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Abstract: The paper presents CFD results for the transonic flow of dry and moist air through a diffuser and a 

compressor rotor. In both test geometries, i.e. the Sajben transonic diffuser and the NASA Rotor 37, the air 

humidity impact on the structure of flows with weak shock waves was examined. The CFD simulations were 

performed by means of an in-house CFD code, which was the RANS-based modelling approach to compressible 

flow solutions. It is shown that at high values of relative humidity, above 70%, the modelling of the transonic 

flow field with weak shock waves by means of the dry air model may produce wrong results. 
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1. Introduction 

Atmospheric air always contains a certain amount of 
water or steam. The water content in atmospheric air is 
usually represented using relative humidity, which is the 
ratio between the amount of water actually contained in 
the air and the amount the air can hold. It is expressed in 
percentages and the relative humidity value for saturated 
air is 100%. Atmospheric air relative humidity depends 
on geographical location and current weather. The most 
humid places on Earth are generally located closer to the 
equator, near coastal regions. There are a lot of places in 
the world where average relative humidity is higher than 
70%. For instance, in many big cities with a huge 
transport of air, relative humidity of the day may reach 
up to 90% (e.g., Houston in Texas). Therefore, it is 
natural to check how air humidity can affect the 
aerodynamics of aircraft elements, especially in the 
region of transonic air velocities. 

In moist air transonic flows above the sonic line, there 
are suitable conditions for the homogeneous conden- 
sation process to arise. In the presence of air impurities, 

additional phenomena may occur, like heterogeneous 
condensation, which is investigated in our previous 
works (e.g. [1]). 

In the field of experimental and numerical studies on 
moist air transonic flows, the most popular ones are the 
works of Schnerr and his research team [2, 3]. Schnerr 
proposed a physical model for steam condensing flow 
modelling, which has been successfully used by many 
researchers until today. 

Elevated relative humidity values affect the 
characteristic of the wing under the transonic flow 
conditions [2–5]. They may also have a significant 
influence on the flow in the turbine engine elements [6]. 

The moist air transonic flow in the turbine engine can 
take place in the compressor (or fan) inlet channels or in 
the compressor (or fan) rotor blade-to-blade channels. In 
both cases, the transition from subsonic to supersonic 
conditions (and vice versa) is carried out on weak shock 
waves. The subject of this paper is to present the 
influence of air humidity on the performance of the 
transonic diffuser and the compressor rotor in the 
presence of weak shock waves. 
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Nomenclature   

c absolute velocity/m·s−1 x, y, z Cartesian coordinates/m 

cp specific heat at constant pressure/J·kg−1·K−1 y adiabatic component 

h specific enthalpy/J·kg−1 η adiabatic efficiency 

M Mach number Subscripts 

p static pressure/Pa 0 total parameter 

T temperature/K 1 inlet 

u tangential blade velocity/m·s−1 2 outlet 

w relative velocity/m·s−1 s isentropic parameter 

 
The CFD results presented herein were obtained by 

means of an in-house CFD code for dry air and they were 
compared with CFD results of moist air at the air relative 
humidity value of 70%. As already shown in previous 
works [7], for relative humidity lower than 70%, CFD 
results obtained for moist and dry air do not differ 
significantly in terms of changes in the flow structure. 

2. Physical and Numerical Model 

The CFD calculations presented herein were made by 
means of an in-house academic code, which has been 
developed and used for many years for many engineering 
applications, including the modelling of moist air flows 
[8]. The applied computational code was mainly used to 
identify the condensation phenomenon in the transonic 
flow. 

The presented code solves the RANS equations by 
means of the third-order MUSCL-type TVD finite- 
volume scheme with the explicit second-order Runge- 
Kutta method for time integration. The finite-volume 
cell-centred discretization for a multi-block structured 
mesh was employed. The k-ω Shear Stress Transport 
viscous turbulence model [9] was applied. The used 
model of the compressible, viscous and turbulent flow of 
moist air is composed of:  

 the mass, momentum and energy conservation 
equations for the air and steam/water mixture; 

 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 and 
to the molecular-kinetic droplet growth model [10]; 

 the ideal gas equation of state. 

3. Transonic Diffuser 

Here, the air flow in a convergent-divergent nozzle is 
modelled using the in-house CFD code. The case was 
studied experimentally by Sajben and his team [11]. 
Usually, two test cases are studied for the Sajben 

transonic diffuser, corresponding to the strong or weak 
shock wave, depending on the value of back pressure. 
For both cases, normal shock waves arise with a 
transition from supersonic to subsonic conditions on the 
shock wave, but for a weak shock, the difference between 
the Mach numbers ahead and behind of the shock is very 
small. For the weak-shock case, the Mach number ahead 
the shock was ~1.1, and behind the shock ~0.9. 
According to the basics of aerodynamics, a weak shock 
usually means an oblique shock wave if supersonic 
conditions still prevail behind the shock, despite the 
velocity drop on the shock wave. 

In this study, the air flow through a Sajben diffuser 
was solved for exit pressure corresponding to the weak 
shock wave of 0.11066 MPa. The diffuser inlet total 
parameters were set to 0.13499 MPa and 277.7 K. 

The transonic diffuser geometry and numerical mesh 
are shown in Fig. 1. The total number of control volumes 
in the numerical mesh applied for the diffuser is ~9. 

 

 
 

Fig. 1  Numerical mesh applied for the transonic diffuser 

3.1 Dry-air calculations 

The boundary conditions assumed for the transonic 
diffuser inlet and outlet give the solution of the flow 
governing equations with the weak shock wave (Fig. 2) 
formed right downstream the nozzle throat. This position 
is strongly dependent on correct modelling of the 
boundary layer and the flow turbulence effects. 

Fig. 3 shows static pressure distributions along the 
diffuser top and bottom walls obtained from CFD 
calculations and from experiments [11]. The CFD results 
generally agree with the experimental data; the shock 
occurs slightly more upstream than in the experiment. 

3.2 Moist-air calculations 

The moist-air calculations were performed assuming 
relative humidity of 70%. The condensation process 
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weakens the shock wave, shifting it downstream, and 
increases the static temperature in the supersonic region 
compared to the calculations for dry air (Fig. 4). This can 
also be observed in the distribution of static pressure on 

the diffuser walls (Fig. 5), where the CFD results do not 
agree with experimental data because rapid precipitation 
of the liquid phase caused a pressure rise in the place of 
the weak shock. 

 

 
 

Fig. 2  Mach number (a) and static temperature (b) contours - dry air 
 

 
 

Fig. 3  Static pressure distributions for top (a) and bottom (b) walls - dry air 
 

 
 

Fig. 4  Mach number (a) and static temperature (b) contours - moist air 
 

 
 

Fig. 5  Static pressure distributions for the top (a) and bottom (b) wall - moist air 
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In the vicinity of the end of the diffuser divergent part, 
a certain amount of the liquid phase formed due to the 
condensation process evaporates due to a considerable 
rise in temperature on the shock wave (Fig. 6). 
 

 
 

Fig. 6  Wetness mass fraction contours, kgwater/kgair 

 
A different situation occurs for the test case with a 

lower back pressure value at the outlet of 0.097 216 MPa, 
corresponding to a stronger shock wave. In this case, the 
condensation process does not affect the shock wave 
position. 

4. Transonic Rotor 

The NASA Rotor 37 transonic rotor compressor was 
used for the next test. The device was designed and tested 
at the NASA Lewis Research Center [12]. This test case 
is very popular and it has been analysed by many 
researchers, for instance, Denton [13], Benini and Biollo 
[14] or Calvert and Ginder [15]. 

The assumed CFD modelling boundary conditions 
correspond to the rotor maximum adiabatic efficiency of 
η=0.867 (e.g. [16]). The efficiency was defined for 
absolute total parameters upstream and downstream the 
rotor (Fig. 7 and Fig. 8), where enthalpy was replaced 
with the product of specific heat at constant pressure and 
temperature. 

 

 
 

Fig. 7  Heat diagram and efficiency definition 

Replacing for the isentropic process the temperature 
ratio with the pressure ratio, efficiency can be written as 
follows: 
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Fig. 8  Compressor rotor geometry 
 
The rotor rotational speed was 17 188.7 r/min (1800 

rad/s), leading to a tip-speed in relative frame of M~1.4. 
The rotor-tip gap was not taken into account in the 
presented calculations; the hub, the blade and the shroud 
in the computational model were rotating. At the inlet, 
absolute (in the absolute frame) total pressure and 
temperature values of 0.1 MPa and 288 K, respectively, 
were assumed as constant along the blade span. The inlet 
absolute angle was 0° (Fig. 9), which means that the axial 
inlet was assumed. The static outlet pressure at the mean 
radius was set to 0.1175 MPa. At the outlet, the radial 
equilibrium outlet boundary condition proposed by Arts 
[17] was implemented in the model. 

 

 
 

Fig. 9  Velocity triangles for the compressor rotor 
 

The structural multi-grid computational domain 
containing about 800 000 cells (Fig. 10) was prepared 
using the ICEM CFD software. It was ensured that along 
the surfaces y+=1 to 2 to comply with the SST turbulence 
model. 
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Fig. 10  NASA Rotor 37 computational domain and numerical 
mesh 

4.1 Dry-air calculations 

At the maximum efficiency boundary conditions, the 
measured mass flow was 20.74 kg/s and the total 
absolute pressure ratio was 2.077. Fig. 11 shows the 
radial distribution of the measured [12, 16] and the 
calculated pressure ratio. A significant deviation of the 
predicted total pressure ratio from experimental data can 
be seen in the vicinity of the blade tip, which may be due 
to the fact that the tip rotor gap was not included in the 
CFD model. The mean total pressure ratio from the CFD 
calculations totalled 2.065 and the mass flow was 0.556 
kg/s for a single blade-to-blade channel. Multiplied by 36 
channels, this gives the total mass flow value of 20.01 
kg/s. The rotor calculated adiabatic efficiency was 0.846, 
which is about 2 percentage points less than that in the 
experiment. 

 

 
 

Fig. 11  Comparison of total pressure ratio profiles from the 
experiment and the CFD calculations 

Fig. 12, Fig. 13 and Fig. 14 present the static tempe- 
rature and the relative Mach number (calculated on the 
basis of relative velocity) contours at 20%, 50% and 80% 
of the blade span (i.e. close to the hub, in the middle, and 
close to the shroud). For supersonic flows into the rotor 
blade row in the relative coordinate system, a weak bow 
shock wave is formed upstream the blade leading edge, 
which interacts with the blade suction side. 

 

 
 

Fig. 12  Static temperature (a) and relative Mach numbers (b) 
contours – 20% of the blade span 

 

 
 

Fig. 13  Static temperature (a) and relative Mach numbers (b) 
contours – 50% of the blade span 

 

 
 

Fig. 14  Static temperature (a) and relative Mach numbers (b) 
contours - 80% of the blade span 

4.2 Moist-air calculations 

The moist-air CFD calculations were performed for 
the same boundary conditions as for dry air, but relative 
humidity of 70% was assumed at the inlet. The wetness 
mass fraction created due to homogeneous condensation 
of steam is present only on the blade suction side in the 
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vicinity of the leading edge (Fig. 16). However, most of 
the liquid phase occurs in 60% to 95% of the rotor blade 
span. This is the area where the largest changes in the 
flow structure are observed (Fig. 17). 

The high amount of the liquid phase in the tip region 
of the rotor blade involves changes in the flow structure, 
compared to the dry air flow, both in the static 
temperature and the relative Mach number contours (Fig. 
17) and in the static pressure distribution on the blade 
surface (Fig. 15). 

The liquid phase formed due to homogeneous 
condensation evaporates on the shock wave, decreasing 
the temperature right behind it (Fig. 18), and deflects 
downstream the bow shock interacting with the blade 
suction side close to the leading edge. However, the 
temperature at the rotor outlet at the tip is higher for the 
moist air flow mainly due to the change in the flow 
structure and enlargement of the flow-separation region 
behind the blade. Finally, it causes a reduction in  

 

 
 

Fig. 15  Static pressure distributions on the blade surface – 
80% of the blade span 

efficiency in the rotor tip region. As a result, the moist air 
flow overall efficiency is about 4 percentage points lower 
compared to the dry air flow calculations. 
 

 
 

Fig. 16  Wetness fraction contours, kgwater/kgair 
 

 
 

Fig. 17  Static temperature (a) and relative Mach number (b) 
contours – 80% of the blade span 

 

 
 

Fig. 18  Contours of static temperature for dry air (a) and moist air (b) –80% of the blade span 
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5. Conclusions 

The present work refers to the CFD numerical 
simulations of the transonic flows of dry and moist air. 
Current validation against experimental data proved the 
applied CFD code capacity for modelling transonic flows 
of dry air. Also, discussed in this paper, comparisons of 
the CFD results with experimental data for both dry air 
test cases confirm the accuracy and robustness of the 
applied in-house CFD code for the transonic flows with 
weak shock waves. In our previous experimental and 
CFD study [1, 7] of the moist air transonic flows, a 
significant change of the flow field structure with the rise 
of the atmospheric air relative humidity was shown. 
However, for the flows with strong shock waves, 
especially back pressure shock wave [7], the value of the 
relative humidity mostly does not affect significantly the 
position and strength of the shock waves. Whereas for 
the weak shock waves, e.g. for oblique or bow shock 
waves appearing in the blade to blade compressor 
channels, the high value, above 70%, of the air relative 
humidity changes the flow field structure. 

Comparing the presented herein calculation results for 
the transonic diffuser and axial compressor rotor for dry 
and moist air at the relative humidity value of 70%, 
significant changes in the flow field structure can be 
observed in the vicinity of the weak shock waves. In 
conclusion, in the case of transonic air flows with 
humidity exceeding 70%, it seems that the crucial issue is 
to take account of the steam condensation process in the 
analysis of the flow phenomena arising in the aircraft 
components, both in external and internal (e.g. in the 
turbine engine) flows. 
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