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predicts a Mach number of 2.33 at the exit plane of the supersonic nozzle, while the 

condensing flow gives a Mach number of 2.18. The difference of Mach number values 

between these two approaches reaches 6.9% at the nozzle outlet for CO2 flows. This 

indicates that the CO2 condensation significantly influences the expansion 

characteristics in the supersonic flows. 

Fig. 6 shows the Mach number profiles at the central line of the supersonic model 

for the dry gas and condensing flow models. It is also demonstrated that the dry gas 

assumption predicts a higher Mach number in the diverging part of the supersonic 

nozzle than the condensing flow model, which means that the dry gas assumption over-

predicts the expansion characteristics of the supersonic flows. This clearly illustrates 

the significant influence of the condensation phenomenon due to the supersonic flow. 

From the profile of the condensing flow model, one can see that the CO2 Mach number 

increases along the supersonic nozzle and starts to deviate from the dry gas assumption 

in the diverging part of the supersonic nozzle. This indicates that the occurrence of the 

condensed liquids causes more energy losses, which cannot be described by the dry gas 

assumption. 

 

Fig. 5 CO2 Mach number contours in converging-diverging nozzles 



 

 

 

Fig. 6 CO2 Mach number profiles at the central line of converging-diverging nozzles 

Fig. 7 describes the distribution of the static temperature of CO2 flow along the 

supersonic nozzle for the dry gas assumption and condensing flow model. The 

differences are evident between the dry gas and condensing flow simulations. Without 

considering the condensation process inside the supersonic nozzle, the dry gas 

assumption obtains unphysical results, i.e., the static temperature limitlessly decreases 

to the nozzle exit. For instance, the dry gas assumption predicts the minimum static 

temperature of approximately 177 K, which is much lower than the triple point of 217 

K for CO2. Combining the pressure-temperature profiles in Fig. 8, it correspondingly 

leads to the confusion that the formation of CO2 ice may occur in such a low 

temperature. In fact, this is an artefact due to the assumption of the dry gas model. 

For the condensing flow model, the static temperature decreases along the 

supersonic nozzle and presents a sudden jump when the condensation phenomenon of 



 

 

CO2 occurs downstream of the nozzle throat. The heat is released during the phase 

change from the vapour to the liquid, which forces the vapour-liquid mixture to return 

to the equilibrium state. The static temperature distribution distinctly shows that the 

condensing flow model limits the drop of the static temperature lower than the triple 

point. This thereby eliminates the artefact of the CO2 ice formation. On the other hand, 

it also demonstrates that the developed condensing flow model accurately captures the 

CO2 condensation process in supersonic flows.    

   

Fig. 7 Static temperature along the converging-diverging nozzle for dry gas and 

condensing flow models 





 

 

further from the equilibrium state. For instance, the peaks of the degree of supercooling 

and the degree of supersaturation are approximately 8.36 K and 1.14 at x=0.066 m, 

respectively. The highly non-equilibrium state induces the appearance of the nucleation 

and condensation of CO2 in a remarkably small area, which can be observed in the 

distribution of the nucleation rate in Fig. 10. The vapour returns to the quasi-equilibrium 

state due to the latent heat release to the vapour phase during the condensation process, 

as shown in Fig. 9. 

Fig. 11 presents the liquid fraction along the supersonic nozzle. Combined with 

the distribution of the nucleation rate in Fig. 10, it is observed that the liquid fraction 

increases with the occurrence of the nucleation process. The rapid nucleation and 

condensation induce the sharp increase of the liquid fraction until the exit plane of the 

supersonic nozzle. The liquid fraction reaches a peak value of approximately 0.186 at 

this point, which shows that the amount of the liquid fraction has a significant influence 

on the vapour phase. Fig. 12 describes the distribution of the droplet radius along the 

flow direction in the supersonic nozzle. We can see that the droplet radius presents a 

similar distribution with the liquid fraction. The maximum size of the condensed CO2 

droplets is approximately 1 µm at the nozzle exit. This indicates that the assumptions 

of the tiny particles following the vapour phase and the no-slip velocity between the 

vapour and liquid phases are reasonable in the CFD modelling of the CO2 condensation 

phenomenon inside the supersonic nozzle. 



 

 

 

Fig. 9 Degree of supercooling and degree of supersaturation along the converging-

diverging nozzle  

 

Fig. 10 Nucleation rate along the converging-diverging nozzle 






















