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ABSTRACT 

During the flow of atmospheric air through convergent-divergent (CD) nozzles the water 

vapour contained in it can condense spontaneously. The resulting liquid phase may then 

undergo further phase transitions, e.g. evaporation on the shock waves arising in the nozzle 

divergent part. The subject of this paper is a numerical and experimental analysis of the 

process of atmospheric air water vapour condensation and an analysis of the resulting liquid 

phase evaporation on the shock wave. Calculations are performed using an in-house CFD 

code based on the solution of averaged Navier-Stokes equations supplemented with additional 

equations modelling the condensation process of water vapour contained in atmospheric air. 

Experiments are carried out using an in-house facility adapted for measurements of 

atmospheric air transonic flows. 
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NOMENCLATURE 

c  speed of sound 

cp  specific heat at constant pressure 

D32  Sauter mean diameter 

h  specific enthalpy 

L  latent heat 

M  Mach Number 

m  mass 

p  pressure 

s  specific entropy 

T  temperature 

u  velocity 

y  wetness mass fraction 

ΔT  temperature increment 

  relative humidity 

Subscripts 

0  total parameters 

1, 2, 3, 4 characteristic points 

l  liquid 

INTRODUCTION 

Air moisture, i.e. the air water vapour mass fraction, has an essential impact on many processes 

taking place in power engineering equipment and machinery, e.g. compressors, air intake in jet 

engines, wind turbines, etc. If air cannot be dried, e.g. at the nozzle inlet in technological 

applications incorporating convergent-divergent nozzles (CD nozzles), it is absolutely necessary to 



2 

 

take account of the liquid phase formation, which occurs due to condensation of water vapour 

contained in atmospheric air. During the flow through CD nozzles and due to frequent changes in 

parameters at the nozzle outlet, shock waves may be generated in the nozzle supersonic part. On 

these waves, which are mainly normal shock waves, the flow field parameters change dramatically 

(the flow is here a two-phase one). 

Issues related to the moist air condensing flow modelling have been investigated by many 

researchers for a long time, and an additional separate survey paper would be needed to present all 

those works. The problem is analysed theoretically and analytically for example in (Young and 

Guha, 1991, Guha, 1994), where analytical relations on the condensation wave and the Rankine-

Hugoniot relations on the shock wave for the two-phase flow are put forward. Experimental and 

numerical studies have also been made in this field. The most known of them are the works of 

Schnerr and his research team (Schnerr and Dohrmann, 1990, 1994, Schnerr and Mundinger, 1993). 

They focus both on the analysis of moist air internal flows and on aerodynamic applications such as 

the flow around an aircraft wing profile (Goodheart and Schnerr, G.H., 2005). Recent works in this 

field concern external flows in the first place and they are related to aerodynamic issues mainly (e.g. 

Matsuo et al., 2013). 

WATER VAPOUR CONDENSATION AND EVAPORATION 

If supersonic speeds are reached in the atmospheric (moist) air transonic flow, the water vapour 

contained in air gets condensed rapidly. 

The most common example of the transonic flow is gas expansion in the convergent-divergent 

(de Laval) nozzle (Fig. 1). In the case of moist air, expansion is non-adiabatic (diabatic). In it, the 

heat exchange between the liquid and the gaseous phase takes place on the condensation wave, and 

on the shock wave – if the shock wave occurs. 

The liquid phase arising due to condensation is in the form of a mist, i.e. a large number of 

small droplets with the size of a few dozen nanometres. It may be assumed with close 

approximation that the small droplets travel at the same speed as the gas surrounding them. Because 

they move in a supersonic area, on their path they may encounter normal or oblique shock waves 

arising due to too high pressure at the nozzle outlet or as a result of the discontinuity of the 

geometry limiting the flow. Complex physical processes take place upon passing through a 

stationary normal shock wave. If air travelling at a supersonic speed passes through the wave front, 

it is both heated and compressed, and its velocity is abruptly decreased to a subsonic value (Fig.1). 

The shock wave front is very thin and the heating over this short distance is very strong. 

 

 

 
Figure 1: Illustration of atmospheric air expansion in de Laval nozzle with marked changes 

on the h-s diagram 
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Analytical approach 

The moist air transonic flow involves the heat transfer phenomenon taking place as the water 

vapour contained in air condenses – the condensation process latent heat is released from the arising 

liquid phase to the surrounding gaseous phase. Considering that the temperatures of air and water 

vapour are equal, the enthalpy of the mixture of air, water vapour and water can be written as 

follows: 
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 .                                                      (1) 

According to the energy conservation law, during the water vapour diabatic flow total enthalpy 

along the streamline has to be constant: 
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It follows that an increase must occur in total temperature on the condensation wave, according to 

the following relation: 
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Ultimately: 
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c
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Relation (4) describes the total temperature increment on the condensation wave, which depends on 

the condensation process latent heat and the liquid phase wetness mass fraction – y. Wetness mass 

fraction is defined as the ratio of water mass (condensate) to the mass of moist air: 

m

m
y l .                                                              (5) 

Assuming that in the process of spontaneous condensation the entirety of water vapour is condensed 

and transformed into water mist (cf. Fig. 2), the dependence of the total temperature increment on 

the condensation wave on total temperature (usually – ambient temperature in the case of 

atmospheric air) and on the air relative humidity can easily be presented graphically (cf. Fig. 3). 

 

 

 

 
 

 

Figure 2: Wetness mass fraction maximum value depending on total temperature and 

relative humidity 
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It can clearly be seen (Fig. 3) that the total temperature increment on the condensation wave rises 

with total temperature and relative humidity. 

 

 
Figure 3: Total temperature increment on the condensation wave depending on total 

temperature and on air relative humidity 

 

If a shock wave arises in the nozzle divergent part (Fig. 1), the following relation, resulting from the 

energy equation, is valid on passing through the normal shock wave on the wave both sides: 
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If the shock wave is “strong” enough, the liquid phase should evaporate on it completely, i.e. the 

wetness mass fraction downstream the shock wave should be zero – y4=0. In such a case, total 

temperature downstream the normal shock wave, T0,4, should be equal to total temperature upstream 

the condensation wave, T0,1. 

Based on the relations that bind parameters on both sides of the condensation wave for the two-

phase flow of atmospheric air (the Rankine-Hugoniot relations), a relation can be derived for the 

amount of the liquid phase evaporated on the shock wave for the wave given intensity (“strength”). 

Due to the nature of the flow (mass, momentum and energy) conservation equations, the relations 

are strongly nonlinear and their mathematical notation is very complex. Attempts to formulate 

similar relations have been made and described in literature. For example – a relation is put forward 

in (Guha, 1994) that describes the value of the liquid phase wetness mass fraction upstream the 

wave for the shock wave set parameters assuming the liquid phase complete evaporation. Instead of 

giving complex mathematical Rankine-Hugoniot relations for moist air, it is much easier to present 

them graphically. Fig. 4 shows the wetness mass fraction value downstream a normal shock wave 

depending on the wave intensity and on the value of relative humidity at the inlet, for total 

parameters at the inlet of 100 kPa and 20°C. It can be seen clearly that the higher the relative 

humidity value at the inlet, i.e. the higher the mass fraction of the liquid phase arising due to 

condensation (Fig. 1), the more intense a shock wave, arising at high speeds at the front of the wave 

(M3) and accompanied by a large increment in pressure (p4/p3), is necessary to evaporate the liquid 

phase completely. For example, at 100% relative humidity, the Mach number upstream the shock 

wave should amount to 1.8 to ensure complete evaporation of the liquid phase (mist) arising due to 

condensation. 
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Figure 4: Wetness mass fraction value downstream the shock wave depending on the wave 

intensity )McuK,TkPa,(p 33333  200 10   

Experimental and numerical results 

The experiments presented herein were carried out on a steam tunnel facility intended for the 

testing of moist air transonic flows in internal channels (Dykas et al., 2015). The numerical 

calculations were performed using an in-house CFD code, which has been used on many occasions 

to analyse two-phase condensing flows, including the flow of moist air in nozzles (Doerffer and 

Dykas, 2005). 

The applied CFD code is based on the solution of averaged Navier-Stokes equations for the 

compressible flow, supplemented with transport equations for the liquid phase arising due to 

spontaneous condensation (Dykas and Wróblewski, 2011). The flow governing equations are 

formulated for the air/vapour/liquid mixture (single-fluid model). Navier-Stokes equations are 

solved numerically using the third-order MUSCL type TVD finite-volume scheme with the second-

order Runge-Kutta method with time discretization. The k-ω Shear Stress Transport viscous 

turbulence model is used. The applied model of the compressible, viscous and turbulent flow of 

moist air is composed of: 

- the mass, momentum and energy conservation equations, 

- the turbulence model equations, 

- the transport equations for the liquid phase arising due to homogeneous condensation, 

- the relations modelling the condensation process according to the classical theory of 

nucleation (Frenkel, 1955) and to the molecular-kinetic droplet growth model (Knudsen, 

1915, Pruppacher and Klett, 1980), 

- the perfect gas equation of state. 

The flow model assumes that the flow is a no-slip one. In it, the droplet-steam relative velocity 

is omitted, i.e. a droplet moves at the same velocity as water vapour. 

A D100 arc nozzle with a 100 mm diameter of the circle being the top and the bottom wall of 

the nozzle was used in the testing (Fig. 5); height in the nozzle throat and also width of the nozzle 

was 20 mm. Measurement of the atmospheric air parameters were carried out using the weather 

station type T7410 produced by COMET. Applied weather station measures the air relative 

humidity with an accuracy of ±2.5 in the range of 5 ÷ 95%, atmospheric pressure with an accuracy 

of ±0.14 in the range of 60 ÷ 110 kPa and the air temperature with an accuracy of ±0.4°C in the 

range of -30 ÷ 85°C. Air parameters at the time of the experiments were as follows: p0=98.8 kPa 

and T0=297 K. On the first day of the testing the relative humidity value was 43%. On the second 

day (after a heavy rain) – 68%. 



6 

 

Identical values were adopted as total parameters at the nozzle inlet in numerical computations. 

The numerical mesh used for the calculations performed by means of the in-house CFD code was 

composed of 121x141x5 nodes (Fig. 5). Further refinement of the numerical mesh has no effect on 

the obtained solution. 

 

  
Figure 5: D100 arc nozzle used for experimental testing (left) and the nozzle numerical mesh 

(right) 

Interphase process on the condensation wave 

The process of condensation of water vapour contained in moist air due to rapid expansion in a 

CD nozzle may be identified by means of either the flow field visualization using the Schlieren 

technique or the static pressure distribution along the nozzle. Experimental data of the static 

pressure distribution were obtained using pressure transducers with an accuracy of 0.25%. The 

water vapour phase transition to a liquid involves the condensation latent heat transfer from the 

liquid phase to the surrounding gas. This must be accompanied by an increase in thermodynamic 

parameters and a decrease in the flow velocity (cf. Fig. 1). The condensation wave that arises due to 

the phase transition can be observed as an X-shaped wave on images obtained using the Schlieren 

technique, in the experimental or numerical method (Fig. 6 and Fig. 7). The wave position is 

strongly dependent on the air relative humidity value – the higher it is, the more the condensation 

wave position is shifted upstream, in the direction of the nozzle throat. This can also be observed in 

the distribution of static pressure along the nozzle (Fig. 8). 

 

 
 

Experiment Numerical method 

Figure 6: Comparison between Schlieren images obtained experimentally and numerically for 

the D100 arc nozzle and 0=43% 
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Experiment Numerical method 

Figure 7: Comparison between Schlieren images obtained experimentally and numerically for 

the D100 arc nozzle and 0=68% 

 

The calculated and measured distributions of static pressure along the nozzle centre (measured 

on the nozzle side wall) presented in Fig. 8 confirm the correctness of the modelling of the 

spontaneous condensation phenomenon in moist air transonic flows by means of the applied in-

house CFD code. Both the condensation wave location and intensity are modelled correctly. Fig. 8 

additionally shows distributions of calculated total temperature and pressure values. The 

distributions indicate a clear rise in total temperature on the condensation wave. The higher the 

relative humidity value at the inlet, the higher the rise (cf. also Fig. 3). This is of course 

accompanied by a drop in static pressure and, consequently, a rise in entropy, or losses. 

 

  
0=43% 0=68% 

Figure 8: Parameter distribution along the D100 arc nozzle 

 

Additionally, Fig. 9 presents calculated distributions of the wetness mass fraction and of the 

mean diameter of the liquid phase droplets arising due to condensation. It can be noticed that a rise 

in the relative humidity value at a constant value of total temperature at the inlet involves not only a 

rise in the wetness mass fraction (according to the analytical approach, Fig. 2) but also in the 

droplet size of the condensed mist. 
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0=43% 0=68% 

Figure 9: Distributions of the moist air calculated wetness mass fraction (continuous line) and 

of the mean droplet size (dashed line) along the D100 nozzle 

Interphase process on the shock wave 

Shock waves, both normal and oblique, are a common occurrence in the divergent part of de 

Laval nozzle. Normal shock waves are the effect of too high pressure downstream the nozzle, which 

in experimental testing was controlled using a throttle located downstream the measuring channel. 

Figures 10-12 present results of experimental and numerical testing for the relative humidity value 

at the inlet of 68%, for the nozzle back pressure of 55 kPa measured upstream the throttle. In the 

CFD numerical calculations, the nozzle outlet pressure was adopted as a constant value, without 

modelling the outlet channel area between the nozzle and the throttle. This accounts for the 

differences that can be observed between the flow field structure obtained by means of the 

experimental and numerical methods and visualized using the Schlieren technique (Fig. 10). 

 

 

 
Experiment Numerical method 

Figure 10: Comparison between Schlieren images obtained experimentally and numerically 

for the D100 arc nozzle and 0=68% – effect of too high back pressure (normal shock wave) 

 

However, the normal shock wave position in the two cases – experimental and numerical – is 

very similar, which can also be observed based on the measurements of static pressure along the 

nozzle (Fig. 11). Like in the previous case, Fig. 11 presents distributions of the calculated total 
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pressure and temperature values. The total temperature distribution shows a clear rise in the 

temperature value on the condensation wave and a drop downstream the shock wave, but not to the 

initial value, i.e. to the one at the nozzle inlet. This may suggest that the liquid phase arising due to 

spontaneous condensation is not evaporated on the shock wave completely, which is actually 

confirmed by the wetness mass fraction distribution along the nozzle presented in Fig. 12. 

 

 
Figure 11: Parameter distribution along the D100 arc nozzle for 0=68% 

 

 

Figure 12: Distributions of the moist air calculated wetness mass fraction (continuous line) 

and of the mean droplet size (dashed line) along the D100 nozzle 

 

CONCLUSIONS 

The paper presents an analysis of the water vapour condensation phenomenon occurring in 

transonic flows of atmospheric (moist) air in a CD arc nozzle. The analysis also comprises the 

process of evaporation of the liquid phase arising due to spontaneous condensation in the divergent 

(supersonic) part of de Laval nozzle on the normal shock wave. The tests were carried out on an in-

house facility and by means of an in-house CFD code using the classical model of nucleation and 

the molecular-kinetic droplet growth model. 
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Based on the results of the analyses presented herein, it may be concluded that: 

 the use of the Schlieren technique and of static pressure measurements along the nozzle 

centre enable an unequivocal determination of the location and intensity of the condensation 

wave and of the shock wave in the transonic flow through de Laval nozzle; 

 in order to establish the amount of the liquid phase arising due to condensation and of the 

amount of the liquid phase evaporated on the shock wave, total temperature along the nozzle 

would have to be measured together with static pressure, which is not an easy task; 

 the CFD calculation results agreement with experimental data is more than satisfactory, 

which makes it possible to treat them as a supplement to the information concerning the 

analysed field of the two-phase flow obtained from the experiments. 

Further works will focus on the expansion of and improvement in the measuring techniques 

aiming at a quantitative assessment of the condensed water vapour and of the liquid phase 

evaporated on the shock wave in internal transonic flows. 
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