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Abstract - The effect of three important factors, droplet collision, 
evaporation and gravitational settling, on ice formation is 
investigated by applying a theoretical model of a two-phase 
air/dispersed water spray flow. The model simulates droplet 
motion in an icing wind tunnel considering these three important 
processes. Simulations are also carried out neglecting collision or 
evaporation and changing some of the ambient parameters. The 
set of results obtained makes it possible to determine the 
contribution of each of the processes examined to the 
modification of droplet size distribution in the wind tunnel, 
depending on ambient parameters.  
 

I.  INTRODUCTION 
HE process of ice accretion is greatly influenced by the 
size of droplets hitting the icing object and liquid water 

content (LWC) of the aerosol cloud near the icing object. As 
droplets flow through the air, their sizes undergo modification 
under the influence of a number of different factors, including 
mutual interactions within the dispersed phase, interactions 
between the dispersed and carrying phases, and the effect of 
external forces; their typical representative processes are the 
collision with or without coalescence, evaporation, and 
gravitational settling of droplets, respectively. Droplet 
collision tends to influence the size, trajectory and velocity of 
droplets thus affecting the characteristics of the flow and, 
thereby, the formation of ice on the icing body. The 
evaporation of small droplets also affects the droplet size 
distribution (DSD). Gravity causes the vertical deflection of 
droplet trajectories, thereby forming a vertical distribution in 
the DSD and LWC. These vertical distributions may appear 
nonuniform in the nature [2], however nonuniformity is more 
remarkable when a single spray-bar system is used to produce 
aerosol cloud in wind-tunnel experiments. 

The process of droplet collision and the possible collision 
outcomes were described in detail in [6]. A composite 
collision outcome model was proposed, which is used in the 
model of the present study. A similar collision outcome model 
was applied in [10] for modeling binary droplet collisions in 
Diesel sprays. A two-dimensional model for two-phase 
air/dispersed water flow was also constructed in [6]. This 
latter model is based on the particle-source-in cell model 

introduced in [3] and the droplet equation presented in [8]. 
This two-dimensional model considers droplet collision and 
coalescence as well as the settling of droplets due to gravity; it 
excludes, however, the effect of evaporation. Simulation 
results obtained by applying this model predict the DSD as 
well as the vertical distribution of the LWC in the test section 
of the wind tunnel. The process of evaporation and cooling, as 
well as the resulting modifications in the temperature and 
mass of droplets were discussed in [4]. The evaporation rate 
and the cooling rate of a droplet were computed in accordance 
with [1]. The model applied in the present study is described 
in detail in [5], and it is basically the two-dimensional model 
constructed in [6], including droplet collision, gravity, and 
also evaporation as explained in [4]. Additionally, the present 
model is able to take into account a prescribed air velocity 
field, while constant air velocity was assumed in the 
simulations carried out by the former model [6].  

Two-phase air/dispersed water flows created in the 
CIGELE atmospheric icing research wind tunnel (CAIRWT) 
are modeled in this research considering the following three 
processes: (i) droplet collision, (ii) evaporation, and (iii) 
gravitational settling. The sensitivity of the model presented in 
[5] is studied by varying the following thermodynamic 
parameters in the range of icing conditions: (i) initial DSD, 
(ii) air velocity, , (iii) air temperature, , and (iv) relative 
humidity of air, RH. The objective of this study is to describe 
the role of the three processes mentioned above in the 
modeling of atmospheric icing or, more precisely, to find the 
ranges of the four thermodynamic parameters where one or 
two of the three processes become dominant with regard to the 
evolution of DSD in the flow. A brief description of the 
theoretical model applied for carrying out simulations will be 
provided first. Simulation results will then be presented and 
the role of the three processes examined will be discussed. 
The change of median volume diameter (MVD) in the 
numerical modeling will be compared to previous 
experimental observations, and finally, conclusions will be 
provided. 
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II.  TWO-DIMENSIONAL MODEL OF TWO-PHASE FLOWS 
The two-dimensional model constructed in [6] has been 

improved in [5] by considering the evaporation of droplets 
and a prescribed air velocity field. The construction of this 
model is summarized in the first part of this section, while the 
determination of air velocity field is discussed in the second 
part. 

A. Model Description 
The equation of motion of a droplet is given in the form 

[6], [8]: 
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where v, u and g are the droplet velocity, gas velocity, and 
gravity vectors, respectively, d and dρ  are the diameter and 
density of the droplet, respectively, ρ and µ are the density 
and dynamic viscosity of the gas, respectively, while f 
considers the Stokes drag. The following non-dimensional 
parameters are defined: U=u/u, V=v/u and T=tu/l, where 
u=|u|, and l is the horizontal distance between the nozzles and 
the icing object in the tunnel. The non-dimensional equation 
that describes droplet motion is obtained after dividing (1) by 

, assuming that ( ) 650 3 /d.d πρρ + ρρ >>d , and introducing 
the non-dimensional parameters U, V and T: 
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The parameter f varies with time, because it is a function of 
the Reynolds number, which depends on the droplet velocity. 
Therefore, (2) is integrated numerically by using the Euler 
scheme in a predictor-corrector mode: 
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where ∆T is the non-dimensional time interval, the subscripts j 
and j+1 refer to quantities at the beginning and at the end of 
the time increment, respectively, while the subscript * refers 
to an intermediate value. After the droplet velocity at the end 
of the time increment is determined, the corresponding droplet 
position is obtained by applying the trapezoidal scheme: 
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where X is the dimensionless droplet position vector. 
Simulation of the two-phase flow proceeds as follows. An 

initial DSD is provided together with the ambient parameters 
which serve as input data for the model. The gas velocity field 
is determined as will be explained in further detail in 
Subsection II.B. Thus, the gas velocity is a known input for 
many of the points where droplets may appear during the 
simulation. The local gas velocity at any position of the 
droplet in the simulation is always equal to the gas velocity 
calculated at the point closest to that position. Droplets are 

collected into parcels, because their number is too high to 
examine them individually. The method is based on the 
concept of the discrete parcel approach [9]. Each parcel 
contains the same number of droplets of identical size and 
velocity. The parcels are tracked in space and time as if they 
were a single droplet only, but from the collisional point of 
view, their size is considered larger according to the mass of 
droplets carried in one parcel. The position and velocity of 
droplet parcels are determined in each time step by applying 
(3) and (4), and then droplet size is reduced according to the 
loss of mass as well as droplet temperature is modified due to 
evaporation and cooling [4]. If the lost mass is greater than or 
equal to the mass of the droplet itself, then the droplet is 
evaporated and the parcel is withdrawn from further 
computation. Afterwards, colliding droplets are sought for. If 
the distance between two parcels is less than the sum of their 
radii, they will collide. The outcome of collisions and the 
sizes and velocities of post-collision droplets are determined 
by utilizing the composite collision outcome model [6]. If 
coalescence occurs then the two parcels are replaced by one 
parcel with larger droplets. This process is continued in the 
next time steps until droplets reach the icing object or 
simulation time finishes. 

B. Air Velocity Field 
The flow of water droplets in air circulating in the 

CAIRWT is simulated in the present study. The velocity field 
between the nozzles and the test section where the icing object 
is located should be provided as input for the simulation. 
Velocities are measured in the cross-sections of the nozzles 
and the icing object, and are computed in between by the 
commercial software CFX. This software is able to compute 
velocities in any point between the inlet and the outlet, if the 
geometry of the tunnel as well as the velocities in the inlet and 
the outlet are provided. 

 
 
Fig. 1. The wind tunnel as it is presented in CFX 

 
The CAIRWT is a closed-loop low-speed icing wind 

tunnel with a total length of about 30 m, including a 3-m long 
test section whose rectangular cross-section measures = 
0.45 m in height and = 0.9 m in width. The icing body is 
placed in the middle of the test section, which is 4.4 m 
downstream from the spray-bar. The cross-section of the 
tunnel at the spray bar is also rectangular with a height of 1.12 
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m and width of 1.7 m. The tunnel becomes circular 1.5 m 
downstream from the spray bar with diameter of 1 m. The 
cross-section contracts further in the next 1.1 m reaching the 
final rectangular cross-section of the size of the test section. A 
draft of the wind tunnel as it is presented in CFX can be seen 
in Fig. 1. Since the present model of the two-phase flow is 
two-dimensional, only the vertical plane in the middle of the 
tunnel is considered. 

III.  RESULTS OF SENSITIVITY TESTS 
Simulation results are presented in this section. One of the 

ambient parameters is varied, while other parameters are 
maintained constant in each subsection. Then, the ranges of 
the ambient parameters where the effects of droplet collision, 
evaporation and gravity are important with regard to the 
evolution of DSD in the wind tunnel are determined. 

The flow in the wind tunnel was simulated between the 
following two locations: 50 cm downstream from the nozzle-
equipped spray bar where the disintegration of liquid jet had 
been completed, and the test section where the icing object is 
located. The output of simulations is the DSD at the position 
of the icing object in the test section. This DSD is obtained by 
considering all or some of the droplets occurring in the last 10 
% of the tunnel where the flow is simulated. Some of the 
results presented are related to the entire height of the test 
section, implying that all the droplets will be taken into 
account. Other DSDs are obtained by considering droplets 
which appear only in the vicinity of the centerline. The 
location of these droplets is defined by the vertical length 
where droplets occur at the beginning of the simulation. This 
length may easily be calculated from the diameter of the 
nozzle outlet, ; the spray angle of the nozzles, α, (both data 
provided by the manufacturer); and, the distance from the 
nozzle outlet, , which is selected at 50 cm as mentioned 
earlier in this paragraph. The term vicinity of the centerline 
refers to this calculated range in what follows, and the length 
of this range for the spray angle  is obtained by 
applying the formula: 
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The result obtained using this formula indicates the range 
between 6.65 cm above and 6.65 cm below the centerline. 

A. Combined Effect of Air Velocity and Initial DSD 
A simplified version of the model was used in the first set 

of simulations. Droplet collision and evaporation were 
neglected, and the air velocity as well as the initial DSD was 
varied in order to find the domains of these parameters where 
gravity influences the vertical uniformity of DSD. 

Simulations were carried out for four different air 
velocities: 5 m/s, 10 m/s, 20 m/s, and 30 m/s, while two 
different DSDs were used as input data. They represent the 
DSDs obtained in earlier experiments [7] for two different 
combinations of the nozzle-dynamic parameters, i.e. the gauge 
pressure in the water line, , and the gauge pressure in the 

air line, . The first DSD is obtained for = 345 kPa, 
= 276 kPa, while the second one is obtained for = 449 

kPa, = 173 kPa; the corresponding MVDs are 36.8 µm and 
61.8 µm, respectively. It should be noted that these values are 
slightly different from those presented in [7], in view of the 
fact that the number of parcels with large-diameter droplets is 
low, and that the contribution of these droplets to the total 
mass of droplets in the aerosol cloud is significant. Thus, the 
round-off of the number of parcels to an integer value may 
result in a slight discrepancy between the MVDs of the 
measured and simulated DSD. The air temperature was -
20 , while the relative humidity did not play a role in this 
set of simulations, since evaporation was not considered. 
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Fig. 2 shows the ratio of MVD at the icing object in the test 
section in the vicinity of the centerline, , to that at the 
spray bar, , for different air velocities and initial DSDs. 
The MVD decreases to a considerable extent for low air 
velocities (5-10 m/s), but it is not modified for velocities 
greater than 20 m/s. A further important result is that the 
extent the MVD decreases to is less for sprays with smaller 
droplets than for sprays with larger droplets. The observations 
after this set of simulations reveal that gravity causes vertical 
separation of droplets of different sizes, and thereby, affects 
the DSD in the vicinity of the centerline where the icing 
object is located for low air velocities. Furthermore, this effect 
is more significant for aerosol clouds with larger droplets. 
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Fig. 2: The ratio of MVD at the icing object in the vicinity of the centerline to 
MVD at the spray-bar as a function of air velocity 
 

B. Air Velocity 
The DSD with MVD of 36.8 µm was used in further 

simulations, and droplet collision or evaporation or both of 
them were considered. The air temperature and the relative 
humidity were -20  and 0.7, respectively, in these 
simulations. The comparison of Fig. 3(a) and Fig. 3(b) 
confirms the consequences of the previous subsection. Fig. 
3(a) presents the ratio of MVD at the icing object in the test 
section, , to that at the spray bar, , while Fig. 
3(b) shows the ratio . If only evaporation is 
considered, the MVDs obtained in the test section for low air 
velocities (5 – 10 m/s) are almost the same as those for higher 
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velocities (20 – 30 m/s) as shown in Fig. 3(a). If collision 
alone, or both collision and evaporation are considered, then 
the MVDs obtained in the test section for low air velocities 
are greater than those in the case of higher velocities. 
However, the MVD in the vicinity of the centerline at the test 
section increase with air velocity in a range of velocity less 
than 20 m/s as may be seen in Fig. 3(b). The reason for this 
result is that gravity separates droplets of different sizes for air 
velocities less than 20 m/s. Small droplets always stay in the 
vicinity of the centerline, while large droplets tend to 
approach the bottom of the tunnel. 

Figs 3(a) and 3(b) also emphasize the effect of collision on 
droplet size. The MVD is always greater when collision is 
considered in the model compared to the simulations when 
collision is neglected. The degree of this difference is usually 
around 20-25 %, but it may even reach 70 % for low air 
velocities. This fact may be explained by the higher vertical 
component of velocity of large droplets due to gravity, which 
leads to greater number of collisions. The difference between 
the results obtained with and without considering evaporation, 
however, is not significant. 

 

 
 
Fig. 3. (a) The ratio of MVD at the icing object in the entire height of the test 
section to that at the spray bar as a function of air velocity; (b) the ratio of 
MVD at the icing object in the vicinity of the centerline to that at the spray bar 
as a function of air velocity. Abbreviations: col: collision, eva: evaporation 
 

The change in the DSD during droplets pass the tunnel can 
be followed in Fig. 4. Since evaporation did not modify 
droplet size significantly under the conditions examined, 
results are shown for the case when collision only is 
considered. Air velocity was chosen to be 5 m/s in order to 
also demonstrate the effect of gravity. This figure clearly 
shows that the ratio of small droplets (d < 30 µm) decreases, 
while the ratio of middle-size and large droplets (d > 30 µm) 
increases during simulation. With regard to DSD in the 

vicinity of the centerline, the ratio of small droplets (d < 30 
µm) decreases, and the ratio of middle-size droplets (30 µm < 
d < 70 µm) increases slightly, but the largest droplets (d > 70 
µm) approach the bottom of the tunnel due to gravity. Thus, 
these are not part of the DSD obtained in the vicinity of the 
centerline. 

 
 
Fig. 4. DSDs for 5 m/s when droplet collision is considered and evaporation is 
neglected 
 

C. Air Temperature 

Air temperature was varied between -20  and 0  in 
the next set of simulations, with DSD with 36.8 µm MVD, 10 
m/s air velocity, and 0.7 relative humidity. Although the 
relative humidity is usually greater than 0.7 under icing 
conditions, this value was chosen for this set of simulations 
because it makes the effect of evaporation easier to 
demonstrate. The effect of evaporation is more significant for 
lower values of relative humidity as will be shown in 
Subsection III.D. Simulations were carried out with droplet 
collision or evaporation or both of them taken into account. 
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Fig. 5. (a) The ratio of MMD at the icing object in the entire height of the test 
section to that at the spray bar as a function of air temperature; (b) the ratio of 
MVD at the icing object in the entire height of the test section to that at the 
spray bar as a function of air temperature. Abbreviations are as in Fig. 3 

The ratio of mass mean diameter (MMD) in the test 
section, , to that at the spray bar, , is shown in 
Fig. 5(a), while the ratio of MVD in the test section, , 
to that at the spray bar, , can be seen in Fig. 5(b), for 

three different air temperatures, -20 , -10  and 0 . 
Both the MMD and the MVD are approximately constant if 
collision is considered, but evaporation is neglected. If 
evaporation is also considered, then an interesting 
phenomenon can be observed. The MMD decreases if air 
temperature increases, while the MVD increases with it. A 
possible explanation of this result is as follows. The effect of 
evaporation is negligible for low temperatures, but its effect 
becomes important as temperature approaches 0 . Also, the 
influence of evaporation is more considerable on small 
droplets. The smallest droplets are evaporated completely, 
while the size of the middle-size ones decreases significantly. 
However, the size of the largest droplets remains almost 
constant. The MMD decreases due to the general decrease in 
droplet size. On the other hand, the number of small droplets 
decreases and the number and size of large droplets do not 
change significantly. Since the contribution of large droplets 
to the MVD becomes more significant, the MVD increases. 
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Neither the MMD nor the MVD is modified by more than 
10 % even at the highest temperature, 0 , according to Figs 
5(a) and 5(b). The importance of evaporation with increasing 
temperature, however, can clearly be seen in Table I where the 
ratio of evaporated droplets, , is shown for different 
values of air temperature, . It should be noted that the 
influence of evaporation on droplet size would appear more 
significant if longer distances were simulated, and thereby, 
simulation time was increased. Furthermore, as discussed in 
[4], evaporation may influence droplet size to a great extent 
under certain conditions, such as for air temperatures higher 
than those in the present simulations, or in the presence of 
aerosol clouds with droplets smaller than those modeled in 
this paper. 
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TABLE I 

RATIO OF EVAPORATED DROPLETS FOR DIFFERENT VALUES OF AIR 
TEMPERATURE. ABBREVIATIONS ARE AS IN FIG. 3 
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eva 

-20 0 0 
-10 2.1 3.7 
0 3.1 4.6 

 

D. Relative Humidity of Air 
The relative humidity of air was varied between 0.7 and 0.9 

in the last set of simulations, with DSD with 36.8 µm MVD, 
10 m/s air velocity, and 0  air temperature. Although this 
temperature is the upper limit of icing conditions, it was 
chosen for this set of simulations, because it allows for a 
clearer illustration of the effect of evaporation. The effect of 
evaporation is more significant for higher air temperatures 
according to the previous subsection. Simulations were carried 
out with droplet collision or evaporation or both of them taken 
into account. 

Co

 

 
 
Fig. 6. (a) The ratio of MMD at the icing object in the entire height of the test 
section to that at the spray bar as a function of relative humidity of air; (b) the 
ratio of MVD at the icing object in the entire height of the test section to that 
at the spray bar as a function of relative humidity of air. Abbreviations are as 
in Fig. 3 
 

The ratios,  and , are shown 
in Figs 6(a) and 6(b), respectively, for three different values of 
relative humidity, 0.7, 0.8 and 0.9. A tendency very similar to 
that observed in Figs 5(a) and 5(b) can be seen in these 
diagrams. Neither the MMD nor the MVD changes with 
relative humidity if only droplet collision is allowed; however, 
evaporation has the same effect as was observed for varying 
air temperatures, albeit in the opposite direction. The MMD 
decreases with relative humidity as the effect of evaporation 
becomes more significant; the MVD increases, however, at 
the same time. The argument of the previous subsection that 
explained the reverse modification of MMD and MVD due to 

SB3030,TS ,D/D SB500.5,TS ,.D/D

the change of air temperature may also apply to explain the 
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similar effect of relative humidity. 
 

TABLE II 
RATIO OF EVAPORATED DROPL FERENT VALUES OF RELATIVE 

 

col + eva eva 

ETS FOR DIF
HUMIDITY OF AIR. ABBREVIATIONS ARE AS IN FIG. 3 

RH (-) ( )% ( )%0N/Neva  0N/Neva  

0.7 3.1 4.6 
0.8 2.4 3.9 
0.9 0 0 

 

imilarly to e resu presented for different air 
tem

IV.  COMPARISON OF SIMULATION AND FORMER 

Measurements  were reported in 
[4

ble III shows measured and computed MVDs at the 
sp

COMPARISON OF SIMULA RESULTS 
 

(kPa) (µm) (µm) 

S  th lts 
peratures, the MMD and the MVD do not change by more 

than 10 % for any values of relative humidity in the range 
examined and during the simulation time considered. Table II 
confirms, however, that the influence of evaporation becomes 
more considerable as relative humidity, RH, decreases. 

EXPERIMENTAL RESULTS 
of DSD at the test section

]. The DSD was measured by applying the collargol slide 
impact method. A small slide coated by collargol is placed 
inside a horizontal cylinder. This cylinder is covered with an 
aluminum pipe which has a rectangular opening for exposing 
the slide to the flow. Droplets are captured on the slide, and 
their diameters are measured by a Scienscope microscope. 
Experiments were carried out for two combinations of nozzle-
dynamic parameters only. One of them ( Lp = 365 kPa, Ap = 
276 kPa) was almost the same as the com nation ( Lp = 345 
kPa, Ap = 276 kPa) used in most of the numerical deling 
presen  in this paper. The MVDs obtained for these 
conditions are compared in Table III. The values of the other 
parameters in the experiment were: aT = 20 Co , RH = 0.8, and 

aV  = 10 m/s, while the same para eters the simulation 

h closest conditions are: aT = 0 Co , RH = 0.8, and aV  = 10 
m/s. 

Ta

bi
mo

ted
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ray-bar (column II) and in the vicinity of the centerline at 
the test section (column III), moreover, it shows the ratio of 
increase of the MVD (column IV). It can be seen that the 
difference between this ratio in the measurement and the one 
in the simulation is only 3%. It should be clear, however, that 
this comparison alone is not sufficient to validate the 
simulation results. Therefore, the next step in future works 
will be to carry out a set of experiments in the test section and 
compare them to simulation results. 

 
TABLE III 
TION AND EXPERIMENTAL 

AL p/p  SB50 ,.D  TS50 ,.D  SB,.,. D/D 50TS50  

3  
(measured in [4]) 

1.15 65/276 36.5 41.8 

345/276 
(computed in the 

36.8 43.6 1.18 

present study) 
 

V.  CONCLUSIONS 
Two-phase air/dis s in an icing wind 
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