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1. Introduction 

From the viewpoints of addressing the issue of global warming and depletion of fossil energy resources, 
utilization of renewable energy, which can reduce CO2 emission, is important. On the other hand, demands 
for air-conditioning are increasing in many developing countries. Therefore, an air-conditioning system that 
works with renewable energy is currently developed. Figure 1 shows the schematic diagram of the ejector 
refrigeration cycle, which was produced by Chan et al. (2008). This cycle can provide cooling (at evaporator) 
by using solar thermal energy (at generator) with drastically small consumption of electricity (at pump). 
Furthermore, this system can utilize lower temperature thermal energy sources such as solar thermal energy, 
or exhaust heat at low temperature of 60 . Since the ejector is the main component in this cycle, the design 
of the ejector is influential to the cycle efficiency. 

The schematic structure of the ejector is shown in Fig. 2. This type of ejector has two inflow sections: the 
driven flow accelerated supersonically inside the converging-diverging nozzle, and the suction flow 
entrained by the driven flow. They are mixed in the mixing section, which is a straight tube, and the mixed 
gas flows into the diffuser. In this paper, the response characteristics of the ejector configuration are 
investigated utilizing computational fluid dynamics (CFD). The principle of the cycle is experimentally 
confirmed in another report (Part 1). 

 
Fig. 1: Schematic diagram of the ejector refrigeration cycle 

 

 
Fig. 2: Schematic structure of the ejector 

2. Numerical setup 

Chan et al. (2008) reported the preliminary design of the ejector configuration based on the analysis of 
thermodynamics relations with shock-circle model in the system, but no regards were given about the effect 
of multi-dimensional compressible working fluid. Hence, aerodynamics in the ejector is analyzed by CFD 
using the compressible, axisymmetric and two-dimensional Navier-Stokes solver for governing equations. 



Since the ejector configuration is fairly axisymmetric, the flow field in the ejector could also be assumed 
axisymmetric. The numerical scheme used are 3rd order Simple High-resolution Upwind Scheme (SHUS, 
Shima and Jounouchi, 1995), and 2nd order central difference method for convective and viscous terms 
respectively. For time integration, Lower-Upper Alternating Direction Implicit (LU-ADI) factorization 
method (Obayashi and Kuwahara, 1986, and Obayashi et al. (1986)) is adopted. To estimate the flow field of 
turbulent boundary layers, Baldwin-Lomax turbulence model (Baldwin and Lomax, 1978) is also adopted. 

Equation 1 shows the relation between coefficient of performance (COP) and entrainment ratio ω, where Δh 
stands for the change in specific enthalpy, and subscript ‘e’ and ‘g’ each stand for evaporator and generator. 
Furthermore, the entrainment ratio, which is defined as mass flow rate of the suction flow (subscript ‘s’) 
divided by that of the driven flow (subscript ‘d’), is shown in Eq. 2. Changes in specific enthalpy Δh in Eq. 1 
are nearly constant. Because of this, the entrainment ratio is approximately proportional to the COP. 
Therefore the entrainment ratio is used as a cycle efficiency evaluation indicator. Since the driven flow is 
always choked at converging-diverging nozzle in this condition, the entrainment ratio is proportional to the 
mass flow rate of the suction flow. 

As the parameter in calculations, backpressure pb (condensing pressure), nozzle position d (distance from 
nozzle exit to mixing section entrance), and mixing section length L and its cross-section area A were used. 
Table 1 shows experimental measurement values, and these values are used as boundary conditions for 
numerical calculation. Computational grid, boundary conditions and four parameters in calculations are 
shown in Fig. 3. Total number of nodes sum up to approximately quarter-million, and the grid spacing near 
the outer wall is dense for conducting viscous calculation. Computational grid is adjusted corresponding to 
parameters d, L and A. The working fluid in the ejector refrigeration cycle is HFC-134a (CH2F-CF3), with 
constant specific heat ratio γ = 1.119. 

 

  (eq. 1) 

   (eq. 2) 

 

Tab. 1: Experimental measurement and reference numerical values at ejector boundaries 

 Driven flow (Generator) Suction flow (Evaporator) Mixed flow (Condenser) 
Pressure [MPa] 1.690 0.483 0.718 

Temperature [K] 329.8 295.8 308.1 
 

  
Fig. 3: Computational grid, boundary conditions and parameters in calculations (bold) 

 



3. Results and discussions 

3.1. Response characteristics of backpressure 
Figure 4 shows the relation between the entrainment ratio ω and the backpressure pb in experimental and 
numerical results at the nozzle position d = 5 mm, the mixing section length L/L0 = 1.0 and its cross-section 
area A/A0 = 1.0 (L0 = 23.0 mm and A0 = 4.37 mm2, obtained by Chan et al. (2008) as the optimized value). In 
both results, the entrainment ratio begins to decrease at approximately 0.71 MPa (critical backpressure, pb,crit), 
which is significant to predict the ejector performance. The simulated entrainment ratio at pb < pb,crit is 
constant, approximately ω = 0.285. Therefore, its behavior implies that double choking (critical mode) must 
occur in the driven flow and the mixed flow concurrently. However, the entrainment ratio at pb > pb,crit 
decrease responding to increment of backpressure (subcritical mode). Therefore double choking (critical 
mode) could be confirmed by the unchanged entrainment ratio at lower backpressure condition. The ejector 
refrigeration cycle should be operated on critical mode for the backpressure robustness. 

Figure 5 shows the pressure distributions at the central axis of the mixing section and the diffuser in each 
backpressure conditions from 0.40 to 0.75 MPa. The pressure distributions were nondimensionalized by the 
stagnation driven pressure p0 = 1.69 MPa. The x origin is the entrance of the mixing section, and the 
backpressure is fixed at the exit of the diffuser, x = 45 mm. On critical mode (when pb = 0.40, 0.55 and 0.70 
MPa in this conditions), pressure distributions in mixing section are completely identical. From this fact, 
choking in the mixing section is confirmed. Moreover, a shock wave stands in the diffuser, and moves 
downstream depending on the descent of the backpressure. On the other hand, on subcritical mode (when pb 
= 0.718 and 0.75 MPa), pressure distribution in the mixing section rise due to increment of backpressure. 

 
Fig. 4: Entrainment ratio vs. backpressure 

 

 
Fig. 5: Pressure distribution at the central axis in each backpressure when d = 5.0 mm (backpressure is fixed at x = 45 mm) 



3.2. Response characteristics of nozzle position and mixing section length 
Figure 6 shows the entrainment ratio in the case of the nozzle position d = 1, 2, 3, 4 and 5 mm, mixing 
section length L/L0 = 0.5, 1.0 and 1.5, at the mixing section area A/A0 = 1.0 and pb = 0.718 MPa. It was 
confirmed that L/L0 = 1.0 achieved the best performance in each nozzle position. Therefore the mixing 
section length L/L0 discussed below is fixed at 1.0. For instance, the entrainment ratio at d = 2 mm is about 
8% higher than that at d = 5 mm. The conditions d = 1, 2, 3 and 4 mm (without 5 mm) are operated on 
critical mode. The reason that the entrainment ratios on critical mode are different in spite of the choking 
phenomenon seems to be differences of effective cross-section area, which varies depending on the 
displacement thickness of boundary layer. 

 
Fig. 6: Entrainment ratio vs. nozzle position and mixing section length at pb = 0.718 MPa 

3.3. Response characteristics of mixing section area 
Figure 7 shows the response characteristics of the mixing section area A/A0 from 1.0 to 2.0 at pb = 0.718 MPa 
and d = 2 mm. There is an entrainment ratio peak in Fig. 7. The entrainment ratio monotonically increases 
within the range from 1.0 to 1.6 in the mixing section area. The efficiency at A/A0 = 1.6 is more than twice as 
high as that at A/A0 = 1.0, which is conventional configuration, and increases about 112%. Conversely, The 
entrainment ratio monotonically decreases after the peak, A/A0 > 1.6. Moreover, below the A/A0 = 1.4, it was 
confirmed that double choking occurs, and the entrainment ratio increases linearly. Therefore, A/A0 = 1.4 can 
be estimated as the critical point characterized by mixing flow choking. 

Figure 8 shows the relation between the entrainment ratio and the backpressure in each mixing section area 
A/A0 = 1.0, 1.2, 1.4 and 1.6 at d = 2 mm. Entrainment ratios on critical mode increase linearly with the 
mixing section area A/A0, as shown in Fig. 7. However, critical backpressures decrease almost linearly with 
A/A0. Therefore, the backpressure must be lowered for operation on critical mode. Furthermore, the 
performance degradation on subcritical mode steepens by enlargement of the mixing section area. 

Figure 9 shows the relation between the entrainment ratio and the mixing section area in each backpressure 
at d = 2 mm. Figure 9 is plotted by the same data of Fig. 8, and another aspect of the response characteristics. 
In the case of larger mixing section area, entrainment ratios decrease rapidly responding to increment of 
backpressure. On the other hand, the case when mixing section area is smaller still remains on critical mode 
in spite of the high backpressure. From these facts, the optimum mixing section area decreases in size 
responding to increment of backpressure. Therefore, the designing mixing section area depends on the 
backpressure variation range. 

Figure 10 shows pressure and Mach number distributions around the mixing section in each mixing section 
area A/A0 = 1.0, 1.2, 1.4 and 1.6 at pb = 0.675 MPa (critical mode), and d = 2 mm. The inner wall between 
the two inflow sections is colored gray. Pressure and Mach number distributions are respectively shown 
above and below the central axis. Driven flows are choked at each condition, and shock structures at nozzle 
exit are completely identical. In addition another shock wave stands at the mixing section or at the diffuser, 



responding to the conditions. Mach number in the mixing section increases due to increment of the mixing 
section area A/A0. Since Mach number in the suction chamber nearly equals zero, the configuration of suction 
chamber plays only a minor role in the ejector performance. 

Figure 11 shows the pressure distributions at the central axis of the mixing section and the diffuser at the 
same conditions shown in Fig. 10. The stagnation driven pressure p0 and the x-axis are same as Fig. 5. On 
critical mode, pressure upstream of the shock at the mixing section decreases responding to increment of the 
mixing section area A/A0. This is because, when the mixing section area becomes large, the entrainment ratio 
increase, which means the increase of mixture proportion of the suction flow. The stagnation pressure of the 
suction flow is lower than that of the driven flow; it makes the mixture pressure lower. Furthermore, the 
weak shock moves upstream depending on increment of the mixing section area. 

Figure 12 shows the relation between the entrainment ratio and the nozzle position in the critical mode (pb = 
0.650 MPa) and subcritical mode (pb = 0.718 MPa) at A/A0 = 1.6. On subcritical mode, the entrainment ratio 
becomes higher as the nozzle position d decrease. However, on critical mode, the entrainment ratio decreases 
with increment of nozzle position at . Moreover, in the case that the nozzle position is larger than 
2 mm, the entrainment ratios becomes constant, and the same tendency of the response characteristics of 
nozzle position on critical mode is denoted by Rusly et al. (2005). It is also revealed that the tendency on 
subcritical mode is obviously different from that on critical mode. 

 
Fig. 7: Entrainment ratio vs. mixing section area at pb = 0.718 MPa, and d = 2.0 mm 

 
Fig. 8: Entrainment ratio vs. backpressure in each mixing section area at d = 2.0 mm 



 

 
Fig. 9: Entrainment ratio vs. mixing section area in each backpressure at d = 2.0 mm 

 

 

 

 
Fig. 10: Pressure and Mach number distributions around the mixing section at pb = 0.675 MPa (critical mode), and d = 2 mm 

 



 
Fig. 11: Pressure distribution in mixing section and diffuser at pb = 0.675 MPa (critical mode), and d = 2.0 mm 

 
Fig. 12: Entrainment ratio vs. nozzle position in critical and subcritical mode at A/A0 = 1.6, and d = 2.0 mm 

4. Conclusions 

The response characteristics of the ejector configuration were investigated using computational fluid 
dynamics (CFD) code of the compressible, axisymmetric and two-dimensional Navier-Stokes solver for 
governing equations. This simulation method was validated based on the comparison with the experimental 
critical backpressure. 

It was confirmed that L/L0 = 1.0 (L0 = 23.0 mm, obtained by Chan et al. (2008) as the optimized value) 
achieved the best performance in each nozzle position. However, the mixing section length has an 
insignificant effect on the ejector performance. On critical mode, where double choking at the nozzle throat 
and at the mixing section occur, it was confirmed that pressure distributions upstream of the shock at the 
mixing section were completely identical. In the response characteristics of the mixing section area, there is 
an entrainment ratio peak at A/A0 = 1.6 (A0 = 4.37 mm2) when pb = 0.718 MPa. The efficiency at A/A0 = 1.6 
is about 112% higher than that at A/A0 = 1.0. Entrainment ratios on critical mode increase linearly responding 
to increment of the mixing section area. On the other hand, the critical backpressure decreases almost 
linearly with increment of the mixing section area. Therefore, the optimum mixing section area decreases in 
size responding to increment of backpressure. Furthermore, the tendency of the response characteristics of 
the nozzle position is widely different by operating (critical or subcritical) mode. 
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