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Abstract— CO2 is a natural refrigerant and suitable for the 

ejector refrigeration cycle. Efficient nozzles cause high pressure 

recovery in ejectors. Converging-diverging nozzles with 

divergence angles of 0.076°, 0.153°, 0.306° and 0.612° were 

tested in a blowdown device during our previous study on 

supersonic two-phase flow of CO2. These nozzles were 

considered in the design of the ejector for a CO2 vapor 

compression refrigeration system. Inlet conditions were 6–9 

MPa, 19–47°C. By using the data of the study, the efficiencies 

of the nozzles wherein transcritical and transonic flow of CO2 is 

passing through were estimated. The dependence of efficiency 

and optimum divergence angle to pressure drop was 

determined. The Homogeneous Model was used because the 

steady state flow is considerably in homogeneous equilibrium. 

Each efficiency curve showed a maximum value at an optimum 

pressure drop. There was an optimum divergence angle for 

each pressure drop. The overall optimum divergence angle was 

0.306° in the range considered which had the highest efficiency 

of 70% at a pressure drop of 7.3 MPa.. 

 
Index Terms— CO2, friction factor, energy conversion 

efficiency, supersonic two-phase flow, converging-diverging 

nozzle, Homogeneous Model 

 

I. INTRODUCTION 

 

O2 is an environment friendly natural refrigerant 

because it produces minimal global warming and does 

not deplete the ozone layer [1 – 2]. It is also safe to use 

because it is inert, non-flammable and non-explosive [3 – 4]. 

 

The main problem when using CO2 in the vapor 

compression cycle is low coefficient of performance (COP). 

The compressor work needed to compress it to the required 

condenser inlet pressure is high. On the other hand, the 

energy loss at the expansion valve is also high. To increase 

the COP, the ejector refrigeration cycle which uses an 

ejector instead of an expansion valve is used [5 – 10]. The 

ejector takes advantage of the high pressure difference 
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between the condenser and the evaporator. It recovers the 

energy lost during expansion in order to reduce the required 

compressor work. 

 

The nozzle is an essential component of the ejector. It 

transforms the thermal energy of high-pressure liquid flow at 

the inlet to the kinetic energy of high-speed two-phase flow 

at the outlet. An efficient nozzle provides high kinetic 

energy at the nozzle outlet for high pressure recovery in the 

ejector. Several researches on converging-diverging nozzles 

for the ejector refrigeration cycle were done. The 

performance of converging-diverging nozzles with varying 

length of diverging sections for the ejector refrigeration 

cycle using R-134a was studied by Nakagawa and Takeuchi 

[5]. They found out from their calculation that the efficiency 

increases with the length of the diverging section. Nakagawa 

and Morimune [11] found out that the efficiency of the 

nozzles with CO2 flow increases with the divergence angle. 

In those studies, friction was not considered in calculating 

nozzle efficiency. 

 

To empirically embed friction in the analysis, the energy 

conversion efficiency of rectangular converging-diverging 

nozzles used for the ejector in this study was calculated 

using the flow data that were obtained in our previous 

experimental study on one-dimensional supersonic two-

phase flow of CO2 [12]. Four rectangular converging-

diverging nozzles with divergence angles of 0.076°, 0.153°, 

0.306° and 0.612° were tested in a blowdown device. 

Significant variation of decompression profiles occur in the 

investigated narrow range of divergence angle. Inlet 

conditions are around 6–9  MPa and 19–47°C, where many 

of them are above the critical point and most of them are 

reported in the literature of the study. By using the data of 

the study, the dependence of efficiency and optimum 

divergence angle to pressure drop for the compressor-driven 

ejector refrigeration system was determined. The empirical 

calculation results are presented in this paper. The 

Homogeneous Model was used in the calculation because 

the steady state flow in the study is considerably in 

homogeneous equilibrium. 
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II. ENERGY CONVERSION EFFICIENCY OF CONVERGING-

DIVERGING NOZZLES 

A. The Homogeneous Model and energy conversion 

efficiency of converging-diverging nozzles 

 

Our previous study [12] showed that Isentropic 

Homogeneous Equilibrium (IHE) is only obeyed by the 

nozzles with divergence angles of 0.306° and 0.612° at inlet 

conditions of 9.1 MPa and around 36°C.  IHE is not 

generally applicable to all of the nozzles at the flow 

conditions corresponding to the range of inlet conditions 

used in this study. It is also reported in the previous study 

that steady state and equilibrium at the measurement points 

on the nozzle wall occur and heat transfer to the wall is 

negligible. A past study on shorter nozzles with divergence 

angles of 0.306°, 0.480° and 0.981° [13] revealed through 

flow visualization that liquid droplets were homogeneously 

dispersed in vapor during two-phase flow in the diverging 

sections. The inlet conditions in such a study are within 7–

10.5 MPa, 30-50°C. Our previous study and the past study 

both showed through pressure profiles that supersonic 

homogeneous equilibrium two-phase flow occurred in the 

diverging sections of all investigated nozzles. Therefore, the 

Homogeneous Model, also called Homogeneous 

Equilibrium Model, was used in this study. It is also inferred 

from the past studies that the flow after the throat is 

generally not isentropic. 

 

The following assumptions of the Homogeneous Model 

[14 – 15] were implemented in the calculation: 

(1) Both phases have the same velocity; 

(2) Both phases are in thermodynamic equilibrium; and 

(3) A single-phase friction factor can be suitably defined  

for two-phase flow. 

 

The books of Collier [14] and Butterworth [15] can be 

consulted for a detailed discussion of the model. 

 

It was also assumed that the flow was one-dimensional 

and parallel to the nozzle axis. All flow parameters at any 

arbitrary cross section perpendicular to the nozzle axis were 

assumed to be uniform. Flow parameters were assumed to 

vary only along the nozzle axis. The flow was considered 

adiabatic. Heat transfer to or from the nozzle wall was 

neglected. 

 

The energy conversion efficiency of a converging-

diverging nozzle is its ability to convert the thermal energy 

stored at the high-pressure inlet flow to the kinetic energy at 

the high-speed outlet flow. As the fluid passes through the 

nozzle, it gains momentum and creates friction with the 

nozzle wall. The increase in momentum increases the 

velocity of the fluid while friction on the other hand prevents 

that increase. The energy conversion efficiency of a nozzle 

is given by 

 
2

,

2out

in out s

u

h h
 


                   (1) 

The numerator indicates the change in kinetic energy that 

is available at the outlet. The expression for uout was derived 

by integrating the equations for mass and energy 

conservation of the Homogeneous Model. The derivation is 

described in this section. The inlet velocity was neglected 

because it was very low based on the experiment of our 

previous study. hin was obtained from the measured inlet 

temperature and pressure. REFPROP [16] was used in 

obtaining the thermodynamic parameters of specified states. 

hout,s was obtained by using the outlet pressure of an 

experiment run and assuming that the flow was isentropic. 

The difference hin - hout,s is the maximum work of the flow 

corresponding to the pressure drop through the nozzle that 

can be converted to change in kinetic energy. 

 

For convenience of analysis in proceeding discussions, the 

isentropic outlet velocity corresponding to the maximum 

work is defined as 

 

, ,2( )out s in out su h h                 (2) 

 

The equation for conservation mass of the flow is given by 

 

m

uA
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
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Where, 

 

(1 )m g lx x                     (4) 

 

While the equation for conservation of energy is given by 

 
2

2

u
dh d 

 
 
                   (5) 

 

By using the geometry and profiles of temperature and 

pressure through the nozzles used in our previous study [12], 

equations (3) and (5) can be combined to solve for the 

quality x and velocity u. It was observed that two phase flow 

mostly occurred in the diverging section; and transition from 

subsonic to supersonic mostly occurred near or at the throat. 

For single-phase flow which mostly happened in the 

converging section, v, h and u were numerically solved by 

first guessing h and then using equations (3) and (5).  To 

determine the variation of x, v, h and u along a nozzle, the 

nozzle was divided into small partitions along the axis 

starting from the inlet down to the outlet.  The calculation 

proceeded in a stepwise manner starting from partition 

containing the inlet down to the last partition containing the 

outlet. 

 

After the outlet velocity was determined, the efficiency of 

the nozzle can already be calculated by using equations (1) 

and (2). 

 

A further investigation on the actual friction factor playing 
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in the flow can also be determined after the fluid 

thermodynamic state point and velocity in a cross section are 

determined. The friction factor, f, for a small partition of the 

channel can be estimated using the conservation of 

momentum given by 

 
2

2
2 mWdP W du

f
dz A dz A D


                (6) 

 

Where, 

 

4

P

A
D                       (7) 

 

The homogeneous friction factor in this case is treated like 

the friction factor for single-phase flow. Many values of f 

can be calculated from the flow in all nozzles. The 

calculated values of f around the throat are shown in this 

paper. Correlation for f in Blasius form for generalized flow 

at any section and different types of flow is also being 

investigated in another study. 

III. EXPERIMENT SETUP 

 

This paper used the results and experiment data of our 

previous study [12]. The basic description of the 

investigated nozzles and the experiment setup and procedure 

are mentioned in this paper again to facilitate understanding 

of its content. The experimental aspect of this study is 

discussed in details in the literature of the study.  

 

A. Experiment apparatus 

 

A blowdown test device shown in Fig. 1 [12] was used in 

the experiment in order to isolate the nozzles from the 

ejector and investigate them closely. The device basically 

comprises a test section, three tanks, an orifice housing and a 

differential pressure gage. The test section is used in order to 

mount and test a nozzle for an experiment run. The first tank 

was for liquid CO2 supply and the second one was for N2 gas 

supply. The third tank was a high-pressure tank where liquid 

CO2 is prepared for a run. The orifice and the differential 

pressure gage were used in order to determine the volumetric 

flow rate of N2 which was used in order to calculate the mass 

flow rate of CO2. The volumetric flow rate of N2 was 

considered constant and equal to that of CO2 for a run. 

 

B. Nozzles used in the experiment 

 

Fig. 2 [12] shows the shape and dimensions of the 

rectangular stainless steel nozzles from side and front views. 

The converging section and the following dimensions were 

the same: thickness of 3 mm and a total length of 83.5 mm. 

The divergence angle θ was varied among the nozzles. Table 

1 [12] shows the values of the variable dimensions of the 

nozzles. Eleven thermocouple taps on one sidewall and four 

pressure taps on the opposite sidewall were made for static 

temperature and pressure measurement, respectively. 

 

C. Experiment procedure 

 

High-pressure liquid CO2 was charged to the high-

pressure tank shown in Fig. 1 for every run. To make the 

liquid temperature approximately equal to the value of the 

desired inlet temperature, the liquid was either kept at room 

temperature or warmed up through flowing hot water. 

 

 
 

Fig. 1.  Schematic diagram of the blowdown device. 

 
Fig. 2.  Dimensions of the nozzles. 

Table 1. Variable dimensions of the nozzles. 

 

Nozzle 
  

(deg) 

houtlet  

(mm) 

Outlet area 

(mm
2
) 

1 0.076 0.39 1.17 

2 0.153 0.54 1.62 

3 0.306 0.84 2.52 

4 0.612 1.44 4.32 
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Regulated high-pressure N2 gas was charged into the upper 

part of the tank and the valve at the lower part of the tank 

was opened to let liquid CO2 flow at a constant pressure. 

The pressure of N2 gas was controlled through the regulator. 

An experiment run was started by opening the valve between 

the nozzle and the tank. Static temperature and pressure 

values along the nozzle sidewalls were measured. It is 

reported in our previous study [12] that the static fluid in the 

thermocouple and pressure taps are in thermodynamic 

equilibrium and the flow is in steady state condition. 

 

IV. RESULTS AND DISCUSSION 

A. Calculated energy conversion efficiency of the 

converging-diverging nozzles 

 

The calculated values of energy-conversion efficiency 

versus pressure drop through the nozzles are shown in Fig. 

3. The trend for each nozzle was approximated using curve 

fitting analysis.  

 

Each efficiency curve showed a maximum value at an 

optimum pressure drop. There was an optimum divergence 

angle or nozzle for each pressure drop. The overall optimum 

divergence angle which corresponded to Nozzle 3 was 

0.306°. The divergence angle is recommended for 

converging-diverging nozzles of compressor-driven ejector 

refrigeration systems. Nozzle 3 had the highest efficiency of 

0.7 at the pressure drop of 7.3 MPa. 

 

The variation of f at the throat, calculated from the 

experimental data and calculated velocity u and thermal 

properties, with respect to inlet pressure is shown in Fig. 4.  

It is shown that f has no general trend with the values of 

divergence angle but it is relatively increasing with 

increasing inlet pressure. More flow data for CO2 in 

different channel configurations and flow types is also being 

investigated in another study to get more generalized 

equation of f in Blasius form. 

 

B. Importance of the present study to ejector refrigeration 

systems and other thermal systems 

 

The efficiency of nozzles undergoing two-phase flow 

should be calculated in order to select the efficient nozzles 

that can cause satisfactory performance of their thermal 

systems. An efficient nozzle can lead to a higher COP of an 

ejector refrigeration system or higher thermal efficiencies of 

other thermal systems including powerplants. This paper 

presents empirical results and a way of calculating nozzle 

efficiency for CO2 that can be used in designing efficient 

nozzles. 

V. CONCLUSION 

 

Converging-diverging nozzles with divergence angles of 

0.076°, 0.153°, 0.306° and 0.612° were tested in a 

blowdown device in our previous study on transcritical and 

transonic two-phase flow of CO2. Inlet conditions are around 

6–9 MPa, 19–47°C. By using the data of the study, the 

dependence of efficiency and optimum divergence angle to 

pressure drop was determined. The Homogeneous Model 

was used because the steady state flow is considerably in 

homogeneous equilibrium. This study also opened another 

study on determining the generalized homogeneous friction 

of CO2 which can govern flows in any section and type of 

flow. 

 

Each efficiency curve showed a maximum value at an 

optimum pressure drop. There was an optimum divergence 

angle or nozzle for each pressure drop. The overall optimum 

nozzle was the nozzle with the divergence angle of 0.306°. 

The divergence angle is recommended for converging-

diverging nozzles of ejector refrigeration systems. The 

nozzle had the highest efficiency of 70% at the pressure drop 

of 7.3 MPa.  

 

The presented technique in obtaining efficiency of nozzles 

can be applied not only to ejector refrigeration systems but 

also to other thermal systems including powerplants. 

 

 

 

 

 

 
Nozzle              Data

    1       0.076
O
  

    2       0.153
O
  

    3       0.306
O
  

    4       0.612
O
  

6 7 8 9
0

2

4

6

8

10
Noz.  Trend   Slope          y-

          Intercept

   1         5x10
-4
    6.0x10

-4

   2         2x10
-4
    2.0x10

-3

   3         1x10
-4
    3.5x10

-3

   4         2x10
-4
    1.0x10

-3

f ex
p
t,

th
 (

x
1
0

-3
)

P
in

 (MPa)
 

 

Fig. 4.  Friction factor calculated at the throat versus inlet pressure. 
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Fig. 3.  Energy conversion efficiency versus pressure drop through the  

nozzles. 
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NOMENCLATURE 

 

A     cross sectional area         (m
2
) 

COP    coefficient of performance      (-) 

D     hydraulic diameter         (m) 

f     homogeneous friction factor     (-) 

h     enthalpy             (J/kg) 

h     height              (m) 

IHE    Isentropic Homogeneous Equilibrium  (-) 

L     length              (m) 

P     perimeter of flow cross section    (m) 

P     pressure             (Pa) 

s     entropy             (J/kgK) 

u     velocity             (m/s) 

W     mass flow rate           (kg/s) 

x     quality              (-) 

z     nozzle axis            (m) 

 

Subscripts 

expt    experiment 

g     vapor phase 

in     inlet 

l     liquid phase 

m     mean value 

out    outlet 

s     isentropic 

th     throat   

 

Greek 

      divergence angle          (°) 

η     energy conversion efficiency     (-) 

ν     specific volume          (kg/m
3
) 
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