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Introduction
Production of natural hydrocarbon, transportation and filling into 

storage is often carried out in the Northern regions and is accompanied 
by direct contact of droplets produced with the environment cold air. 
The droplets initially may have a positive temperature. A similar 
problem occurs when the final product of some chemical substances 
have liquid – droplet state, the conditions of preservation of them 
demands solidification in a low temperature environment. In particular, 
this process is carried out in a stream of cold air. Advantages of this 
technology is obvious, if the liquid-droplets substances prone to decay 
or have high volatility. Heat treatment of such substances allows to 
preserve the integrity of the product and increases the safety of storage 
and of working with them.

In the existing literature there are publications on this problem, 
which suggest solutions often difficult to implement because they 
require special programs for obtaining numerical results, in addition, 
some of them consider the object of freezing is initially chilled to a 
temperature of phase transition of a substance in the solid state.1

Theory
Consider a spherical droplet, with a fixed radius r, the properties of 

liquid substance: - heat capacity Cp thermal conductivity λ of ice are 
known as well as the parameters of the air environment surrounding 
the droplet, temperature air Ta, air velocity, its thermal properties.

The initial temperature droplet is fixed and has a positive value 
Twi.

To solve the task the following assumptions are accepted:

i.	 Geometrical dimensions of the droplet do not change in the 
process of cooling and freezing.

ii.	 Thermo physical properties of liquid and solid phases of a 
substance in the heat exchange process remain constant.

iii.	 The intensity of heat transfer over the surface droplet is the 
same.

iv.	 The air temperature does not change with time.

v.	 The law of heat transfer down to the stadium of to the phase 
transition is close to regular.

The scheme of interaction of the droplet-s with the cold flow air is 
demonstrated in Figure 1.1,2 

Figure 1 The flow sheet of interaction of the droplets with the cold air. 

Fourier differential equation of heat conduction transfer for a 
spherical layer is:
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Where a is the temperature diffusivity for the solid phase layer, 
m2/s.3

Boundary conditions have the form:
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Where T0 is a variable of droplet surface temperature, K.
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Where 
wi

T  and Tf – initial temperature of the liquid (more 273K) 

and the temperature of the phase transition of the liquid to the solid 
phase, respectively K.

Thermal condition at the boundary of solid phase -water:
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Where λs is the thermal conductivity of the solid phase, λs = 2.3 
W/m·K.4

ρ is the density of the solid phase, kg/m3

L is the heat of phase transition of liquid to solid phase, j/kg

τ – Time of the process, с r and η is the current coordinate in 
the layer of the solid phase and the coordinate of the front phase 
transformation, respectively.

To solve the problem, we introduce a generalized variable ν
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Accordingly, when r=η, the value of ν will turn in to 
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Boundary conditions 2,3,4 and 5 will take the form
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Taking into account the expression (6), the conditions on the 
boundary of the liquid – solid phase takes the form
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Evaluation of the surface temperature droplet Т0 can be obtained on 
the basis of the of prof. Leibenzon’s method, which assume stationary 
temperature distribution within the spherical layer of the solid phase.

Omitting intermediate transformations, we find the expression for 
Т0.
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By substituting the expression (6) into equation (1), we obtain the 
differential equation in full derivatives
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Equation (14) can be solved by decomposition it into a power 
series.5
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Substituting the appropriate values for
0
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applying the condition ten one can receive
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Returning to expression (12), we note that the intensity of heat 
transfer from the liquid to the interface solid phase within the droplet 
is not possible to determine, therefore, we assume that the mode of 
heat transfer occurs according to the regular law. Then the cooling 
time of the droplet is expressed as
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Where M is the mass of droplet, kg

Cpw – specific heat of fluid, j/kg K

αa – heat transfer coefficient from the air to the droplet surface, 
W/m2K

F – The droplet surface, m2	

Tw – current temperature of the droplet, in which in the limit takes 
it is phase transition temperature, K

Ta – temperature of air flow, K.

The calculation plan is that at the beginning the temperature 
droplet time is determined while it is cold down to phase change state 
by the equation (17), τ1.

Further, on the basis of the solution of equation (16), we define the 
time of freezing of droplet spherical lay to a depth of R – η, τ2. The 
total solidification time to a depth R – η within the droplet will be τ= 
τ1+ τ2.

Experimental
To verify the above relationships, an experiment on the freezing of 

water-saturated and glycerol spherical bodies in a stream of cold air 
were conducted. Figure 2 shows a scheme of the experimental stand 
that includes a cooling chamber 1 with a refrigerating unit 2 and the 
cooler 3, camera placed inside the vertical channel 4 is fed by the 
discharge fan 5, air flow control.

The experiments were conducted under the following conditions:

i.	 Air temperature Ta=-15°C (258К)

ii.	 Object of study: water-saturated spherical object d=12mm

iii.	 The phase transition temperature of Tf=273K

iv.	 Coefficient of thermal conductivity of the solid phase λs=2,3 
W/mK
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v.	 The heat transfer coefficient of air, α=90 W/m2K

Figure 2 The scheme of experimental installation: 1 – fan; 2 – channel of 
air flow stabilization; 3 – cylindrical channel; 4 – grid; 5 – mesh partition; 6 – 
working channel; 7 – an experienced element; 8 – thermocouple temperature 
sensor; 9 – latch; 10 – compressor-condensation unit.

Estimation of the error of measuring instruments 

When conducted the experiments, the following values has been 
determered: temperature, air flow rate, time, diameter and thickness 
of the obgect as well as its weight. Let us estimate the instrument 
error when measuring these values. Temperature sensors were used. 
They were attach with digital receiver temperature transmitter (Figure 
3) providing a range of measured temperatures from minus 50 to 
plus 200°C with an accuracy of 0.1°C. Maximum absolute error of 
temperature measurement is δtmax=0.5%.

Figure 3 Digital receiver temperature transmitter.

Measurement of the rate of air flow was conducted using an 
anemometer Aero Temp x-line (Figure 4). According to the passport 
of the device measuring range of the device 0-30 m / s, accuracy 
δmax=3%.

Diameter and thickness of frozen layer were measured with the 
help a digital caliper (Figure 5), it is equipped with an electronic 
reading device and allows to obtain the output data with high accuracy 
(Table 1).

Name Measuring range Division value Accuracy, δmax

Caliper device 0 -150 mm 0,01mm ± 0,03 mm

The time of the experiment was measured using an electronic 
stopwatch. The error of time measurement in a process that takes more 
than 10 minutes is less than 1%. The mass of the object was measured 

on the laboratory electronic scales ACOM JW-1 (Figure 6). According 
to the passport of the device absolute error in the measurement of time 
is δmmax=0.1 g.

Figure 4 Aero Temp x-line anemometer.

Figure 5 Digital caliper.

Figure 6 Laboratory electronic scales ACOM JW-1.

Experimental procedure

Chilled in the refrigerator, the air passing through the fan (1) is 
supplied to the stabilization channel (2). In a cylindrical channel (3) 
droplets levitated in a stream of cold air flowing over the surface of 
the them. The prose goes on at the beginning of the cooling down to 
sphere layer solidification. The depth of freezing of a spherical liquid 
layer is measured after the experiment was finished being done in the 
environment of the cold air chamber.
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The Results of experiment
Figure 7 shows the dependence of the relative thickness of the 

freezing layers within droplets.

i.	 water-saturated sphere of diameter d=12 mm experiment and 
theory

ii.	 a spherical droplet of glycerol d=6 mm calculated data.

iii.	 As can be seen from the figure 3 the theoretical and experimental 
results are in a good agreement.

Figure 7 The dynamics of freezing of spherical droplets.

Conclusion 
a.	 The problem of spherical droplets freezing in a stream of cold 

air is considered.

b.	 Generalized equation for finding the depth of spherical layer 
freezing was suggested. It depends on time and thermo physical 
properties of the substances.

c.	 The full freezing layer period of time consists of two parts: the 
first is preliminary cooling of droplet down to the phase change 
temperatures, the second period connects with freezing spherical 
layer time.

d.	 The description of the experimental installation and the obtained 
experimental data conformed the theoretical generalization.
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