansion tubes is a function of the upstream pressure, degree of subcooling, 

upstream quality, tube length and diameter, upstream diameter, and inlet and outlet chamfering 

of the tube [8]. The effect of these parameters on the critical flow of various refrigerants has been 

investigated experimentally in previous investigations, such as the work of Mei [9], Aron and 

Domanski [5], Kuehl and Goldschmidt [10], Kim [11], Kim and O’Neall [12, 13], Choi et al. 

[14-17], Kim et al. [15-17], Nilpueng et al. [18], Nilpueng and Wongwises [8, 19], Singh et al. 

[20], and Payne and O’Neal [21, 22]. These researchers have found that critical mass flow rate is 

a direct function of the cross-section area, upstream pressure, and degree of subcooling, and an 
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inverse function of the tube length. Based on these experiments, flow through expansion tubes is 

generally divided into four main regions: entrance and vena contracta region, subcooled liquid 

region, metastable flow region, and two-phase flashing region [2], as shown in Figure 1.7. 

 

Figure 1.7 Flow regions through short-tube orifices (García-Valladares and Santoyo [2]) 
 

The vena contracta region occurs as the result of flow separation at the entrance to the 

tube, and results in flow acceleration and a local decrease of pressure. Because of the complex 

analysis of this region, it was eliminated in previous numerical work. Experimental observations 

of refrigerant flow through short-tube orifices, including both subcooled and two-phase inlet 

conditions, confirmed the effect of the vena contracta region on the flow pattern through the 

tube. As an early investigation, Silver and Mitchell [23] pictured the flow of water through a 

nozzle as a metastable liquid core surrounded by a vapor annulus in which vapor is formed only 

at the surface of the core and not on the cross section. They found that because of this 

vaporization, the liquid diameter is reduced and a conical geometry develops.  

Figure 1.8 shows the relation between the pressure differential across a short tube and the 

mass flow rate of water with a small subcooling degree developed by Bailey [3]. This graph 

illustrates that an increase in the pressure differential across the tube results in an increase in the 

mass flow rate. Curve (ab) represents the conventional correlation, correlating the mass flow rate 

and pressure difference of a single-phase flow through the tubes. At point (b), pressure in the 

vena contracta region approaches the saturation value, the relationship between mass flow and 
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pressure differential becomes unstable, and the correlation shifts suddenly to curve (cd) or 

oscillates between the two curves. Curve (cd) correlates the pressure differential and mass flow 

rate for a mixture of liquid and bubbles. At point (b), some small nucleation is produced through 

the vena contracta region. At the beginning, these bubbles are destroyed by the pressure increase 

through the expansion part of the flow, which is why there is an alternation between curves (ab) 

and (cd). A greater pressure difference prevents destruction of the bubbles, and the two-phase 

flow mixture continues to the tube after the vena contracta region. In this condition, the flow 

regime switches from (ab) to (cd). In the condition of a two-phase inlet flow, the only curve is 

(cd). 

 
 

Figure 1.8 Relation between pressure differential and mass flow rate developed by Bailey [3] 
 
 

In a subsequent investigation, Pasqua [24] studied flow characteristics of the R-12 

refrigerant by using glass short tubes. He observed the vena contracta region occurring at the 

entrance and that by increasing the mass flow rate, the flow evaporation begins between this 

region and the solid wall as the flow pressure reaches saturation. His results are similar to those 

of Bailey [3].  
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Figure 1.9 shows the relationship between the pressure differential across the short tube 

and the mass flow rate presented by Pasqua [24], who claimed that the discontinuity at point A 

occurs because of vaporization at the vena contracta throat.  

 
 

Figure 1.9 Relation between pressure differential and mass flow rate developed by Pasqua [24] 
 
 

Under this condition, the mass flow rate alternates between the curves OA and OB. Curve OA 

illustrates the correlation between the mass flow rate and the pressure difference for the liquid 

phase flow, and curve OD shows the same for a two-phase flow. Pasqua noticed that at point B, 

the liquid core had completely broken away from the tube wall, and the flow was completely a 

two-phase flow in which the correlation between the mass flow rate and the pressure difference 

is illustrated by curve OB. He mentioned that between points A and B, the flow condition 

alternates between a full-tube liquid flow (curve OA) and the liquid jet flow through the sharp-

edge orifices (curve OB). He also noted that during the time the up-stream flow is near saturation 

and the down pressure is higher than the saturation pressure, there is a conventional liquid phase 
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flow and a vena contracta region through the tube. The decrease of downstream pressure results 

in a decrease of the saturation pressure in the vena contracta region and, as a result, produces 

bubbles through the region between the wall and the vena contracta throat. A further reduction of 

downstream pressure results in greater vaporization at the vena contracta throat and produces a 

mixture of subcooled liquid and vapor, which flows as an annulus surrounding the conical 

metastable liquid. This condition is shown in Figure 1.10. 

 
 

Figure 1.10 Flow behavior envisioned by Pasqua [24]  
 
 

Zaloudek [25] investigated choked-flow conditions of saturated water through short-tube 

orifices. His results were similar to those of Bailey [3]. The choked-flow condition at point B 

was named the first-stage critical flow, and the choked-flow condition at point D was named the 

second-stage critical flow. Figure 1.11 illustrates pressure distribution through the short tube, as 

measured by Zaloudek [25], and Figure 1.12 shows his prediction of flow characteristics based 

on his pressure measurements (Curve A in Figure 1.11 and regime (ab) in Figure 1.12). At the 

higher mass flow rate, the flow pattern was in the form of a liquid jet encircled by a ring of a 

two-phase mixture. He noted that refrigerant at the central core of the tube flows a a lower 

pressure lower than in its saturation pressure, which is called the metastable state.  
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Figure 1.11 Pressure distribution through short tube measured by Zaloudek [25] 
 
 

 
 

Figure 1.12 Flow patterns inside short-tube orifices (Zaloudek [25]) 
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Based on these observations, under the condition of a low-mass flow rate, there is simply 

a liquid phase over the entrance region, as shown in regime (ab) in Figure 1.12. With an increase 

in the mass flow rate, some vaporization takes place at the throat of the vena contracta region and 

as a result also inside the separated collar, as shown in regime (bc). However, these bubbles are 

destroyed as the result of expansion from the throat to the tube as the flow pressure increases to a 

higher amount than the saturation pressure. Accordingly, in this condition, there is only some 

vapor in the throat, inside the collar, but the bubbles cannot flow inside the tube, and there is an 

absolute liquid phase inside the tube section. With an even greater increase in the mass flow rate, 

flow does not approach the saturation pressure during expansion, and as a result, bubbles 

produced in the throat flow through the tube as a ring of two-phase flow surrounding the 

metastable liquid phase, as shown in regimes (cd) and (de). This condition takes place in the 

critical flow of the short-tube orifices.  

Later, Henry [26] and Fauske [27] classified this flow behavior appearing inside sharp-

edge short-tube orifices based on the length-to-diameter ratios (Figure 1.13). For a ratio less than 

3, they found that typically vena contracta region continues to the outlet of the tube. As a result, 

through such a conditions, a superheated liquid flows at the central core of the tube in form of a 

free jet. This flow condition appears in the thin orifices. In the tubes with length-to-diameter 

ratio of 3 to 12, vena contracta effect is proceeded with the region where metastable liquid core 

is surrounded by mixture of two-phase flow. Through this region, evaporation takes place at the 

surface of the metastable liquid jet. Where the length-to-diameter ratio is more than 12, they 

divide the flow into two regions: one of a superheated liquid jet and a two-phase flow. In the 

two-phase flow region, a mixture of two-phases flows to the outlet of the tube. Henry [26] and 
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Fauske [27] also confirmed the occurrence of a metastable liquid and its proceeding liquid core 

enclosing a two-phase mixture.  

 
 

Figure 1.13 Flow patterns based on length-to-diameter ratio (Henry [26] and Fauske [27]) 
 

Aaron and Domanski [5] observed flow patterns of hydrochlorofluorocarbon (HCFC)-22 

refrigerant through short-tube orifices and concluded that the refrigerant was in the liquid state 

even when the outlet pressure was lower than the saturation pressure. By reducing the outlet 

pressure to the normal condition of an air conditioner, microscopic bubbles suspended the liquid 

at the outlet. Their results depicted the occurrence of a vena contracta region at the inlet of the 

tube. They recommended a length-to diameter ratio of more than 5 in order to achieve a second-

stage critical flow. 

Kim [11] visually investigated the flow behavior of HCFC-22 and hydrofluorocarbon 

(HFC)-134a refrigerants through a short-tube orifice with a subcold inlet condition and normal 

operating condition of air conditioning systems. The results showed the occurrence of vena 

contracta in which throat pressure was lower than saturation pressure of the liquid. He observed 

that the metastable (superheated) liquid core was enclosed by a two-phase mixture after the vena 
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contracta region before inception of the flashing point where a large amount of vaporization took 

place. He used pressure distribution and visual studies to identify the metastable flow region and 

developed a correlation to determine the flashing inception through the short-tube orifices. He 

also observed the second-stage critical flow by decreasing the downstream pressure to an amount 

lower than the saturation pressure.  

Recently, Nilpueng and Wongwises [8, 19] and Nilpueng et al. [18] used a digital camera 

to register the flow pattern of HFC-134a refrigerant inside a short-tube orifice during the general 

operation condition of an air conditioning system. Figure 1.14 depicts their photo of the 

distribution of vapor and subcooled liquid through the tube.  

 

 
 

Figure 1.14 Flow pattern of HFC-134a inside short-tube orifice [8, 18, 19] 
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Here, the dark region represents a mixture of liquid and bubble flow, and the light region 

represents the subcooled liquid flow. The dark region at the entrance indicates evaporation. By 

reading the pressure at this location, the researchers found that it drops greatly and then increases 

slightly through the entrance region. They related this pressure drop to the rapid change of 

acceleration and friction loss of pressure due to the sudden change of cross section in the vena 

contracta region, corresponding with flow separation at the inlet of the tube. Because of this 

pressure drop, flow meets the saturation pressure at the vena contracta throat. Accordingly, 

vaporization takes place in the region between the vena contracta throat and the tube wall. In 

addition, some tiny bubbles surround the core liquid flow throughout this region. These bubbles 

flow through the tube and surround the metastable liquid core. In Figure 1.15, which shows the 

metastable liquid flow region, the conical metastable liquid flows are enclosed by an annulus of a 

mixture of small bubbles and the liquid phase. Pressure measurement results indicate that the 

pressure drop in this region is slightly steep. In the two-phase region, small bubbles are mixed 

through the liquid. As a result, a high rate of pressure drop takes place in this region, which is 

referred to as the flashing region. Throughout this region, a high evaporation rate of the 

metastable liquid results in a decrease of the liquid-phase flow area and acceleration of the flow. 

As a result, an additional pressure drop takes place here, resulting in choked flow at the outlet of 

the tube. Figure 1.16 shows that over the entire tube, liquid pressure is lower than the saturation 

pressure due to its temperature, which means that the liquid phase is in a metastable condition. 

These researchers indicate that the accelerated pressure drop at the inlet has a significant effect 

on flow characteristics [8, 18, 19].  
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Figure 1.15 Evaporation through vena contracta and metastable regions (Nilpueng et al. [18]) 
 

 
 

Figure 1.16 Typical pressure profile along short-tube orifice [8, 18, 19] 
 

As observed by previous investigators, the occurrence of the vena contracta region results 

in the production of small bubbles that surround the superheated liquid core. In addition, due to 

the very small interfacial area, there is a very low evaporation rate in this region. This results in a 

non-equilibrium condition between phases, which is why it is not considered a flashing region; 
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however, pressure here is lower than the saturation pressure. In other cases, pressure of the flow 

does not decrease lower than saturation pressure through the vena contracta region. As a result, 

the liquid phase flows through the tube without surrounding bubbles. Under conditions whereby 

vapor is produced in the vena contracta throat, the vapor phase remains in the saturation 

condition and loses temperature by a reduction in pressure. The released temperature is 

consumed to evaporate more liquid. The decrease in downstream pressure increases the mass 

flow rate and results in a higher pressure gradient. Because the two-phase region acts as a 

compressible flow, this trend continues up to the point where the downstream pressure 

approaches the critical pressure of the tube in which the liquid phase flashes to vapor at the outlet 

of the tube and results in a second-stage choked flow. At this point, an increase in reduction of 

the down pressure does not change the mass flow rate.  

In spite of the fact that flow through such a tube is not one-dimensional in reality, one-

dimensional and quasi-one-dimensional analyses are common models used to analyze this kind 

of flow. This solution is similar to the one-dimensional solution of a single-phase compressible 

flow. Under this condition, there is a very large pressure gradient at the end of the tube. Because 

the basic governing equations of a saturated two-phase flow are similar to that of a one-

dimensional compressible flow, the choked condition may be reached by solving the governing 

equations of a one-dimensional two-phase saturated flow. This resemblance in the governing 

equations appears clearly, when a homogeneous fluid model is used to solve a two-phase flow in 

which flow characteristics are weight-averaged across the tube section. Therefore, the flow acts 

as a single-phase compressible flow. In other words, in the two-phase region, the friction 

pressure drop results in the evaporation of flow, which, considering the lower density of vapor, 

results in a drastic decrease in average density and, as a result, increase in mass velocity. Higher 
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speed results in a greater pressure drop and more evaporation, and this phenomenon resonates 

itself up to the point that mass velocity meets the critical amount. 

Because of the complications and unclear flow mechanism in short-tube orifices and 

capillary tubes, the most pertinent investigations are experimentally based [28]. Modeling of 

flow through these tubes is performed as either a semi-empirical or numerical model [29]. Semi-

empirical models predict the mass flow rate by multiplying correlations by the single-phase mass 

flow rates. These multipliers are functions of tube and up-stream properties such as correlations 

presented by Bittle and Pate [30], Bittle et al. [31], Choi et al. [14, 16], Zhang [32], Zhao et al. 

[33],  Zhang and Zhao [34], Yang and Zhang [35], Yang and Wang [36], Mei [9], Pasqua [24], 

Tu et al. [37], Aaron and Domanski [5], and Kim [11], and  Liu et al. [38]. These correlations, 

which are functions of inlet quality, amount of subcooling, up-stream pressure, and tube 

geometry, are developed based on non-dimensional analysis and neural network modeling of the 

experimental or numerical data. However, they are constrained by specific refrigerants and 

operating conditions, and it is not possible to use them for alternative refrigerants. 

Because flow properties are not dependent on downstream properties in the critical flow 

condition, numerical simulations of such flows are performed by applying a marching procedure 

from upstream to the outlet of the tube including the entrance region, vena contracta region, 

single-phase liquid region, metastable region, and two-phase flashing region. The entrance 

region is the contracting region from the up-stream tube cross-section area to the short-tube 

cross-section area. The contraction of flow results in a reduction of pressure and the separation of 

flow through tubes with sharp edges. As a result, the vena contracta phenomenon occurs at this 

region. Expansion of the flow from the vena contracta throat to the tube cross-section area 

increases the pressure; however, a loss of frictional pressure occurs there. Collier and Thome 
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[39] and Idelchik [40] reported correlations in their calculations of overall pressure drop through 

the entrance region for a two-phase flow. They assumed that the flow through this region had a 

constant quality, and they eliminated the effect of pressure drop and mass transfer between 

phases.  

In most of the numerical solutions with a subcooled inlet flow, the inception of a two-

phase flow is considered as the flashing point, and the flashing pressure is calculated by 

considering the metastability effect. The region from the inlet plane to the flashing point is 

considered a single-phase liquid region; however, in reality, some small bubbles occurring in the 

metastable region are actually produced in the vena contracta region [8, 18, 19]. Flashing 

pressure through short-tube orifices and long capillary tubes is found by applying restricted 

experimental correlations such as the correlation of Chen et al. [41], which was originally 

presented to determine the flashing pressure of R-12 refrigerant. Later, Dirik et al. [42] applied it 

to HFC-134a refrigerant and found acceptable results. However, Bittle and Pate [30] found it 

unsuitable for HCFC-22 refrigerant.  Although the metastable length has remarkable influence 

on the flow of short-tube orifices, the length of this region can be ignored, in comparison with 

long length of capillary tubes.  

The governing equations of one-dimensional two-phase flow through tubes, including 

continuity, momentum, and energy equations for individual phases, were presented by Wallis 

[43, 44]. These equations are solved by using thermodynamic tables to find pressure, 

temperatures of separate phases, velocities of separate phases, and quality of flow through the 

tubes. Solutions to these equations require assigning mass transfer, momentum transfer, and heat 

transfer between phases. Different methods for solving the governing equations rely on adding 

equations of individual phases together to eliminate the corresponding transfer and assumption of 
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equal corresponding flow properties of phases. Numerical models for solving two-phase flow 

through short-tube orifices and capillary tubes are classified into homogeneous flow models, 

separated flow models, and the two-fluid model [12, 28, 44-47]. These models have been 

discussed in detail by Hsu and Graham [45], Henry [26], Collier and Thome [39], Wallis [44], 

Delhaye and Reithmuller [48], Kim and O’Neal [12], and Nilpueng and Wongwises [46]. 

Homogeneous models have been developed based on the assumptions of a homogeneous 

mixture, and a thermal and mechanical equilibrium of phases. As a result, it is assumed that both 

phases are flowing at the same temperature and velocity. Because the vapor phase always stays 

in a saturation condition, and considering the fact that both phases are flowing with the same 

pressure, in the homogeneous model, the liquid phase is considered to flow in the saturation state 

as well. Therefore vapor and liquid phase properties are calculated based on saturation 

thermodynamic tables, and the unknowns reduce to pressure, velocity, and quality of the flow, 

which are evaluated by solving two-phase continuity, momentum, and energy equations. By 

using this model, it is possible to consider the two-phase flow same as compressible single-phase 

flow. Flow characteristics such as density, viscosity, and conductivity are calculated by using the 

averaged amounts of properties of phases based on flow quality. Wall friction is calculated in the 

same way as single-phase flow by substituting weight-averaged viscosity of the phases instead of 

single-phase viscosity. Homogeneous models differ from each other in different correlations to 

perform weight averaging for viscosity including correlations developed by McAdams et al. [49], 

Cicchitti et al. [50], and Dukler et al. [51, 52].  It is also possible to define sound velocity and 

Mach number of a two-phase flow to determine the critical flow condition and Fanno line of a 

two-phase flow by applying this model. Hsu and Graham  [45] developed a correlation to 

evaluate critical mass flow rate as a function of quality and pressure and the velocity ratio of 
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phases. By considering a homogeneous flow model, it is possible to find the critical mass flow 

rate as a function of quality and pressure at the outlet of the tube, as in the investigations of 

Collins [53], Pate and Tree [29], and Sajben [54].  

In some homogeneous models, mass transfer between phases is neglected as well. These 

models are used for conditions where flow inside the tube is of low quality. In these models, 

quality is considered constant throughout the tube. This model is called the homogeneous frozen 

model. Smith [55] and Wallis [44] modified Hsu and Graham’s [45] correlation for the 

homogeneous frozen model. Kim and O’Neal [12] compared the predicted critical flow by using 

Hsu and Graham’s [45] correlation with experimental data for the critical flow of HCFC-22 and 

HFC-134a refrigerants through short-tube orifices. Their comparison showed that the 

homogeneous frozen model evaluates the critical mass flow rate more consistently with 

experimental data when the outlet quality is between 0.06 and 0.15. However, when the quality 

approaches zero, the error increases. They hypothesized that for exit qualities below 0.15, flow 

through the tube is in a metastable state with very low interfacial mass transfer, which is close to 

the assumption of no mass transfer. However, in the condition that quality approaches zero, this 

model approaches the liquid-phase critical mass flow rate, which is higher than experimental 

results. Their measurements showed that there is lack of equilibrium at the outlet flow from 

short-tube orifices due to the short time of expansion, which results in some error when this 

model is applied [12]. Kim [56] used the homogeneous flow model to find the critical mass flow 

rate of capillary tubes with varying lengths. Wong and Ooi [57] compared several correlations to 

find the best evaluation for two-phase average viscosity to be used in the two-phase momentum 

equation in the homogeneous model. Wong and Ooi [58] used a homogeneous model with the 

two-phase viscosity correlation of Dukler et al. [51, 52]  to compare the flow properties of R-12 
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and HFC-134a refrigerants. Bansal and Rupasinghe [59] used the homogeneous model to 

analyze two-phase flow through capillary tubes and compared their numerical results to the 

experimental results of  Melo et al. [60] and Wijaya [61]. Wongwises and Pirompak [62] and 

Wongwises et al. [63] used the homogeneous model to compare flow characteristics of several 

old refrigerants with their alternatives through short-tube orifices. They utilized the correlations 

of Mcadams et al. [49], Cicchitti et al. [50], and Dukler et al. [51, 52] to determine two-phase 

flow viscosity. Previous investigations proved that homogeneous models underestimate the mass 

flow rate by nearly 30% to 60% [12, 29].  

Because the homogeneous model assumes thermodynamical and hydrodynamic 

equilibrium between phases, it can provide good results for the critical flow rate when there is a 

sufficient time for phases to reach equilibrium, such as in long capillary tubes. However, in short 

tubes, this condition is not satisfied, and non-equilibrium flow models including separated flow 

models and the two-fluid model are used instead [64, 65].  

In separated flow models (non-homogeneous thermal equilibrium models), both heat 

transfer and momentum transfer between phases are eliminated, and an auxiliary correlation 

defines the ratio between the velocities of phases based on flow properties. Various investigators 

have presented different correlations that define the velocity slip ratio as a function of flow 

properties, including Levy [66], Lahey and Moody [67], Moody [68], Fauske [27], Collier and 

Thome [39], Zivi [69], Chisholm [70], Premoli et al. [71], Zuber and Findlay [72], Martinelli and 

Nelson [73], and Miropolskiy et al. [74]. Two phases in this model are considered as a stratified 

flow of vapor and liquid with identical temperatures similar to that in the homogeneous flow 

model. Although this model better suits long capillary tubes than short-tube orifices, there is 

plenty of numerical work that has modeled short-tube orifices with this model. Moody [68] and 
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Fauske [27] modified  Hsu and Graham’s [45] correlation based on the non-homogeneous model 

and their own developed slip-ratio correlations. Kim and O’Neal [12] compared the critical mass 

flow rate developed by Moody [68] and Fauske [27] with experimental data for flows of HCFC-

22 and HFC-134a refrigerants. Their comparison showed acceptable consistency of Fauske’s 

[27] model; however, the critical mass flow rate predicted by Moody’s [68] model were 5% to 

10% more than Fauske’s [27] model.  

Han et al. [28] utilized a separated flow model and Zivi’s [69] correlation to find the 

critical mass flow rate through short-tube orifices for the flow of refrigerants R-410A, R-407C, 

and HFC-134a. The comparison between their results with the experimental results of Payne and 

O’Neal [21, 22] for the critical flow of R-407C showed a deviation of ±15% for 94% of the 

results and maximum deviation of 22%. Their comparison of the flow of R-410A illustrated the 

deviation of ±15% for the 98% of the results and a maximum deviation of 21%. Comparison of 

their results with the experimental results of Singh et al. [20] for the flow of HFC-134a showed a 

deviation of ±15% for 90% of the operating conditions and a maximum absolute deviation of 

21%.   

Nilpueng and Wongwises [4] applied separated flow models to analyze the critical flow 

of HFC-134a, HFC-407C, and HFC-410A through short-tube orifices.  They compared the 

results obtained by utilizing various correlations including those of Chen et al. [41] and Lackme 

[75] for metastable length, and those of Zivi [69], Chisholm [70], and Miropolsky’s et al. [74] for 

the velocity ratio of phases.  They considered the effect of the vena contracta region as an 

entrance loss coefficient and did not consider the effect of two-phase flow in the vena contracta 

and metastable regions. They compared their numerical results with the experimental results of 

Kim [11], Nilpueng and Wongwises [19], Singh et al. [20], and Payne and O’Neal [21, 22]. The 
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deviation of 98.2% of their results was in the range of ±20%, and their main average deviation 

was 11.86%. They also presented selection charts of short-tube orifices for the operating 

condition of air conditioning systems based on the developed numerical data of HFC -134a and 

HFC-410A refrigerants. García-Valladares and Santoyo [2] simulated the critical flow of HFC-

134a through short-tube orifices by utilizing a separated flow model and Premoli et al.’s [71] 

semi-empirical correlation to find the void fraction. Although they discussed  the occurrence of 

the vena contracta region and used Schmidt’s and Friedel’s [76]  correlation to find the pressure 

drop through the entrance region, they did not consider vaporization through the vena contracta 

region for both conditions of single-phase and two-phase inlet flows. They assumed that flow 

enters the tube in a single phase and, based on the model of Feburie et al. [77], divided the tube 

into four flow regions: liquid phase, metastable liquid phase, metastable two-phase, and 

equilibrium two-phase. They considered the metastable liquid region from the point of saturation 

pressure to the point of vaporization pressure, which was calculated using Chen et al.’s [41] 

correlation. In the metastable two-phase region, they considered part of the liquid phase in a 

super-heated condition and the rest of it in equilibrium with the vapor phase. They also utilized 

the correlation of Feburie et al. [77] to control the mass portion of superheated liquid, and at the 

point where it approached zero, they switched the solution to a two-phase equilibrium model in 

which both phases are considered to flow in the saturation condition. They compared their 

numerical results with the experimental data of  Kim et al. [17], Nilpueng and Wongwises [19], 

and Singh et al. [20] and developed regression equations based on the deviation of their results 

from experimental data to eliminate errors.  

Wong and Ooi [57] compared the results of a separated flow model and a homogeneous 

flow model for the critical flow of R-12 refrigerant through long capillary tubes. They used the 
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correlation of Miropolsky et al. [74] to find the ratio between velocities of phases and compared 

their results for the critical flow of R-12 with the available experimental results. Their 

comparison shows that separated flow model could predict the critical flow condition better than 

the homogeneous model. Wongwises et al. [78, 79] compared different correlations for the ratio 

of velocities of phases and two-phase friction factors. They ignored the effect of the metastable 

region and used the fourth-order Runge-Kutta [80] method to solve the equations. Wongwises 

and Suchatawut [81] also used the separated flow model with Chisholm’s [70] correlation for the 

two-phase velocity ratio and investigated the effect of considering the metastable region in the 

precision of the separated flow model. They found that it is a suitable assumption to eliminate 

the metastable region through the capillary tubes.  

Agrawal and Bhattacharyya [82] compared the separated flow model to the homogeneous 

flow model by predicting the critical flow characteristics of refrigerants CFC-12, HCFC-22, and 

R-744 through capillary tubes. They used Chisholm’s [70] correlation to find the velocity ratio 

between phases. Their results proved that both models present acceptable results to finding the 

critical mass flow rate of capillary tubes, although in some cases there the difference between 

results was 8% to 11%.  

Kroeger [83] and Zuber and Findlay [72] used drift velocity to characterize the relative 

velocity of phases [43]. Drift velocity is defined as the velocities of the vapor phase and liquid 

phase relative to the center of mass and the center of the mixture’s volume. Unlike other kinds of 

separated flow models that correlate phase velocities based on their ratio, the drift flux model 

correlates phase velocities based on their difference. Liang and Wong [84] used this model to 

simulate the two-phase flow of HFC-134a refrigerant through adiabatic long capillary tubes. In 

previous work, Javidmand and Hoffmann [85, 86] applied Zuber and Findlay’s [72] drift flux 
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correlation to simulate the critical flow of HCFC-134a through long capillary tubes, and they 

developed non-dimensional based correlations to predict the critical mass flow rate and pressure 

distribution through such tubes. In order to accomplish such a work, the critical mass flow rate 

and pressure distribution for nearly 500 operational conditions for R-12, R-22, and R-134a 

refrigerants were evaluated. Operational conditions included inlet pressure varying from 800 to 

1500 kPa, inlet subcold temperature between 0˚C and 10˚C, length varying from 1 to 2 m, and 

inner diameter between 0.5 and 1.5 mm. By performing non-dimensional analysis on numerical 

data, general correlations were presented to predict the critical mass flow rate through capillary 

tubes. In addition, by utilizing numerical data for down-stream pressure, non-dimensional 

analysis was performed to present correlations to predict critical down-stream pressure and 

pressure distribution through capillary tubes. In order to validate the numerical solution, the 

numerical results were compared with the experimental results of Mikol [87], Li et al. [88], and 

Wong and Ooi [58] for critical flow conditions of refrigerants CFC-12, HCFC-22, and HFC-

134a. 

Richter [47] extended the governing equations presented by Wallis [44] to a quasi-one-

dimensional condition and solved them to simulate the critical flow of water through converging 

capillary tubes under the conditions of saturated single-phase and two-phase inlet flows. Later 

on, Wallis [43] called this the two-fluid model, which is the most comprehensive model for the 

quasi-one-dimensional simulation of evaporating critical flow through capillary tubes and short-

tube orifices. Through this model, six governing equations for separate phases, including 

continuity, momentum, and energy, are solved simultaneously to determine pressure, phase 

temperatures, phase velocities, and quality of flow. This model is in non-equilibrium because the 

temperature and velocities of the phases are considered separately. In addition, the model is 
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considered non-homogeneous because the effect of the flow pattern is considered throughout the 

tube. The advantage here is that the thermal and mechanical non-equilibriums between the 

phases are considered over the entire tube, which results in a more realistic simulation of the 

critical flow, especially through short-tube orifices with a subcooled liquid inlet flow. In this 

model, the use of constitutive relations to describe the interphase heat, mass, and momentum 

transfer connects governing equations of the phases to each other. However, in order to perform 

the simulation, this model requires some information, such as initial nucleation density, initial 

bubble diameter, interfacial area, friction, and heat transfer coefficient through various flow 

regions. This model is capable of simulating critical flows with all of the inlet conditions, 

including subcooled liquid inlet, saturated two-phase inlet, and subcooled two-phase inlet.  

Richter [47] divided the two-phase region into three regions of bubble flow for void 

fraction lower than 0.3, churn-turbulent flow for void fraction between 0.3 and 0.8, and annular 

flow for void fraction more than 0.8. Subsequently, he utilized some experimental correlations 

presented by Wallis [44] to find momentum transfer, friction forces, and heat transfer between 

phases through separate flow regimes. Performing non-equilibrium analysis enabled Richter [47] 

to find more details about the critical two-phase flow in comparison with other numerical 

models. The superheated liquid phase through this region showed that in the bubbly flow region, 

there is thermal non-equilibrium between phases, although the velocity ratio of phases is about 

unity. This non-equilibrium occurs because of the large depressurization of flow at the entrance 

and the lack of heat transfer due to a small difference in velocity. In the churn-turbulent flow, 

coalescence of bubbles results in an increase of vapor velocity and, thus, the velocity ratio. 

Although it decreases the interfacial area between phases [47], this velocity difference allows for 

a higher heat transfer, and as a result, the temperature difference does not grow as much as the 
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bubbly flow. At the exit plane of the tube, a choked-flow condition results in a substantial 

pressure drop; therefore, the vapor phase temperature decreases dramatically, which results in 

both thermal and hydrodynamic non-equilibrium. Richter also found that a suitable estimation of 

the density of bubbles notably influences the prediction of the critical mass flow rate.  

Richter [47] compared the results of his two-fluid model to the experimental data and 

numerical results of other investigators, thus confirming that his model predicts the critical mass 

flow rate reasonably well. Dobran [64, 89-91] modified the equations of Wallis [44] and Collier 

and Thome [39] to simulate a flashing two-phase flow of water and steam through broken pipes 

and vessels. His model was similar to Richter’s [47] model, however, he utilized it to find critical 

flow conditions through pipes with diameters around 1 cm. He divided the two-phase region into 

three regions of bubbly flow, churn-turbulent flow, and annular flow. His results showed that the 

non-equilibrium model accurately predicts the critical flow rate, pressure distribution along the 

tube, and exit pressure. Dobran [64] concluded that frictional pressure loss at the entrance of the 

tube plays an important in inducing the local nucleation characteristics and, as a result, the 

density of bubbles through the bubbly flow region.  

Dagan et al. [65] utilized the two-fluid model to simulate the critical two-phase flow 

through pipes with diameters of about 1 cm. They analyzed the effect of the density of bubbles 

on the prediction of the critical mass flow rate and developed a correlation to find the number of 

bubbles as a function of the length-to-diameter ratio of the tube. Their results showed that as 

more vapor nuclei are introduced into the flow, the degree of thermal non-equilibrium is reduced 

and the rate of vapor formation is decreased. Seixlack et al. [92] simulated a two-phase flow of 

HFC-134a refrigerant through capillary tubes by utilizing the two-fluid model. They utilized the 

same correlations as utilized by Richter [47] and Dobran [64].  A comparison of their data with 
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numerical results shows that maximum deviation from the experimental values by using the two-

fluid model was 6%, while maximum deviation using the homogeneous flow model was 17%. 

Yang and Zhang [6] used the two-fluid model to analyze critical flow through short-tube 

orifices and compared the results to those presented by the homogeneous flow model. Based on 

Richter’s model [47], they divided the flow to three regimes of bubble flow, churn-turbulent 

flow, and annular flow. However, they considered the effect of the flow pattern only on the heat 

transfer between phases and for the rest of correlations considered the flow in the annular flow 

pattern. A comparison between the predicted critical mass flow rate by utilizing the 

homogeneous model and experimental data showed that the homogeneous model underestimates 

the critical mass flow rate by about 20%; however, this amount for the two-fluid model with the 

same operational conditions was in the range of ±20%.  

Seixlack and Barbazelli [93] used the two-fluid model to analyze two-phase flow through 

capillary tubes with non-adiabatic walls. They analyzed the effect of the liquid-phase superheat 

on the temperature difference of phases at the outlet of the tube. Because the two-fluid model is 

more complicated than homogeneous models and separated flow models, relative to the fact that 

there is more possibility of equilibrium between phases such as in long capillary tubes, 

investigators preferred those models to the two-fluid model. However, in spite of the fact that 

separated flow models and homogeneous flow models introduced an admissible result in 

modeling long capillary tubes, these models do not include non-equilibrium effects. As a result, 

in the simulation of short-tube orifices that include no equilibrium effects, previous investigators 

recommended applying the two-fluid model [43]. In addition, separated flow models are reliant 

upon experimental correlations that were developed based on limited types of refrigerants and 

operating conditions that introduce restrictions in applying them to new refrigerants.  
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Presently, research applying the two-fluid model to simulate the critical flow condition 

through tubes is limited. As mentioned previously, most research has focused on long capillary 

tubes. However, one investigation by Liang and Wong [84] applied this model to simulate 

critical flow through short-tube orifices. Here they did not consider the vena contracta, entrance 

and metastability effects, and they did not apply the governing equations as comprehensive as 

the present work. Analysis of previous investigations that have applied the two-fluid model 

indicates that this model is dependent on the nucleation side density and size of the nucleuses. 

Richter [47] adjusted these amounts to fit his numerical results with experimental data. 

Subsequently, Wallis [43], Dobran [64], Yang and Zhang [6], and Seixlack et al. [92] applied 

Richter’s [47] amounts. Dagan et al. [65] applied the same value as Richter’s [47] value for the 

size of nucleuses; however, they developed nucleation side density as a function of length-to-

diameter ratio of the tube to fit numerical results with the experimental data. In the current work, 

the size of nucleuses is considered similar to Richter’s [47] amount, and the nucleation side 

density is presented as a function of vaporization pressure to fit the experimental data with 

various refrigerants. 

Experimental results and observations by previous investigators have revealed the 

occurrence of the vena contracta phenomenon and two-dimensional effects at the entrance of the 

short-tube orifices, including the work of Bailey [3], Zaloudek [25], Edwards [94], Kim [11], 

Kim and O’Neal [13], Kim et al. [17], Nilpueng and Wongwises [8, 19], and  Nilpueng  et al. 

[18]. As previous figures illustrate, the acceleration of flow through this region results in a large 

drop in pressure and corresponding vaporization of the flow. They also found that the two-phase 

flow begins in the vena contracta region, and the produced small vapor bubbles pass through the 

tube and enclose the superheated conical liquid core throughout the metastable region. The liquid 
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phase throughout this region is in a superheated condition. It was also observed that there is a 

difference between the saturation pressure of the liquid phase and pressure of the flow, indicating 

a temperature difference between the phases throughout the two-phase region. However, none of 

the previous numerical work simulated the entrance region, vena contracta phenomenon, and 

mass transfer between phases through that region. In fact, only the overall pressure loss of flow 

through the entrance region was considered. In addition, the two-phase metastable flow was 

considered as a single-phase flow with vaporization pressure lower than the saturation pressure, 

meaning that the effect of the two-phase mixture around the conical metastable liquid core was 

eliminated. In those models, the two-phase flow region was considered to begin at the inception 

of flashing of the liquid phase to the vapor phase. Furthermore, it was assumed that both phases 

flow in the saturation condition. This means that both phases are considered to flow with similar 

temperature through the two-phase region. Although García-Valladares and Santoyo [2] in their 

numerical analysis considered the effect of non-equilibrium thermal condition in some part of the 

metastable region, they did not solve the comprehensive governing equations in that region. 

Solution of the quasi-one-dimensional governing equations for the evaporating two-phase flow 

through the vena contracta makes it possible to determine the flow quality at the beginning of the 

metastable region and consequently solve equations of two-phase flow through the rest of the 

tube. 

Thermodynamic and transport properties are two main factors in the selection of suitable 

refrigerants for refrigeration or air conditioning systems [95]. As far as these properties are 

concerned, the boiling temperature of refrigerants at environmental pressure must be slightly 

lower than the target temperature (evaporator). A higher boiling temperature prevents heat 

transfer from the target environment to the evaporator. Even though a much lower boiling 
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temperature than evaporator temperature increases the heat transfer rate, this results in an 

increase of work by the compressor to approach the condenser temperature. The pressure ratio of 

a refrigeration cycle is defined as the ratio of condenser pressure to evaporator pressure. A 

converse correlation exists between the pressure ratio and the coefficient of performance (COP) 

of refrigeration cycles. Refrigerants with a greater pressure ratio under the same operating 

conditions result in less compressor work and higher performance of the cycle. In addition, 

applying refrigerants with higher amounts of vaporization heat and vapor density results in a 

greater cooling capacity with special compressor rounds per minute (RPM). As a result, 

refrigerants with lower amounts of these properties should be applied in systems with a higher 

compressor RPM.  

Flammability and toxicity are two other factors that are considered in the selection of a 

suitable refrigerant. Currently, the main factors in choosing suitable refrigerants for a 

refrigeration system are environmental effects, which are defined by two coefficients: ozone 

depletion potential (ODP) and global warming potential (GWP). Natural refrigerants possessing 

the lowest eco-destructive properties include ammonia (R-717) with both ODP and GWP 

numbers of 0; carbon dioxide (R-744) with ODP and GWP numbers of 0 and 1; and the 

hydrocarbons propane (R-290), isobutene (R-600a), and propylene (R-1270) with ODP and 

GWP numbers of 0 and 3. However, these natural refrigerants cannot be used in most 

refrigeration cycles because of their unsafe and unsuitable thermodynamic properties. The 

properties of some well-known refrigerants and their history of application are presented in 

Table 1.1.  
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Table 1.1 THERMODYNAMIC AND ENVIRONMENTAL PROPERTIES OF WELL-
KNOWN REFRIGERANTS 

 

 
 

Ammonia (R-717) and propane (R-290) were used as natural refrigerants in residential 

refrigeration and air conditioning systems before 1928 when they were phased out because of 

their toxicity and flammability. Ammonia (R-717) is a natural, cheap, and widely available 

refrigerant. Accordingly, it is usually utilized in large refrigeration systems, which need to work 

with great mass flow rates of refrigerant. Furthermore, it possesses a high heat transfer 

coefficient and high refrigeration capacity. However, there are certain problems with it. 

Ammonia is not compatible with cooper tubes. In addition, it is toxic and flammable [95]. 

However, it is currently used in some absorption and large power plants due to its availability. 

Hydrocarbons are found in other groups of natural refrigerants with ODP numbers of 

zero. This group includes propane (R-290), isobutene (R-600a), and propylene (R-1270) with 

GWP numbers of 3. These refrigerants are highly flammable. Propane (R-290) and propylene 

(R-1270) are mostly used in heat pumps, and isobutene (R-600) is used in domestic refrigerators 

and freezers [95]. In 1928, propane (R-290) was phased out due to its flammability and toxicity. 
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Carbon dioxide (R-710) is another natural and eco-friendly refrigerant, which is widely 

available. It has excellent heat-transfer ability, high gas density, high heat of vaporization, and 

consequently high volumetric cooling capacity. However, in the operation temperature range of 

typical refrigeration and air conditioning systems, this refrigerant exists at very high pressure 

[95]. Figures 1.17 to 1.19 compare the thermophysical properties of some well-known 

refrigerants. As shown, the operating pressure of carbon dioxide is much higher than other 

refrigerants within the operating temperatures of typical refrigeration systems. Based on this 

information, the working pressure of carbon dioxide is between and 70 bars. These high amounts 

of operating pressure need specially designed systems and reservoirs. In addition, the high 

pressure of carbon dioxide (R-710) results in high gas density and a resultant large amount of 

heating capacity. 

 
 

Figure 1.17 Saturation pressure vs saturation temperature of typical refrigerants 
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Figure 1.18 Vapor density vs saturation temperature of typical refrigerants 
 
 

 
 

Figure 1.19  Enthalpy of vaporization vs saturation temperature of typical refrigerants 
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In 1928, chlorofluorocarbon (CFC) refrigerants were replaced by ammonia and propane 

in refrigeration and air conditioning systems. Due to their non-flammability and non-toxicity, 

CFCs have been used as the most common chemical refrigerants from 1928 until 1994, when 

they were phased out due to their harmful impacts on the ozone layer because they contain 

chlorine atoms and consequently a high ozone depletion potential ODP number [95]. 

Subsequently, these refrigerants were replaced by HCFC and HFC refrigerants including HCFC-

22 and HFC-134a, with ODP numbers of 0.05 and 0, respectively. However, their GWP numbers 

are too high, specifically 1430 for HFC-134a.  

Currently, the most serious environmental problem is global warming. A refrigerant’s 

effects on global warming is defined as the global warming potential number. This number for 

HFC-134a, the current refrigerant for mobile air conditioning systems, is 1430, and for R-410A 

this number is 1730 [96]. In 2006, the European Union (EU) banned the use of refrigerants with 

GWP numbers higher than 150, and this rule has been enforced since January 2011. Because of 

their high GWP numbers, it is expected that these refrigerants will be completely phased out by 

2017 [97]. Previously, carbon dioxide, with a GWP number of 1, was the leading candidate to 

replace HFC-134a in the automotive industry. However, it contributes to major problems. 

Because of its high vapor pressure at the typical operating temperature of air conditioning 

systems, the replacement of current refrigerants with carbon dioxide not only needs expensive 

equipment but also results in lower thermodynamic cycle efficiency.  

Recently, hydrofluoroolefin (HFO)-1234yf (CF3CF=CH2: 2,3,3,3-tetraflouropropene) 

and HFO-1234ze (CF3CH=CHF: trans-1,3,3,3-tetrafluoropropene), with zero ODP and low 

GWP numbers of 6 and 4, respectively, were introduced as alternative refrigerants by the 

Honeywell Corporation [96] [97]. The thermophysical properties of these new refrigerants, 
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including boiling point, critical point, liquid and vapor densities, and vapor pressure, are 

comparable to HFC-134a. Accordingly, they can be used in systems that currently employ HFC-

134a.  

Over the past four years, some experimental investigations have been performed to 

determine the thermophysical properties and cycle performances of these new refrigerants, 

including the work of Higashi [96], Tanaka and Higashi [98], Miyara et al. [99], Richter et al. 

[100], Jarahnejad [95], and Zhao et al. [97]. Their results have shown that HFO-1234yf and 

HFO-1234ze refrigerants have a comparable COP and volumetric cooling capacity as that of 

HFC-134a. As the figures show, the vapor pressure of new refrigerants in the operating 

conditions of refrigeration and air conditioning systems are very similar to the vapor pressure of 

HFC-134a. Boiling temperatures of HFO1234yf and HFO1234ze at the atmospheric pressure are 

–19˚C and –30˚C respectively, while this amount for HFC-134a is –26˚C. This resemblance 

between thermophysical properties of HFC-134a and HFO1234yf and HFO1234ze is clear in the 

following figures. The pressure ratio of HFO-1234ze is a little higher and the pressure ratio of 

HFO-1234yf is a little lower than the pressure ratio of HFC-134a in typical air conditioning 

systems. Consequently, there is no notable change in cycle efficiency by replacing the current 

refrigerant with the new ones  [95]. As a result, these new refrigerants can be used in 

refrigeration systems with high amounts of refrigeration load.   

In a typical refrigeration system, evaporator pressure is set in a way that equals 

atmospheric pressure. Evaporator temperature is actually the boiling temperature because this 

pressure must be lower than the target temperature. In addition, condenser temperature must be 

higher than the environmental temperature. Accordingly, the up-stream pressure of selection 
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charts are chosen in a way that covers condenser temperature ranges corresponding to typical 

refrigeration and air conditioning systems. 

Figure 1.20 compares the saturation pressures of HFC-134a refrigerant with the new 

refrigerants, HFO1234yf and HFO1234ze, under operation temperatures of an air conditioning 

system.  

 
 

Figure 1.20 Comparison among saturation pressures of HFC-134a and alternatives HFO1234yf 
and HFO1234ze through the operating condition of air conditioning system 

 

As can be seen, the temperature of HFO1234yf due to various pressures is similar to that of 

HFC-134a. Therefore, replacement of HFC-134a with HFO1234yf does not affect the evaporator 

temperature or pressure. However, for HFO1234ze, a similar pressure results in a higher 

temperature. Hence, by considering the fact that evaporator pressure is set equal to atmospheric 

pressure, there is a smaller pressure increase through the compressor when this refrigerant is 
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employed. Although HFO-1234ze is non-flammable, HFO-1234yf is more flammable than HFC-

134a. Both of these refrigerants have low toxicity properties. However, the refrigeration capacity 

of HFO-1234ze is 25% lower than that of HFC-134a. Although based on a test by the Honeywell 

Corporation, the COP of both refrigerants is almost the same. In addition, HFO1234ze needs a 

lower condenser temperature than HFC-134a. As a result, this refrigerant should be used in 

systems with a high mass compressor RPM such as turbo refrigeration systems. Typical 

operation conditions of refrigeration and air conditioning systems are defined based on the target 

temperature and the environmental temperature. The evaporator temperature needs to be a little 

lower than the target temperature, and the condenser temperature needs to be higher than the 

environmental temperature. Based on these definitions, the usual temperature range for the 

operating condition of typical refrigeration and air conditioning systems is –10˚C to 50˚C.  

In the current investigation, flow in the entrance region is modeled as a converging flow 

from the upstream diameter to the throat of the vena contracta and an expansion from the throat 

to the tube diameter in which governing equations for a quasi-one-dimensional two-phase flow 

are solved. The modeling performed is based on the experimental pictures and flow 

characteristics presented by Nilpueng and Wongwises [8, 19] and Nilpueng et al. [18]. This 

approach allows for the determination of flow quality at the beginning of the metastable region, 

which was assumed zero in previous work, and solution of the two-phase flow through the 

metastable region.  

In numerical modeling based on experimental critical mass flow rates, situations occur 

where a great amount of the pressure gradient is developed at a point in the converging part of 

the vena contracta region. Pressure distribution moves toward a vertical line, which gives the 

appearance of a choked condition at this point. However, such a situation does not take place in 
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experimentation. In order to model this condition, the area of the vena contracta throat is 

changed in such a way that flow approaches sonic velocity at this location. As a result, under 

these conditions, the vena contracta region is modeled with a wider throat area to prevent any 

unusual flow behavior. In addition, in this investigation, a very comprehensive kind of two-fluid 

model is presented in comparison to previous work in which all details of the two-phase 

interactions are considered. Because the critical condition is dependent on the history of flow 

through the tube, a marching method with a fourth-order Runge-Kutta numerical scheme [80] is 

developed to simulate flow properties through the tube, which is a faster scheme compared to the 

previous two-fluid model by Yang and Zhang [6] who utilized the Newton iterating method. 

Results of this model in predicting the critical mass flow rate for both short-tube orifices 

and long capillary tubes are compared with the available experimental data for several operating 

conditions and refrigerants, and deviations from the experimental data are compared to results 

from other numerical models reported in the literature. 

In order to redesign and optimize air conditioning and refrigeration systems based on the 

new refrigerants, it is essential to develop some experimental tests or numerical simulations of 

various parts of the systems. Because there is no experimental data to determine the performance 

of these new refrigerants in short-tube orifices, the developed numerical model is used to predict 

critical mass flow rates and pressure distributions of HFO-1234yf and HFO-1234ze through 

these tubes under various operating conditions. To do this, the developed numerical simulation is 

applied to produce comparison and selection charts for the common refrigerant HFC-134a and its 

alternatives, HFO-1234yf and HFO-1234ze. The developed charts are based on operating 

conditions of typical refrigeration and air conditioning systems, covering up-stream pressures of 
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700 to 1,500 kPa and inlet subcooling degrees of 1˚C to 20˚C through tubes with lengths of 1 to 

3 cm and diameters of 1 to 1.3 mm  
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CHAPTER 2 
 

SOLUTION METHODOLOGY 
 
 

Quasi-one-dimensional governing equations of two-phase flow through tubes were 

developed by Wallis [44] and Collier and Thome [39]. Subsequently, these correlations were 

modified by Richter [47] and Dobran [64, 89-91] in order to be applied to the numerical 

simulation of critical two-phase flow through millitubes. Purpose of the solution is to find critical 

mass flow rate and distribution of flow properties at the critical condition. These correlations are 

based on conservation equations of mass, momentum, and energy of separate phases and are 

coupled by applying mass, momentum, and heat transfer between phases. In solving such flows, 

known parameters are tube properties including up-stream and orifice internal diameters, orifice 

length, entrance-edge condition, thermodynamic properties of the refrigerant, and boundary 

conditions including up-stream pressure, up-stream quality, and up-stream subcooling. 

Calculation begins by assuming an initial amount for critical mass flow rate. This amount 

is changed to meet the choked-flow condition at the outlet of the tube. A fourth-order Runge-

Kutta numerical scheme [80] is applied by marching through the control volumes. Lengths of 

volumes are defined as a function of the pressure gradient through the previous element. 

Accordingly, it decreases through the regions with a high-pressure gradient. In order to simulate 

flow through these tubes, they are divided into three overall regions of entrance, single-phase, 

and two-phase. By considering the fact that the all parameters in these equations are calculated 

from saturation charts, a separate subroutine looks up the thermal properties in the saturation 

charts. A simplified flowchart of the solution is presented in Figure 2.1.   
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Figure 2.1 Flowchart of overall algorithm of simulation 
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2.1 Initial Amount for Mass Flow Rate  

At the first step, a primary amount for the mass flow rate is assumed but eventually will 

be changed in order to find the one in which the choke phenomenon takes place at the outlet of 

the tube. By dividing mass flow rate by the cross-section area at each section, the averaged 

velocity of two phases, called mass velocity, is calculated as 

 
up

mG
A

   (2.1) 

2.2 Modeling Entrance Region 

Based on observations by Nilpueng and Wongwises [8, 19] and Nilpueng et al. [18], 

sudden contraction of the flow from the upstream diameter to the short-tube diameter results in 

separation of the flow at the entrance region of the short tube and appearance of the vena 

contracta phenomenon. Through this region, the decrease in cross-section area results in 

acceleration of the flow and its corresponding pressure reduction. This sudden decrease of 

pressure results in evaporation of the flow through this region and production of some small 

nuclei through the flow in this region. As a result, in order to perform a more accurate simulation 

of the flow through this region, the effect of these small bubbles should be considered. By 

applying pictures and experimental results developed by Nilpueng and Wongwises [8, 19], and 

Nilpueng et al. [18], it is possible to divide the entrance region into converging flow and 

expansion regions, as illustrated in Figure 2.2. This region begins from the up-stream diameter 

and continues to the throat of the vena contracta region. The length of the vena contracta region 

is approximately the same as the inner diameter of the short tube [18, 19]. Some previous 

research has presented the entrance length from the up-stream diameter to the tube inlet as being 

approximately the same as the up-stream diameter.  
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Figure 2.2 Modeling of entrance and vena contracta regions 

To simulate the cross-section area based on position, a fourth-order polynomial is 

developed as 

   4 3 2
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where 𝐴𝑢𝑝 is the up-stream area, 𝐿𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒  is the length of the converging area from the up-

stream tube to the inlet of the orifice tube, 𝐴𝑡𝑢𝑏𝑒 is the cross-section area of the orifice tube, 

𝐿𝑣𝑒𝑛𝑎−𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑎 is the length of the vena contracta region, and 𝐴𝑐 is the area of the vena contracta 

throat, which is calculated by applying Collier and Thome’s [39]  polynomial: 
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When there is a two-phase flow through this region, its compressibility results in a high 

pressure drop. Because such a phenomenon does not take place in the experiment, the throat area 

of the vena contracta is increased in a way that prevents this condition. Analysis of flow through 

the entrance region depends on the inlet flow condition. Solution of the above equations results 

in the following correlation to find the coefficient of the polynomial:  
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Figure 2.3 shows the developed correlation for an orifice tube with an up-stream diameter 

of 9 mm, tube diameter of 1.22 mm, and length of 1.31 cm. 

 
 

Figure 2.3 Simulated cross-section for orifice tube with up-stream diameter 9 mm,  
tube diameter 1.22 mm, and length 1.31 cm  
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2.3 Entrance Region Calculations 

The flowchart for calculations through the entrance region is shown in Figure 2.4.  

 

Figure 2.4 Flowchart of entrance region calculations 
 

Correlations (2.2), (2.4), and (2.5), shown previously, are applied to find the cross-section area as 

a function of position. In the condition of liquid inlet flow, the Bernoulli equation is applied to 

find the point where flow pressure approaches the vaporization pressure. In the case where this 

point is before the vena contracta throat, the two-phase region begins at the converging region of 
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the vena contracta, and two-phase calculations are performed from this point onward. This 

region continues to the throat of the vena contracta. When there is two-phase inlet flow, two-

phase calculations begin from the upstream diameter and continue to the throat of the vena 

contracta. 

2.3.1 Subcooled Liquid Inlet Flow Condition 

Under conditions of the subcooled inlet flow, Bernoulli’s correlation is applied to find the 

area of the beginning of the two-phase region: 
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where 𝑝𝑣𝑎 is the pressure in which vaporization begins, and vaA  is the area of the cross section 

where vaporization begins. This pressure is found by applying the Clausius-Clapeyron 

correlation to find the amount of superheat required to produce the first vapor bubbles: 
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where 𝜈𝑙𝑣 is the difference between saturated specific volumes of the phases, 𝑠𝑙𝑣 is the difference 

between saturated entropies of the phases, 𝜎 is the surface tension of the liquid, 𝑑0 is the initial 

bubble diameter that is assumed to be 𝑑0 = 2.5 × 10−5 𝑚 [47], and  𝑝𝑠𝑎𝑡 𝑇−∆𝑇𝑠ℎ
 is the saturation 

pressure at  𝑇 − ∆𝑇𝑠ℎ. 

By using vaporization pressure, it is possible to find the cross-section area at the 

inception of vaporization. By reversing the developed polynomial to find the cross section, the 

position of the point where vaporization begins can be calculated.  

Under the condition that  𝐴𝑣𝑎𝑝 >  𝐴𝑐, two-phase flow calculations begin through the 

entrance region. In situations where  𝐴𝑣𝑎𝑝 ≤  𝐴𝑐, the single-phase flow continues to the vena 

contracta throat and through the tube.  

2.3.2 Two-Phase Inlet Flow Condition  

At this condition, two-phase calculations begin from the up-stream point and continue 

through the entrance region and through the tube. Two-phase flow calculations are performed 

through all regions in this condition. In the solution of the two-phase flow equations through this 

region, the presented function rather than a constant amount for the cross-section area is used in 

the equations.  

2.3.3 Expansion Region 

Through this region, the cross-section diameter increases from the vena contracta throat 

to the tube diameter. As a result, the pressure also increases due to the expansion and 

deceleration of flow. However, some pressure is lost as the result of friction in the expansion 

region. The pressure change through expansion of the two-phase flow is evaluated using Collier 

and Thome’s [39] correlation: 
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where 𝐺𝑐  is the mass velocity at the vena contracta throat, 𝑝𝑖𝑛 is pressure at the tube cross 

section, and 𝑝𝑐 is pressure at the vena contracta throat. In this correlation, the first term in the 

first parenthesis of the right-hand side is Bernoulli’s correlation for a diverging flow from the 

vena contracta throat to the main tube diameter. The second term in the first parentheses of the 

right-hand side represents the effect of frictional loss due to sudden expansion, and the second 

parenthesis represents the effect of two-phase flow behavior. Experimental observations by 

previous investigators have shown that the liquid-phase temperature and flow quality remain 

almost constant throughout the expansion region.  

2.4 Metastable Two-Phase Region 

Experimental results by Nilpueng and Wongwises [8, 19], and  Nilpueng  et al. [18] show 

that under conditions with a subcooled inlet, in which evaporation takes place through the vena 

contracta, tiny bubbles are produced in the vena contracta and flow inside the tube. These 

bubbles enclose the main metastable liquid core. Because of a small void fraction throughout this 

region, the rate of evaporation is very small. Because the two-phase flow calculations through 

the vena contracta region were eliminated in most numerical simulations, flow through the 

metastable two-phase region was assumed to be a single-phase flow of the metastable liquid. 

However, in the current model, it is possible to simulate the flow through this region as a two-

phase evaporating bubbly flow in which the liquid core is in a metastable condition and the vapor 

bubbles are in a saturation condition. The method of simulating the two-phase flow is presented 

in the following sections. 
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2.5 Single Phase Continuing to Vena Contracta 

In the conditions where vaporization does not take place in the converging region, there 

is a single-phase flow through the vena contracta region. Bernoulli’s equation is utilized to find 

pressure at the vena contracta and, after extraction, from the vena contracta to the tube. Collier 

and Thome’s [39] correlation is applied to find the frictional pressure loss from the vena 

contracta to the tube diameter for the single-phase flow: 
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  (2.11) 

where 𝑃𝑖𝑛 is the flow pressure after the vena contracta, and 𝑝𝑐 is pressure at the vena contracta 

throat. 

2.6 Single-Phase Subcooled Liquid Flow Region 

This region appears under conditions where evaporation does not begin in the vena 

contracta region. Therefore, subcooled liquid flows through the tube and continues to the point 

where the liquid phase starts flashing. By considering the incompressibility of the subcooled 

liquid, the temperature of flow in this region remains constant, and the Darcy-Weisbach 

correlation is applied to find the length of this region: 

 liq
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   (2.12) 

where 𝑓𝑙𝑜 is the friction coefficient for turbulent flow through smooth tubes: 
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    (2.13) 

where 𝑅𝑒𝑙𝑜 is the Reynolds number obtained by considering the overall liquid phase flow:  

 lo
l

GDRe
μ

   (2.14) 
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∆𝑝𝑙𝑖𝑞 is the pressure change from the beginning of the tube to the vaporization point, and  𝑝𝑣 is 

the vaporization pressure and is found by considering the metastability effect: 

 Δ liq in vp p p   (2.15) 

2.7 Evaporating Two-Phase Flow Simulation 

This region covers the main part of the flow through short-tube orifices. Corresponding to 

the calculation through the entrance region, this region may begin through the entrance region 

with a converging cross-section area or through the tube with a constant cross-section area. The 

two-phase flow region begins when flow pressure approaches vaporization pressure. At this 

point, small bubbles are produced. Further along the tube, these bubbles merge. Wallis [44], 

Collier and Thome [39], Richter [47], and Dobran [64, 89-91] divided the two-phase region into 

three regions: bubble flow for  0 ≤ 𝛼 ≤ 0.3, churn-turbulent flow for 0.3 < 𝛼 ≤ 0.8, and 

annular flow for 0.8 < 𝛼. In the bubble-flow region, tiny bubbles are flowing in the liquid phase, 

which in this region may be in a metastable condition or a saturation condition. In this region, the 

increase of flow quality and void fraction occurs due to the increase in bubble diameters. For the 

condition where the void fraction of the flow approaches 0.3, the bubbles are large enough to 

collide with each other and produce bigger slugs. These slugs are cylinders with diameters 

covering the majority of the tube cross section. The increase of void fraction through this region 

continues to the point where void fraction approaches 0.8. At this point, the slugs collide with 

each other, and annular flow pattern is produced. Figure 2.5 shows the flow patterns through 

short-tube orifices. 
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Figure 2.5 Churn-turbulent region as combination of bubbly and annular regions 

One-dimensional governing equations inside the short-tube orifices include continuity, 

momentum, and energy equations for each phase, which amount to six differential equations. 

These six equations are coupled with thermodynamic properties of the phases that are inserted 

into the calculation using a separate subroutine. Although the same governing equations apply to 

all three regions, when it comes to interfacial effects, different correlations are used to determine 

heat transfer and momentum transfer between phases. The governing equations for each region 

are continuity, momentum, and energy equations for both phases, and these equations are 

connected to each other by correlations of heat transfer and momentum transfer between phases.  

2.7.1 Continuity Equation 

Using the conservation of mass for the vapor and liquid phases over the one-dimensional 

control volume inside the tube, as shown in Figure 2.6, results in the following equations for the 

conservation of vapor and liquid:  

Vapor phase continuity: 

     ΓAv vd Aαρ u d mx
dz dz

    (2.16)  

Liquid phase continuity: 

      1 1 ΓAl l
d dA α ρ u m x
dz dz

       (2.17) 
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where A is the cross-section area that is a function of the position along the tube, Γ  is the rate of 

evaporation of the liquid phase per unit of volume, and 𝑥 is the quality of flow and is found by 

the following correlation: 

 v v

v l v l

m Gx
m m G G

 
 

  (2.18) 

where 𝐺𝑣 and 𝐺𝑙 are the mass velocities of the vapor and liquid phases respectively, and are 

defined as follows: 
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where 𝛼  is the void fraction and defined as the ratio of vapor area to the cross section of the tube 

as 

 vapor

vapor liquid

A
α

A A



  (2.21) 

The sum of the vapor and liquid phase continuity correlations results in the total continuity 

correlation: 

 
    1

0l lv v d A α ρ ud Aαρ u
dz dz


    (2.22) 
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Figure 2.6 Control volume in two-phase region 

2.7.2 Conservation of  Momentum 

Applying the conservation of momentum for the vapor and liquid phases over one-

dimensional control volumes through the two-phase region, results in the following equations for 

vapor and liquid phases, respectively: 

 v
v v vl vi v

dudpα u αρ F F gρ αSinθ
dz dz

      (2.23) 

        1 1 1l
l l wl lv li v l

dudpα α ρ u F F F gρ αSinθ gρ α Sinθ
dz dz

            (2.24) 

where 𝐹𝑣𝑙 and 𝐹𝑙𝑣 are steady-state inter-phase frictional forces in unit volume of the tube 

imposed by another phase on the vapor and liquid phases, respectably, which are defined as 

follows [39, 44, 47, 64, 92]: 

  0.512 Δ v l
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  (2.25) 
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where 𝐶𝑓𝑖 is the interfacial friction coefficient, and ∆𝑣𝑣 is the virtual mass coefficient, which are 

defined based on different flow regions as follows [47, 64]: 

 For the bubble flow region  0 < 𝛼 ≤ 0.3 and 

  
3

1
3  1
8

tube l
fi D α

v

D ρC C α α
d ρ      (2.26) 

  Δ 0.3 tanh 4vv lαρ α   (2.27) 

where 𝐶𝐷1−𝛼
 is the drag coefficient that is a function of bubble concentration and is found by 

applying the Rowe and Henwood [101] correlation: 
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  (2.28) 

The Reynold’s number for the bubble, 𝑅𝑒𝑏, is defined as  
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where 𝑑 is the bubble diameter that is defined as a function of the void fraction: 
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   (2.30) 

where 𝑁𝑖 is the number of bubbles. For annular flow region 0.8 ≤ 𝛼 < 1 and 
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  (2.31) 
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 Δ 0vv    (2.32) 

Flow properties through the churn-turbulent region where 0.3 < 𝛼 < 0.8 are defined 

based on linear interpolation between bubbles and the annular region [47] [89] [6] as follows: 
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  (2.33) 

where 𝐶𝑓𝑖𝑏
 is defined by using the 𝐶𝑓𝑖 definition for a bubbly flow region, and 𝐶𝑓𝑖𝑎

 is defined by 

using the 𝐶𝑓𝑖𝑎
 definition for the annular flow region at 𝛼 = 𝛼𝑎. 

The interfacial momentum transfers, 𝐹𝑣𝑖 and 𝐹𝑙𝑖, are due to the mass transfer between 

phases per unit volume of the tube for the vapor and liquid phases, respectively. Liquid 

evaporates, and its velocity changes from the lower amount of 𝑢𝑙 to the higher amount of 𝑢𝑣. 

This change in speed results in a transfer of momentum between phases which is calculated by 

Wallis’s [44] correlation: 

    1 Γli v lF η u u      (2.34) 

  Γvi v lF η u u     (2.35) 

Wallis [44] showed that for reversible flow, 𝜂 = 0.5. The wall friction force 𝐹𝑤𝑙  is 

mostly imposed on the liquid phase. Martinelli and Nelsond [73] define this as 
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  (2.36) 

where 𝜙𝑡𝑝
2  is the empirical two-phase multiplier and is defined as [73] 
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where (𝑑𝑝

𝑑𝑧
)

𝐹𝑙𝑜

is the friction pressure drop assuming that the total flow rate is liquid and can be 

calculated using the Darcy-Weisbach correlation: 
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  (2.38) 

The total conservation of momentum is found by summing the individual phase 

momentum equations: 

  1v l
v v l vi li wl

du dudp αρ u α ρ F F F
dz dz dz

        (2.39) 

2.7.3 Conservation of Energy 

Using the conservation of energy through one-dimensional control volumes for total flow 

in an adiabatic condition results in the following correlation: 
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  (2.40) 

Richter [47] applied the conservation of energy on the evaporating mass flow rate to 

determine the rate of mass transfer between phases as 

 Γ Δ Δ Δv
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  (2.41) 

where 𝑞 is the heat transfer rate between the vapor and liquid phases per unit of volume, which is 

defined as [47] [89] [6] 

  i i l vq a h T T    (2.42) 
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where 𝑎𝑖 represents the interfacial area per volume, and ℎ𝑖   represents the heat transfer 

coefficient between vapor and liquid. These coefficients are defined based on three flow regions 

in which flow properties through the churn-turbulent region, 0.3 < 𝛼 < 0.8, are defined based on 

linear interpolation between the bubble and annular regions [47] [89] [6]. 

For the bubble flow region ( 0 < 𝛼 ≤ 0.3): 
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where 𝑅𝑒𝑏 is the bubble Reynolds number, and 𝑑 is the bubble diameter that is defined by using 

the definition of void fraction based on the number of bubbles: 
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where 𝑁𝑖  is the density of bubbles and considered constant throughout the flow [47] [89] [6]. 

For the annular flow region (0.8 ≤ 𝛼), 
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where 𝐷 represents the orifice tube diameter. 

For the churn-turbulent flow region (0.3 < 𝛼 < 0.8), 
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where 𝑎𝑎 and 𝑎𝑏 are the interfacial area per unit volume using annular flow and bubbly flow 

correlations, respectively, and  𝛼𝑎 and 𝛼𝑏 are the void fractions at the beginning of the annular 

flow and end of the bubble flow regions, respectively. 

2.7.4 Two-Phase Flow Calculations  

By using continuity equations for individual phases, vapor and liquid velocities are 

defined as follows: 
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  (2.54) 

Thus, it is possible to use 𝑥 and 𝛼  rather than 𝑢𝑣 and 𝑢𝑙. By applying this approach, the 

continuity equation is eliminated. By replacing these correlations in the continuity, momentum, 

and energy equations, the following system of non-linear equations is developed in order to 

determine void fraction, pressure, quality, and liquid phase enthalpy through the two-phase 
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region. In this equation, fluid properties are found by applying a subroutine that interpolates 

them in the thermodynamic tables. 

  v vd A u
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Vapor phase momentum equation: 
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Total momentum equation: 
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Total energy equation: 
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Bubble growth or vapor phase energy equation: 
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These equations are solved simultaneously to find pressure, void fraction, quality, and 

temperature of the liquid phase as follows: 
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The coefficients are defined as the following: 
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2.7.5 Initial Condition for Two-Phase Region 

Based on previous numerical work, at the nucleation region, velocities of bubbles are the 

same as liquid flow in which the initial amount of void fraction is found based on the diameter 

and number of bubbles [47, 64]: 
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Thus, void fraction is defined as a function of the number of bubbles through the bubble region: 

 3
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N d    (2.81) 

Previous investigators [44, 47, 64] have suggested that  𝑑𝑖 = 2.5 × 10−5 𝑚. Richter [47] 

examined various amounts of numbers of bubbles and eventually suggested  𝑁𝑖 = 1011 for the 

flow of water. This amount was utilized by Dobran [64] later for the two-phase flow of water. 

Dagan et al. [65] developed a correlation to find  𝑁𝑖  as a function of the length-to-diameter ratio 
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of the tube. In the current investigation, 𝑁𝑖  is presented as a linear function of the vaporization 

pressure in order to obtain the best results for various refrigerants: 

 110.0232 550 1 10
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pN   
     

  
  (2.82) 

where  𝑝𝑣 is the vaporization pressure. 

2.7.6 Grid Generation 

In order to solve the above system of equations, the length of each element is defined as a 

function of the pressure gradient at its previous element based on the following correlation: 
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Therefore, as the amount of pressure gradient increases, the lengths of the elements decrease. 

Here,  ∆𝑧0 is the length of the elements when the pressure gradient is zero,  ∆𝑧𝑐ℎ is the length of 

elements at the choked condition, and (𝑑𝑝 𝑑𝑧⁄ )𝒊 is the pressure gradient in MPa/m. For the short-

tube orifices,  ∆𝑧0 and ∆𝑧𝑐ℎ are chosen to be 0.001 mm and 0.0000001 mm, respectively. Where 

long capillary tubes are concerned, these amounts are chosen as 0.01 mm and 0.00001 mm, 

respectively. Figure 2.7 illustrates the length of elements due to the pressure gradient. Figure 2.8 

depicts the shapes of the control volumes used through the solution. All of the variables at 

point 𝑖  are known, and the variables at point 𝑖 + 1  are unknown.  
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Figure 2.7 Length of elements as function of pressure gradient 

 
 

Figure 2.8 Control volume used in Runge Kutta method 
 

2.8 Numerical Simulation 

The fourth-order Runge-Kutta [80] method is applied to solve the above system of 

equations. The solution procedure continues through the tube elements as follows: 
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Figure 2.9 shows the flowchart for solving the governing equations through the two-

phase flow region. 
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Figure 2.9 Flowchart for fourth-order Runge Kutta model  

 
2.8.1 Finding Coefficients 

All coefficients in the above system of equations are functions of the thermodynamic 

state of the flow. Saturation thermodynamic tables are inserted into the simulation by using an 



85 

additional subroutine. Another subroutine performs linear interpolation in the saturation charts at 

each step to find the flow properties. Figure 2.10 shows the flowchart for the interpolation in the 

thermodynamic charts. Because the vapor phase always remains in a saturation condition, the 

presented numerical simulation interpolates vapor phase properties based on flow pressure on 

saturation thermodynamic tables. Because the liquid phase does not remain in a saturation 

condition, its properties are calculated by interpolation of the saturation table based on liquid 

phase enthalpy. 

 
 

Figure 2.10 Flowchart of subroutine to read and interpolate thermodynamics properties 
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2.8.2 Choked-Flow Criteria 

In the two-phase flow, choked flow takes place at the outlet of the tube whenever the rate 

of change of entropy to pressure meets the maximum value. With this condition, the mass flux of 

flow is the maximum possible value due to the operating condition, and there is a steep reduction 

in pressure. Richter [47] applied the criteria of |
𝑑𝑝

𝑑𝑧
| > 10000 (

𝑀𝑃𝑎

𝑚
)  for the choked-flow 

condition. 
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CHAPTER 3 
 

RESULTS OF SIMULATION VALIDATION 
 
 

In order to validate the developed simulation model, it was used to find the critical mass 

flow rate under various available experimental operating conditions. Because HFC-134a is a 

common refrigerant for mobile air conditioning systems and because short-tube orifices are 

utilized in such systems, most of the available experimental data for short-tube orifices are based 

on HFC-134a. In order to validate the simulation being applied to various refrigerants, the 

validation is performed based on some old refrigerants including HFC-410a and HCFC-22 as 

well. In addition, in order to validate the model to find critical mass flow rates through long 

capillary tubes, the validation is utilized to determine the critical mass flow rates of HFC-134a 

through long capillary tubes. 

Figures 3.1 to 3.22 show the deviations in predicting the critical mass flow rates of 

refrigerants HFC-134a, HFC-410a, and HCFC-22 through short-tube orifices in comparison with 

the experimental data of Singh et al. [20], Nilpueng and Wongwises [19], and Payne and O’Neal 

[22]. Tube lengths vary from 9 to 40 mm, and diameters vary from 0.5 to 1.8 mm, which cover 

the typical lengths and diameters of short-tube orifices that are used in air conditioning systems. 

Figure 3.1 shows that for all three refrigerants, deviations of predicted mass flow rates from 

experimental amounts are in the range of –10% to +15%. Whereas, deviations of other numerical 

methods and the previous investigations by applying the two-fluid model are in the range of ±20. 

Figure 3.2 shows deviations of the predicted mass flow rate of HFC-134a from the experimental 

data of Singh et al. [20] and Nilpueng and Wongwises [19].  
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  Figure 3.1 Deviations in predicted mass flow rates from experimental amounts for three 
refrigerants through short-tube orifices  

 
 

 
 

Figure 3.2 Deviations in predicted mass flow rates from experimental amounts for HFC-134a 
through short-tube orifices  

+15% 

-10% 

+15% 

-10% 



89 

Figure 3.3 shows deviations of predicted mass flow rates from the experimental data of 

Kim and O’Neal [13] for the flow of HCFC-22, and Figure 3.4 shows deviations of predicted 

mass flow rates from the experimental data of Payne and O’Neal [22] for the flow of HFC-410a. 

Figure 3.5 shows the distribution of deviations vs critical mass flow rates for all three 

refrigerants. These figures indicate that applied operating conditions to validate the simulation 

include critical mass flow rates between 0 and 65 g/s, which are the typical critical mass flow 

rates of refrigeration systems.  

 
 

Figure 3.3 Deviations in predicted mass flow rates from experimental amounts for HCFC-22 
through short-tube orifices  

 
 

+12% 

-7% 



90 

 
 

Figure 3.4 Deviations in predicted mass flow rates from experimental amounts for HFC-410a 
through short-tube orifices  

 

 
 

Figure 3.5 Deviations in predicted critical mass flow rates for HFC-134a, HCFC-22,  
and HFC-410a through short-tube orifices 

 
Figure 3.6 illustrates the distribution of deviations vs tube length for all three refrigerants 

through short-tube orifices. As shown, the lengths of tubes vary from 1 to 4 cm, which are 

Absolute mean deviation 8% 

 Mean deviation 4% 

+15% 

-4% 
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typical lengths for short-tube orifices. Figures 3.7 and 3.8 show deviations based on tube length 

for HFC-134a, HCFC-22, respectively. Figure 3.9 illustrates the distribution of deviations vs up-

stream pressures, indicating that applied up-stream pressure for all three refrigerants varies 

between 900 and 3200 kPa. This amount for HFC-134a is between 900 and 2500 kPa, for HCFC-

22 is between 1400 to 2000 kPa, and for HFC-410a is between 2000 and 3200 kPa, as shown in 

Figures 3.10, 3.11, and 3.12, respectively. These amounts are typical pressures for refrigeration 

and air conditioning systems with condenser temperatures between 35˚C and 50˚C. Based on 

these results, the average deviation of the predicted critical mass flow rates of the short-tube 

orifices from the experimental data is 3.5%, and the mean absolute deviation is 8% for all three 

refrigerants. These amounts for refrigerants HFC-134a and HCFC-22 individually are 1.5% and 

7%, and 5% and 6.5%, respectively, which are acceptable enough to be used to find the critical 

mass flow rates of short-tube orifices under various operating conditions. The mean deviation for 

HFC-410a is 11.5%, as shown in Figure 3.12. 

 
 

Figure 3.6 Effect of tube length on deviations in predicted critical mass flow rates for  
HFC-134a, HCFC-22, and HFC-410a through short-tube orifices  
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Figure 3.7 Effect of tube length on deviations in predicted critical mass flow rates for 
HFC-134a through short-tube orifices 

 
 

 
 

Figure 3.8 Effect of tube length on deviations in predicted critical mass flow rates for  
HCFC-22 through short-tube orifices 

 

Absolute mean deviation 7% 

 Mean deviation 1.5% 

 Mean deviation 5% 

Absolute mean deviation 6.5% 
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Figure 3.9 Effect of inlet pressure on deviations in predicted critical mass flow rates for  
HFC-134a, HCFC-22, and HFC-410a through short-tube orifices 

 
 

 
 

Figure 3.10 Effect of inlet pressure on deviations in predicted critical mass flow rates for HFC-
134a through short-tube orifices 
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Figure 3.11 Effect of inlet pressure on deviations in predicted critical mass flow rates for  
HCFC-22 through short-tube orifices 

 
 

 
 

Figure 3.12 Effect of inlet pressure on deviations in predicted critical mass flow rates for  
HFC-410a through short-tube orifices 

 
 

Mean deviation 11.5% 



95 

Figure 3.13 illustrates the distribution of deviations vs tube diameters. Applied tube 

diameters vary between 0.5 and 1.8 mm, which are typical diameters of short-tube orifices. 

Figures 3.14 to 3.16 show the distributions of deviations as a function of tube diameters for the 

individual refrigerants. Figure 3.17 shows the deviation of predicted critical mass flow rate 

through short-tube orifices of all refrigerants based on the length-to-diameter ratios, which are 

between 5 and 35, suitable amounts to produce the choked-flow condition [5, 7]. The effect of 

inlet subcooling temperature on deviations in predicted critical mass flow rates for all three 

refrigerants through short-tube orifices is shown in Figure 3.18.  Figures 3.19 to 3.21 show the 

effect of inlet subcooling temperature on deviations in predicted critical mass flow rates for 

HFC-134a, HCFC-22, and HFC-410a, respectively, through short-tube orifices. Occasionally 

there are operating conditions in which the inlet flows are in the two-phase condition but the 

liquid phase is in the subcooled condition. Figure 3.22 illustrates the distribution of errors vs 

inlet quality on the conditions of a two-phase flow inlet. However, most tests were performed 

based on single-phase inlet flow conditions, which are a typical design of refrigeration systems.  

 
Figure 3.13 Effect of tube diameter on deviations in predicted critical mass flow rates for  

HFC-134a, HCFC-22, and HFC-410a through short-tube orifices 
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Figure 3.14 Effect of tube diameter on deviations in predicted critical mass flow rates for  
HFC-134a through short-tube orifices 

 
 

 
 

Figure 3.15 Effect of tube diameter on deviations in predicted critical mass flow rates for  
HCFC-22 through short-tube orifices 
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Figure 3.16 Effect of tube diameter on deviations in predicted critical mass flow rates for  

HFC-410a through short-tube orifices 
 
 

 
 

Figure 3.17 Effect of length-to-diameter ratio on deviations in predicted critical mass flow rates 
for HFC-134a, HCFC-22, and HFC-410a through short-tube orifices 
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Figure 3.18 Effect of inlet subcooling temperature on deviations in predicted critical mass flow 
rates for HFC-134a, HCFC-22, and HFC-410a through short-tube orifices 

 
 

 
 

Figure 3.19 Effect of inlet subcooling temperature on deviations in predicted critical mass flow 
rates for HFC-134a through short-tube orifices 
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Figure 3.20 Effect of inlet subcooling temperature on deviations in predicted critical mass flow 
rates for HCFC-22 through short-tube orifices 

 
 

 
 

Figure 3.21 Effect of inlet subcooling temperature on deviations in predicted critical mass flow 
rates for HFC-410a through short-tube orifices 

 



100 

 
 

Figure 3.22 Effect of inlet quality on deviations in predicted critical mass flow rates for 
HFC-134a, HCFC-22, and HFC-410a through short-tube orifices 

 
Figure 3.23 shows the distribution of numerical deviations in predicted critical mass flow 

rates for HFC-134a through long straight adiabatic capillary tubes of  various lengths from the 

experimental work of Khan et al. [102]. Based on this, applied operating conditions for long 

capillary tubes include critical mass flow rates between 1 and 20 g/s, and the deviation of the 

numerical results from experimental result is between +13% and –7%. By considering the fact 

that the entrance of capillary tubes is made of chamfer, this is not an abrupt contraction region. 

As a result, usually the vena contracta region does not occur in these tubes, and as a result, there 

is not enough drop in pressure and evaporation through the entrance region. As a result, in most 

experiments, results are presented based on inlet pressure to the tube.  
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Figure 3.23 Distribution of numerical deviations in predicted critical mass flow rates for HFC-
134a  through straight long capillary tubes 

 
Figure 3.24 compares the predicted pressure distribution at the critical condition and the 

experimental results of Nilpueng and Wongwises [19] for the flow of HFC-134a through a short-

tube orifice having a length of 15 mm and a diameter of 0.961 mm. The local minimum pressure 

at the inlet region in both experimental and numerical results indicates the occurrence of a vena 

contracta region, although, the numerical solution predicts a lower pressure at the vena contracta 

throat in comparison with experimental data. Consequently, the predicted pressure distribution 

through some part of the tube is higher than in the experimental results. This difference may 

occur because there is no exact simulation of flow passing through the entrance region, due to 

the fact that this simulation was developed based on only a fourth-order polynomial to cover the 

boundary conditions including up-stream diameter, tube diameter, vena contracta throat, and zero 

pressure gradient at the up-stream diameter and vena contracta throat. In addition, there is no 

exact correlation for finding the position of the vena contracta throat, length of entrance region, 

+13% 

-7% 



102 

and length of vena contracta, especially in two-phase flows. The correlation by Collier and 

Thome [39] used to find the vena contracta throat area was originally for a single-phase flow. 

This correlation also has been utilized for a two-phase flow condition by previous investigators. 

In addition, the inception of the entrance region in the experimental result is with some delay in 

comparison with numerical results. Based on the available literature, length of the entrance 

contraction region up stream to the short-tube diameter was considered equal to the up-stream 

diameter that may be a bit different in some real conditions. By considering the fact that in most 

operating conditions there is only a liquid phase through this region and also that flow is 

separated through this region, thus providing a frictionless main stream through this region, the 

geometry and length of this contraction region does not affect the flow characteristics.  

 
 

Figure 3.24 Experimental pressure distribution and pressure sensors used by Nilpueng and 
Wongwises [19] in comparison with developed numerical result 
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CHAPTER 4 
 

RESULTS FOR ALTERNATIVE REFRIGERANTS 
 
 

The developed simulation was applied to present the following selection charts to predict 

critical mass flow rate of refrigerants HFO-1234yf and HFO-1234ze through short-tube orifices. 

These charts are based on the operating conditions of typical refrigeration and air conditioning 

systems (up-stream pressure between 700 and 1500 kPa, inlet subcooling condition from 1˚C to 

20˚C), with tubes 1 to 3 cm long and 1 to 1.2 mm in diameter. All simulations were performed 

based on an up-stream diameter of 1 cm. These charts are similar to the selection charts for HFC-

134a presented by Nilpueng and Wongwises [4] (who used numerical data as well) and rating 

charts developed by The American Society of Heating, Refrigerating and Air-Conditioning 

Engineers (ASHRAE) [103] for long capillary tubes. These charts also compare the critical mass 

flow rate of new refrigerants with HFC-134a. This comparison helps industries to replace the 

short-tube orifices of their refrigeration systems based on new environmentally friendly 

refrigerants.   

Figures 4.1 to 4.9 show the critical mass flow rates of HFO-1234yf, HFO-1234ze, and 

HFC-134a with the up-stream pressure variance from 700 to 1500 kPa and the inlet subcooling 

temperature variance from 1˚C to 20˚C through tubes with lengths of 1, 2, and 3 cm and 

diameters of 1, 1.1, and 1.2 mm. These conditions are based on available selection charts 

presented by ASHRAE Transactions and the recent numerical investigation by Nilpueng and 

Wongwises [4], which are based on HFC-134a. From these available charts, the calculations are 

performed with the inlet pressure range of 700 kPa to 1500 kPa. Tables of the predicted critical 

mass flow rates based on operating conditions corresponding to these figures are presented in the 

appendix.  
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Figure 4.1 Critical mass flow rate of HFC-134a, HFO1234yf, and HFO1234ze as function of 
evaporator pressure and inlet subcooling temperature for short-tube orifice  

with length 1 cm and diameter 1 mm  
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Figure 4.2 Critical mass flow rate of HFC-134a, HFO1234yf, and HFO1234ze as function of 
evaporator pressure and inlet subcooling temperature for short-tube orifice  

with length 1 cm and diameter 1.1 mm 
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Figure 4.3 Critical mass flow rate of HFC-134a, HFO1234yf, and HFO1234ze as function of 
evaporator pressure and inlet subcooling temperature for short-tube orifice 

with length 1 cm and diameter 1.2 mm 
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Figure 4.4 Critical mass flow rate of HFC-134a, HFO1234yf, and HFO1234ze as function of 
evaporator pressure and inlet subcooling temperature for short-tube orifice  

with length 2 cm and diameter 1 mm 
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Figure 4.5 Critical mass flow rate of HFC-134a, HFO1234yf, and HFO1234ze as function of 
evaporator pressure and inlet subcooling temperature for short-tube orifice  

with length 2 cm and diameter 1.1 mm 
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Figure 4.6 Critical mass flow rate of HFC-134a, HFO1234yf, and HFO1234ze as function of 
evaporator pressure and inlet subcooling temperature for a short-tube orifice  

with length 2 cm and diameter 1.2 mm 
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Figure 4.7 Critical mass flow rate of HFC-134a, HFO1234yf, and HFO1234ze as function of 
evaporator pressure and inlet subcooling temperature for short-tube orifice  

with length 3 cm and diameter 1 mm 
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Figure 4.8 Critical mass flow rate of HFC-134a, HFO1234yf, and HFO1234ze as function of 
evaporator pressure and inlet subcooling temperature for short-tube orifice  

with length 3 cm and diameter 1.1 mm 
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Figure 4.9 Critical mass flow rate of HFC-134a, HFO1234yf, and HFO1234ze as function of 
evaporator pressure and inlet subcooling temperature for short-tube orifice 

with length 3 cm and diameter 1.2 mm 
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4.1 Results Analysis 

As Figures 4.1 to 4.9 indicate, the critical mass flow rates of both new refrigerants are 

lower than the critical mass flow rate of HFC-134a under the same operating conditions. The 

difference here increases with an increase in up-stream pressure and increase in the inlet 

subcooling temperature. However, there are analogous critical mass flow rates for both new 

refrigerants at low pressure (700 kPa) and high inlet subcooling temperature (20˚C). Based on a 

general analysis of these figures, the increase of inlet pressure increases the critical mass flow 

rates of three refrigerants in various inlet subcooling temperatures for all tubes. The increase in 

tube length decreases the critical mass flow rate of all three refrigerants through tubes with 

various diameters, various internal pressures, and various subcooling temperatures. An increase 

in the inlet subcooling temperature results in an increase of critical mass flow rate of all three 

refrigerants with any inlet pressure through all tubes of various lengths and diameters. The 

increase in tube diameter increases the critical mass flow rate of all three refrigerants with 

various inlet pressures and subcooling temperatures through tubes of various lengths. 

Figure 4.10 shows the effect of change in tube length on the critical mass flow rate of 

HFC-134a, HFO1234yf, and HFO1234ze flowing through short-tube orifices 1 mm in diameter 

under various inlet pressures with an inlet subcooling temperature of 1˚C. This figure also shows 

the deviation of the critical mass flow rate of the new refrigerants from that of HFC-134a. As 

shown, the increase in tube length results in a decrease of the critical mass flow rate of all three 

refrigerants. In addition, it can be seen that the increase in tube length decreases the differences 

between critical mass flow rates of refrigerants. 

Figure 4.11 shows the influence of change in tube diameter on the critical mass flow rate 

of refrigerants and the deviation of the critical mass flow rate of the new refrigerants from HFC-
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134a. As can be seen, the increase in tube diameter results in an increase of the mass flow rate of 

all three refrigerants. 

 
Figure 4.10 Effect of tube length on critical mass flow rate 

 

 
Figure 4.11 Effect of tube diameter on critical mass flow rate 

L = 1 cm 

L = 2 cm 

L = 3 cm 

D = 1.2 mm 

D = 1.1 mm 

D = 1 mm 
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Figure 4.12 compares the percentage of deviation of predicted critical mass flow rates of 

the new environmentally friendly refrigerants, HFO1234yf and HFO1234ze, from the predicted 

critical mass flow rates of HFC-134a under the same operating conditions. These graphs could 

provide some information in determining the effects of alternative refrigerants on the redesign of 

the systems. Based on these graphs, under the condition of an inlet subcooling temperature less 

than 10˚C, and for all inlet pressures through tubes of various lengths and diameters, the critical 

mass flow rate of HFO1234ze is lower than the critical mass flow rate of HFO1234yf, and both 

are lower than the critical mass flow rate of HFC-134a. Under the conditions of inlet flow with a 

subcooling temperature of 1˚C and with an inlet pressure of 700 kPa, the critical mass flow rate 

of HFO1234yf is about 5% lower than the critical mass flow rate of HFC-134a, and the critical 

mass flow rate of HFO1234ze is 7.5% lower than the critical mass flow rate of HFC-134a. These 

amounts increase by 1% when the entrance pressure increases from 700 kPa to 1500 kPa. Based 

on these figures, the increase in tube diameter does not result in an influential effect on deviation 

of the critical mass flow rate of alternative refrigerants from the critical mass flow rate of HFC-

134a. However, the increase in tube length, increases the deviation of the critical mass flow rate 

of new refrigerants by about 1%. 
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Figure 4.12 Deviation of critical mass flow rate of HFO1234yf and HFO1234ze from HFC-134a  
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CHAPTER 5 
 

CONCLUSION 
 
 

A short-tube orifice is the most essential part of the compression refrigeration cycle of an 

air conditioning system. This tube performs two main duties: transforming the high pressure of 

the condenser to the lower pressure of the evaporator, and regulating the mass flow rate of the 

system. A short-tube orifice performs these duties by providing a choked-flow condition. The 

critical mass flow rate of a short-tube orifice is the mass flow rate where the choked-flow 

phenomenon takes place at the outlet of the tube, which results in an independent mass flow rate 

of the system from the evaporator condition and a sharp pressure drop from the condenser outlet 

to the entrance of the evaporator. The design of an air conditioning system is not possible 

without selecting a suitable short-tube orifice in a way that creates a choked-flow phenomenon at 

the outlet due to its upstream condition (condenser outlet condition). As a result, designers 

always need to use experiments, numerical simulations, or available selection charts to select a 

suitable length and diameter for the short-tube orifice of systems that provides them with a 

choked-flow condition due to the designed mass flow rate of a refrigeration system.  

Usually, industries use selection charts and tables, which are developed by universities 

using experiments or numerical simulations. In order to develop such tools, experimental 

methods have always played a dominant role. While experiments always provide realistic results, 

it is too expensive to change test conditions based on various flow conditions due to the 

introduction of improved or brand-new refrigerants. This is an important barrier in replacing 

current refrigerants with environmentally friendly ones. However, a validated numerical 

simulation is able to simulate the flow based on different refrigerants when it is provided with 
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the thermophysical properties of the refrigerants. These simulations are usually based on one-

dimensional analysis of evaporating two-phase flow through these tubes.  

Considering the assumptions and simplifications, numerical models used to find the 

critical mass flow rate of short-tube orifices are classified as homogeneous flow models, 

separated flow models, and two-fluid models. Regardless of the kind of applied numerical 

models, developed numerical investigations always divide the tube into three regions—entrance, 

metastable liquid region, and two-phase flow region—in which a liquid phase is assumed 

through the entrance and metastable region, and a saturated two-phase flow is assumed through 

the two-phase region. However, based on experimental visualizations, especially the recent one 

by Nilpueng and Wongwises [8, 18, 19], sharp edges of the short-tube orifices result in a vena 

contracta flow separation phenomenon at the inlet of these tubes. As a result, a local pressure 

reduction takes place at the entrance of the tube, which under the condition of a high mass flow 

rate results in the production of some small nuclei in the throat of the vena contracta. These small 

bubbles flow through the tube as a two-phase flow annulus surrounding the metastable liquid 

phase through the metastable region. In previous investigations, this two-phase flow effect 

through the entrance and vena contracta region was eliminated and flow through these regions 

was assumed to be a single-phase flow; however, accounting for these bubbles can result in a 

more realistic and accurate prediction of critical flow properties through short-tube orifices.  

In this investigation, a numerical simulation with more accuracy than the available ones 

was developed to simulate two-phase flow through short-tube orifices. In addition, the new 

simulation is applied to the development of short-tube orifice selection charts and tables based on 

the newly released refrigerants HFO1234yf and HFO1234ze. In the first part of this 

investigation, a quasi-one-dimensional method to simulate the critical two-phase flow through 
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both short-tube orifices and long capillary tubes was developed. This model is based on the two-

fluid model in which there is no assumption of equilibrium between phases, and mass transfer, 

momentum transfer, and heat transfer between phases are considered by applying suitable 

interfacial correlations. Calculations were performed by dividing the tube into the entrance and 

main tube sections. The entrance section includes the converging upstream flow to the throat of 

the vena contracta, and the diverging flow from the vena contracta throat to the tube diameter. In 

order to include the effects of this region on flow, two-phase flow calculations through the 

entrance and vena contract region were performed in a way that the flow through these regions 

was modeled as a converging flow and an expansion, in which two-phase flow calculations 

based on the two-fluid model were performed. As a result, the developed model includes a more 

detailed simulation of the critical flow through short-tube orifices in comparison to available 

ones.  

In addition, the effect of small nucleuses throughout the metastable region was 

considered by performing a two-phase flow calculation in this region as well. Results were 

compared to and validated by various experimental data available in the literature, covering a 

wide range of operating conditions of typical air conditioning and refrigeration systems. This 

comparison revealed an acceptable deviation from the experimental data. Deviations of predicted 

mass flow rate through the short-tube orifices from the experimental data of Singh et al. [20], 

Nilpueng and Wongwises [19], and Payne and O’Neal [22] for the flow of HFC-134a, R-410a, 

and HCFC-22 are between –10% and +15%, wth a mean absolute deviation of 8%. Deviations of 

the predicted critical mass flow rate for HFC-134a, R-410a, and HCFC-22 through long capillary 

tubes from the experimental results of Kim et al. [15] and Khan et al. [102] are between +13% 

and –7%, with the average deviation of +5.72%. This simulation can be applied to predict 
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selection charts for both short-tube orifices and long capillary tubes, especially in terms of newly 

released refrigerants. 

In the next part of this investigation, the developed numerical simulation was applied to 

simulate the critical flow condition of the current refrigerant HFC-134a and its recently released 

alternatives, HFO-1234yf and HFO-1234ze. Simulation results for HFC-134a, HFO-1234yf, and 

HFO-1234ze were organized to predict comparison and selection charts for typical operating 

conditions of air conditioning systems. The developed charts provide critical mass flow rates for 

up-stream pressures varying from 700 to 1500 kPa, inlet subcooling temperatures varying from 

1˚C to 20˚C, and flow through short-tube orifices with an up-stream diameter of 1 cm, lengths of 

1, 2, and 3 cm, and diameters of 1, 1.2, and 1.3 mm. 

 Based on the developed charts, under various inlet conditions, the critical mass flow rate 

decreases with the replacement of HFC-134a with the newly released refrigerants HFO1234yf 

and HFO1234ze. In addition, the increase in tube length results in a decrease of critical mass 

flow rate through all conditions and for the flow of all three refrigerants. Results show that the 

increase in tube diameter results in the increase of the critical mass flow rate. Under conditions 

of inlet subcooling temperatures less than 10°C, the critical mass flow rate of HFO1234ze is 

lower than the critical mass flow rate of HFO1234yf, and both are lower than the critical mass 

flow rate of HFC-134a. Under conditions of inlet flow with a subcooling temperature of 1°C and 

inlet pressure of 700 kPa, the critical mass flow rate of HFO1234yf is about 5% lower than the 

ritical mass flow rate of HFC-134a, and the critical mass flow rate of HFO1234ze is 7.5% lower 

than the critical mass flow rate of HFC-134a. These amounts increase by 1% when the entrance 

pressure increases from 700 kPa to 1500 kPa. Based on these figures, the increase in tube 

diameter does not result in an influential effect on deviation of the critical mass flow rate of the 
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alternative refrigerants from the critical mass flow rate of HFC-134a. However, the increase in 

tube length increases the deviation of the critical mass flow rate of new refrigerants by about 1%.   

As a result of these findings, manufacturers should replace their current orifice tubes with 

shorter ones or those with larger diameters, in order to replace HFC-134a with new refrigerants 

and still be able to run their systems with the same mass flow rates. Accordingly, the presented 

charts, tables, and numerical simulations can be employed to find a suitable size of new short-

tube orifices in order to provide systems with the same critical mass flow rate when HFC-134a is 

replaced with HFO1234yf and HFO1234ze.  
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APPENDIX  
 

SELECTION TABLES BASED ON NUMERICALLY PREDICTED  
CRITICAL MASS FLOW RATES 

 

Tables A.1 to A.9 show the critical mass flow rate of newly released alternative 

refrigerants, HFO1234yf, HFO1234ze, compared with the current refrigerant HFC-134a. 

 

TABLE A.1 CRITICAL MASS FLOW RATES FOR SHORT TUBE WITH LENGTH 1 CM 
AND DIAMETER 1 MM 

 
Condenser Pressure (kPa) HFC-134a (g/s) HFO1234yf (g/s) HFO1234ze (g/s) 

∆
𝑇 𝑠

𝑢
𝑏

=
1

℃
 700000 12.25 11.65 11.35 

900000 13.02 12.40 12.00 
1100000 14.00 13.20 12.80 
1300000 14.92 14.00 13.60 
1500000 15.75 14.80 14.38 

    

∆
𝑇 𝑠

𝑢
𝑏

=
5

℃
 700000 14.25 13.50 13.35 

900000 14.89 14.10 13.90 
1100000 15.92 15.00 14.81 
1300000 16.85 15.85 15.55 
1500000 17.82 16.70 16.43 

    

∆
𝑇 𝑠

𝑢
𝑏

=
1

0
℃

 700000 16.20 15.41 15.38 
900000 16.93 15.95 15.88 
1100000 17.90 16.90 16.75 
1300000 19.00 17.80 17.65 
1500000 20.20 18.90 18.67 

    

∆
𝑇 𝑠

𝑢
𝑏

=
2

0
℃

 700000 17.81 16.90 16.98 
900000 20.58 19.50 19.40 
1100000 22.40 20.80 20.55 
1300000 24.90 23.00 22.60 
1500000 27.60 25.63 25.25 
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TABLE A.2 CRITICAL MASS FLOW RATES FOR SHORT TUBE WITH LENGTH 1 CM 
AND DIAMETER 1.1 MM 

 
Condenser Pressure (kPa) HFC-134a (g/s) HFO1234yf (g/s) HFO1234ze (g/s) 

∆
𝑇 𝑠

𝑢
𝑏

=
1

℃
 700000 14.80 14.17 13.80 

900000 15.75 15.00 14.60 
1100000 16.90 16.00 15.50 
1300000 18.05 17.00 16.45 
1500000 19.10 17.80 17.45 

    

∆
𝑇 𝑠

𝑢
𝑏

=
5

℃
 700000 17.30 16.38 16.20 

900000 18.05 17.10 16.90 
1100000 19.30 18.20 17.91 
1300000 20.40 19.15 18.95 
1500000 21.50 20.1 19.80 

    

∆
𝑇 𝑠

𝑢
𝑏

=
1

0
℃

 700000 19.65 18.70 18.63 
900000 20.50 19.35 19.25 
1100000 21.70 20.40 20.32 
1300000 22.95 21.50 21.40 
1500000 24.20 22.60 22.50 

    

∆
𝑇 𝑠

𝑢
𝑏

=
2

0
℃

 700000 21.55 20.45 20.56 
900000 24.70 23.30 23.35 
1100000 26.20 24.50 24.50 
1300000 28.35 26.40 26.10 
1500000 31.45 29.00 28.50 
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TABLE A.3 CRITICAL MASS FLOW RATES FOR SHORT TUBE WITH LENGTH 1 CM 
AND DIAMETER 1.2 MM 

 
Condenser Pressure (kPa) HFC-134a (g/s) HFO1234yf (g/s) HFO1234ze (g/s) 

∆
𝑇 𝑠

𝑢
𝑏

=
1

℃
 700000 17.70 16.92 16.50 

900000 18.80 17.95 17.40 
1100000 20.20 19.15 18.50 
1300000 21.46 20.30 19.64 
1500000 22.80 21.30 20.80 

    

∆
𝑇 𝑠

𝑢
𝑏

=
5

℃
 700000 20.65 19.54 19.35 

900000 21.55 20.40 20.15 
1100000 23.00 21.75 21.40 
1300000 24.40 22.90 22.53 
1500000 25.70 24.05 23.70 

    

∆
𝑇 𝑠

𝑢
𝑏

=
1

0
℃

 700000 23.42 22.28 22.28 
900000 24.45 23.05 22.96 
1100000 25.86 24.32 24.20 
1300000 27.32 25.62 25.50 
1500000 28.70 26.90 26.75 

    

∆
𝑇 𝑠

𝑢
𝑏

=
2

0
℃

 700000 25.63 24.33 24.46 
900000 29.30 27.70 27.75 
1100000 31.00 29.00 29.05 
1300000 32.80 30.68 30.60 
1500000 35.50 32.80 32.60 
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TABLE A.4 CRITICAL MASS FLOW RATES FOR SHORT TUBE WITH LENGTH 2 CM 
AND DIAMETER 1 MM 

 
Condenser Pressure (kPa) HFC-134a (g/s) HFO1234yf (g/s) HFO1234ze (g/s) 

∆
𝑇 𝑠

𝑢
𝑏

=
1

℃
 700000 9.00 8.63 8.28 

900000 10.70 10.20 9.85 
1100000 11.65 11.00 10.60 
1300000 12.40 11.70 11.35 
1500000 13.25 12.47 12.05 

    

∆
𝑇 𝑠

𝑢
𝑏

=
5

℃
 700000 12.42 11.77 11.60 

900000 12.98 12.30 12.10 
1100000 13.70 13.05 12.83 
1300000 14.70 13.85 13.60 
1500000 15.55 14.60 14.35 

    

∆
𝑇 𝑠

𝑢
𝑏

=
1

0
℃

 700000 14.65 13.93 13.89 
900000 15.30 14.41 14.35 
1100000 16.20 15.25 15.15 
1300000 17.12 16.05 16.00 
1500000 17.99 16.88 16.78 

    

∆
𝑇 𝑠

𝑢
𝑏

=
2

0
℃

 700000 16.75 15.885 15.98 
900000 18.88 17.88 17.98 
1100000 19.98 18.73 18.82 
1300000 21 19.65 19.75 
1500000 22.4 20.85 20.86 
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TABLE A.5 CRITICAL MASS FLOW RATES FOR SHORT TUBE WITH LENGTH 2CM 
AND DIAMETER 1.1 MM 

 
Condenser Pressure (kPa) HFC-134a (g/s) HFO1234yf (g/s) HFO1234ze (g/s) 

∆
𝑇 𝑠

𝑢
𝑏

=
1

℃
 700000 10.93 10.50 10.15 

900000 13.00 12.50 12.00 
1100000 14.20 13.45 12.80 
1300000 15.10 14.25 13.75 
1500000 16.00 15.10 14.60 

    

∆
𝑇 𝑠

𝑢
𝑏

=
5

℃
 700000 13.43 12.80 12.65 

900000 15.80 14.95 14.68 
1100000 16.90 15.98 15.68 
1300000 17.90 16.88 16.55 
1500000 18.85 17.70 17.40 

    

∆
𝑇 𝑠

𝑢
𝑏

=
1

0
℃

 700000 15.95 15.18 15.12 
900000 18.60 17.55 17.45 
1100000 19.70 18.57 18.45 
1300000 20.80 19.60 19.45 
1500000 21.90 20.50 20.35 

    

∆
𝑇 𝑠

𝑢
𝑏

=
2

0
℃

 700000 18.25 17.22 17.40 
900000 22.95 21.75 21.85 
1100000 24.25 22.75 22.85 
1300000 25.45 23.80 23.95 
1500000 26.70 25.00 25.10 
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TABLE A.6 CRITICAL MASS FLOW RATES FOR SHORT TUBE WITH LENGTH 2 CM 
AND DIAMETER 1.2 MM 

 
Condenser Pressure (kPa) HFC-134a (g/s) HFO1234yf (g/s) HFO1234ze (g/s) 

∆
𝑇 𝑠

𝑢
𝑏

=
1

℃
 700000 14.75 14.10 13.60 

900000 15.70 14.95 14.40 
1100000 16.90 16.15 15.50 
1300000 18.10 17.15 16.50 
1500000 19.25 18.20 17.50 

    

∆
𝑇 𝑠

𝑢
𝑏

=
5

℃
 700000 18.10 17.16 16.92 

900000 18.95 17.92 17.60 
1100000 20.20 19.10 18.76 
1300000 21.45 20.15 19.80 
1500000 22.65 21.23 20.90 

    

∆
𝑇 𝑠

𝑢
𝑏

=
1

0
℃

 700000 21.40 20.31 20.23 
900000 22.30 21.00 20.90 
1100000 23.60 22.20 22.05 
1300000 24.90 23.35 23.20 
1500000 26.15 24.50 24.37 

    

∆
𝑇 𝑠

𝑢
𝑏

=
2

0
℃

 700000 24.34 23.08 23.22 
900000 27.45 26.00 26.13 
1100000 29.00 27.20 27.30 
1300000 30.35 28.45 28.61 
1500000 31.80 29.80 29.92 
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TABLE A.7 CRITICAL MASS FLOW RATES FOR SHORT TUBE WITH LENGTH 3 CM 
AND DIAMETER 1 MM 

 
Condenser Pressure (kPa) HFC-134a (g/s) HFO1234yf (g/s) HFO1234ze (g/s) 

∆
𝑇 𝑠

𝑢
𝑏

=
1

℃
 700000 7.95 7.55 7.30 

900000 8.60 8.10 7.90 
1100000 10.25 9.70 9.35 
1300000 11.05 10.45 10.20 
1500000 11.75 11.00 10.75 

    

∆
𝑇 𝑠

𝑢
𝑏

=
5

℃
 700000 10.10 9.55 9.42 

900000 11.80 11.20 11.00 
1100000 12.65 11.95 11.80 
1300000 13.50 12.70 12.50 
1500000 14.20 13.35 13.10 

    

∆
𝑇 𝑠

𝑢
𝑏

=
1

0
℃

 700000 12.20 11.60 11.55 
900000 14.30 13.45 13.43 
1100000 15.18 14.25 14.25 
1300000 16.05 15.05 15.00 
1500000 16.85 15.80 15.73 

    

∆
𝑇 𝑠

𝑢
𝑏

=
2

0
℃

 700000 14.36 13.60 13.71 
900000 18.00 17.05 17.15 
1100000 19.12 17.91 18.05 
1300000 20.08 18.80 18.95 
1500000 21.10 19.70 19.85 
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TABLE A.8 CRITICAL MASS FLOW RATES FOR SHORT TUBE WITH LENGTH 3 CM 
AND DIAMETER 1.1 MM 

 
Condenser Pressure (kPa) HFC-134a (g/s) HFO1234yf (g/s) HFO1234ze (g/s) 

∆
𝑇 𝑠

𝑢
𝑏

=
1

℃
 700000 9.75 9.18 9.05 

900000 10.52 9.95 9.70 
1100000 12.65 12.00 11.60 
1300000 13.45 12.80 12.40 
1500000 14.35 13.65 13.10 

    

∆
𝑇 𝑠

𝑢
𝑏

=
5

℃
 700000 12.33 11.70 11.50 

900000 14.45 13.65 13.50 
1100000 15.50 14.60 14.40 
1300000 16.45 15.48 15.20 
1500000 17.30 16.30 16.00 

    

∆
𝑇 𝑠

𝑢
𝑏

=
1

0
℃

 700000 14.90 14.15 14.10 
900000 17.45 16.45 16.40 
1100000 18.50 17.40 17.35 
1300000 19.55 18.35 18.30 
1500000 20.55 19.25 19.20 

    

∆
𝑇 𝑠

𝑢
𝑏

=
2

0
℃

 700000 17.50 16.56 16.70 
900000 22.00 20.80 20.95 
1100000 23.30 21.85 22.00 
1300000 24.45 22.91 23.05 
1500000 25.62 23.95 24.15 

 

 

 

 

 

 

  



143 

TABLE A.9 CRITICAL MASS FLOW RATES FOR SHORT TUBE WITH LENGTH 3 CM 
AND DIAMETER 1.2 MM 

 
Condenser Pressure (kPa) HFC-134a (g/s) HFO1234yf (g/s) HFO1234ze (g/s) 

∆
𝑇 𝑠

𝑢
𝑏

=
1

℃
 700000 11.75 11.15 10.80 

900000 14.00 13.15 12.80 
1100000 15.00 14.30 13.90 
1300000 16.20 15.40 14.85 
1500000 17.30 16.43 15.80 

    

∆
𝑇 𝑠

𝑢
𝑏

=
5

℃
 700000 14.85 14.05 13.80 

900000 17.30 16.45 16.15 
1100000 18.52 17.50 17.20 
1300000 19.75 18.60 18.20 
1500000 20.80 19.55 19.30 

    

∆
𝑇 𝑠

𝑢
𝑏

=
1

0
℃

 700000 17.90 16.98 16.93 
900000 20.93 19.70 19.65 
1100000 22.20 20.85 20.80 
1300000 23.45 22.00 21.90 
1500000 24.60 23.05 23.01 

    

∆
𝑇 𝑠

𝑢
𝑏

=
2

0
℃

 700000 21.00 19.85 20.00 
900000 26.35 24.95 25.08 
1100000 27.90 26.15 26.30 
1300000 29.25 27.40 27.60 
1500000 30.65 28.67 28.85 

 

 

 

 

 

 

 


