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RESUMO  
  

Introdução. A utilização de gelo seco em unidades de resfriamento e armazenamento requer o ajuste 
da intensidade de sublimação devido aos requisitos de uso prudente do CO2 para manter as condições 
térmicas pré-estabelecidas. Objetivo. Ao projetar um ciclo de dióxido de carbono, é essencial considerar a 
influência dos gradientes térmicos na adsorção e dessorção do dióxido de carbono. Métodos. Vários testes 
foram realizados para estudar a produção e sublimação do dióxido de carbono; os teste tiveram como objetivo 
definir a relação da temperatura do período de sublimação do gelo seco, a densidade do CO2 prensado, a 
umidade do ambiente e a concentração. Resultados e Discussão. De acordo com os dados dos testes, houve 
uma relação linear entre a intensidade de sublimação e a temperatura do ar ambiente nas condições 
especificadas. O efeito da condensação de umidade na taxa de sublimação pareceu mais fraco do que o 
esperado, pois a quantidade de umidade na superfície dos espécimes era insignificante. A troca de calor foi 
intensificada pela queda da geada e a expansão da superfície relacionada. No entanto, muita umidade 
congelou sem atingir a superfície do gelo seco, e a camada formada de gelo formou uma superfície de 
isolamento térmico, e a sublimação sob essa camada foi menos intensa. A influência direta da sublimação veio 
da pressão na qual um espécime específico foi formado; no entanto, a pressão de 75 kN foi ótima. Conclusão. 
Apesar das maiores perdas de peso durante o armazenamento, a diferença na energia gasta é mais crítica do 
que 90 kN. O fator não menos importante foi a temperatura de armazenamento do dióxido de carbono. O 
tempo máximo de sublimação de um cilindro de 55 g formado a 75 kN e armazenado a -80 °С foi de 135 horas, 
muito maior do que com parâmetros semelhantes, mas a -60 °С. Dito isso, a quantidade de energia gasta para 
operar uma câmara fria foi praticamente idêntica. 

 
Palavras-chave: dióxido de carbono, sublimação de CO2, CO2, taxa de sublimação, unidades de resfriamento, 
aplicação de CO2. 
 
ABSTRACT  
 
 Background: The utilization of dry ice in cooling and storage units requires adjusting the intensity of 
sublimation due to the requirements of prudently using CO2 to maintain preset thermal conditions. Aim: When 
designing a carbon dioxide cycle, it is essential to consider the influence of thermal gradients on the adsorption 
and desorption of carbon dioxide. Methods: tests were conducted to study the production and sublimation of 
carbon dioxide. The testes were aimed to define the temperature relation of the dry ice sublimation period, the 
density of pressed СО2, and the humidity of the environment and concentration. Results and Discussion: 
According to the obtained test data, there was a linear relationship between the sublimation intensity and the 
ambient air temperature in the specified conditions. The effect of moisture condensation on the sublimation rate 
appeared weaker than expected, for the amount of moisture on the surface of the specimens was insignificant. 
The heat exchange was intensified by the fall of hoarfrost and the related surface expansion. However, much 
moisture froze out without reaching the dry ice surface, and the formed layer of ice formed a heat insulation 
surface, and the sublimation under that layer was less intensive. The direct influence of sublimation came from 
the pressure at which a specific specimen was formed; however, 75 kN pressure was optimal. Conclusion: 
Despite higher weight losses during the storage, the difference in spent energy is more critical than 90 kN. The 
factor no less important was the carbon dioxide storage temperature. The maximal sublimation time of a 55 g 
cylinder formed at 75 kN and stored at – 80°С was 135 hours, much higher than at similar parameters but at -
60°С. That said, the amount of energy spent on operating a low-temperature chamber was almost identical. 
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АННОТАЦИЯ  
 
 Введение: При применении сухого льда в установках охлаждения и хранения, возникает 
необходимость регулирования интенсивности процесса сублимации вызванная требованиями 
рационального использования CO2 с целью поддержания заданных температурных условий.  Цель: При 
расчете углеродного цикла важно учесть влияние градиентов  температуры на механизмы абсорбции и 
десорбции диоксида углерода. Методы: Для определения зависимости продолжительности сублимации 
сухого льда от температуры, плотности прессованного СО2, а также  влажности окружающей среды и 
концентрации нами был проведен ряд экспериментов по исследованию процессов получения и 
сублимации диоксида углерода. Результаты и Обсуждения: Согласно полученным экспериментальным 
данным, зависимость интенсивности процесса сублимации от температуры окружающего воздуха, при 
указанных выше условиях имеет линейный характер. Влияние конденсации влаги на скорость 
сублимации оказалось меньшим, чем ожидалось, т.к. объем ее на поверхности образцов незначителен. 
Выпадение инея и увеличение в связи с этим поверхности привело к интенсификации теплообмена. 
Однако, значительная часть влаги вымерзала, не доходя до поверхности сухого льда, а образующийся 
слой рыхлого инея являлся как бы теплоизоляцией и сублимация под ним протекала менее интенсивно. 
Прямое влияние на процесс сублимации оказывало давление, при котором был сформирован 
конкретный образец, однако серия экспериментов показала, что давление в 75 кН является 
оптимальным. Заключение: Несмотря на несколько большие потери массы в процессе хранения в 
сравнении с давлением в 90 кН разность в количестве затрачиваемой энергии более важна. Не менее 
важным фактором является и температура хранения диоксида углерода, максимальное время 
сублимации цилиндра массой 55 гр, сформированного при давлении 75 кН и хранившегося при минус 
80°С составило 135 часов. Что значительно выше чем при схожих параметрах, но при минус 60°С. При 
этом затраты энергии на работу низкотемпературной камеры практически идентичны. 
 
Keywords: диоксид углерода, сублимация CO2, скорость сублимации, холодильные установки, 
применение CO2.  
  
 
1. INTRODUCTION 

 

The development of technologies of 
applying carbon dioxide in various phase states 
has become an increasingly topical issue over 
recent years. The scope of using this gas is not 
confined to alimentary technologies; it is also 
applied in phytopharmaceuticals, cosmetics, 
resin, and bitumen fractionation, biofuel 
production, esterification, bitumen modification, 
production of new biomaterials, and extraction of 
transuranium and rare earth elements (Yoosook 
and Maneeintr, 2018). At present, scientists have 
already found out that it is possible to use carbon 
dioxide to intensify the extraction and desorption 
of valuable components from raw material and 
intensify homogenization, cold sterilizing, and 
detartration, and hypothermic preservation. 

Because of its high efficiency, the 
utilization of carbon dioxide in various process 
cycles is a topical issue. It has been established 
that the reserves of СО2 in the form of frozen 
crystalline hydrates amount to 1.5 trillion tons, 
i.e., are twice as high as the content of СО2 in the 
atmosphere (Neverov, 2016; Neverov et al., 
2019; Aldamatov, and Grinyuk, 2018; Amokrane 
et al., 2018; ). 

Carbon dioxide is not toxic but a 
negatively affecting substance due to the 

registered increase in its concentration in the 
Earth’s atmosphere and its influence on climate 
change. 

The accumulation of carbon dioxide in the 
atmosphere due to anthropogenic and natural 
influences will inevitably change the gas 
exchange between the world ocean waters and 
the near-surface layer of the atmosphere. Steps 
are being taken to control СО2 emissions from 
power engineering, industrial, and transport 
facilities. 

In 2019 the natural produced amounts of 
carbon dioxide were 432.5 thousand tons, 
equivalent to 4.6 billion rubles. The growth rate 
was 1% of the natural amount and 2% of the total 
worth. According to various data, the domestic 
consumed amount of carbon dioxide has 
remained stable in recent years and reached 420 
to 430 thousand tons (Korotkaya and Kireev, 
2016; Sparks et al., 2008; Zhai et al., 2005; 
Belozerov et al., 2011). 

A group of specialists from the Kemerovo 
University has elaborated a technology of re-
using carbon dioxide that is a by-product 
obtained at alcohol-processing and other 
alimentary industry enterprises (Neverov and 
Grinyuk, 2018; Grinyuk et al., 2018; Evans and 
James, 2008; Repice and Stumpf, 2007). 

The utilization of dry ice in cooling and 
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storage units makes it necessary to control the 
intensity of sublimation due to the requirements 
of prudently using CO2 to maintain preset thermal 
conditions. When designing a carbon cycle, it is 
essential to consider the influence of thermal 
gradients on the adsorption and desorption of 
carbon dioxide (Dyshlyuk et al., 2018; Ruhe, 
2007). 

There is currently no reliable method of 
calculating the heat and mass exchange at the 
sublimation of dry ice. The need for this method 
stems from the requirements on the sustainable 
storage and utilization of dry ice as a coolant. 

In machine-free chilling units with dry ice, 
the intensity of sublimation must be regulated for 
maintaining target temperature conditions in a 
well-minded manner. The process begins right 
after extracting the slab from the ice generator or 
under the dry ice press and continues through the 
ice transport and storage phases. 

Sublimation appears due to difference in 
the partial pressures (concentrations) of carbon 
dioxide steam near the ice surface and the 
ambient medium. Rapid sublimation results in 
forming a boundary layer of saturated carbon 
dioxide steam above the solid phase surface; the 
partial pressure of this steam corresponds to the 
surface temperature of the ice in sublimation. 
Sublimation requires heat supply. Depending on 
the conditions, heat may be obtained from the 
ambient medium and the dry ice simultaneously, 
making the dry ice surface colder and produces a 
significant temperature gradient inside the ice. 

If to imagine that the sublimation will 
spread from the half-limited batch surface into the 
unlimited air environment, the thermal balance for 
the sublimation can be preset proceeding from 
the consideration of the quasi-stationary process 
at the dry ice-air phase boundary. 

The dry ice sublimation temperature de-
pends on the conditions in which it is kept. If a dry 
ice cake is surrounded by carbon dioxide, the 
sublimation temperature at normal pressure will 
be 78.9°С. If the sublimation at this pressure 
spreads into the air, the sublimation temperature 
will drop. In this case, it depends on the tension 
of saturated carbon dioxide steam (concentration) 
in the boundary layer. The tension of СО2 steam 
and the boundary layer thickness is defined by 
the heat and weight exchange conditions be-
tween dry ice and the air. The dependence of the 
dry ice sublimation temperature on the tempera-
ture of the ambient medium and the concentra-
tion of СО2 in it can be defined analytically and 
graphically. (Neverov and Grinyuk, 2018; Grinyuk 

et al., 2018; Evans and James, 2008; Repice and 
Stumpf, 2007) 

 

2. MATERIALS AND METHODS 
 
2.1 Test environment 
 

The dry ice temperature depended on the 
conditions of the process. It was equal to 78.9 °C 
only in a particular case, which corresponds to 
the ambient medium concentration at р = 1 AA. 
The temperature could be lower at this same 
pressure but at a lower concentration of СО2. It 
did not seem possible to use the sublimation 
calculation expressions in practice, for the 
specialized literature provides no data about the 
dry ice sublimation coefficient. 

Tests were conducted to define the 
temperature relation of the dry ice sublimation 
period, the density of pressed СО2, and the 
humidity of the environment and the 
concentration. The tests were conducted at the 
atmospheric pressure and temperatures from -80 
to -20°С.  

 

2.2 Equipment description  
 

During the tests, temperatures and 
humidity were maintained using a two-step 
automated cascade chilling unit. A 0.2 × 0.15 m 
thermally insulated box with the test specimens 
was placed in the chamber. Figure 1 illustrates 
the test bench layout. 

 

 

(A) 

 

(B) 
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(C) 

Figure 1. Test bench layout, (A) – 
thermally insulated box with CO2; (B) –  top view 

of the low-temperature chamber with the 
container installed; (C) – low-temperature 

chamber. 

 

2.3 Dry ice producing process 
 

The sublimation rate depends on the 
properties of the environment and the orientation 
of the limiting dry ice surfaces. The tests were 
conducted on dry ice obtained using the 
equipment, illustrated by Figure 2, to produce and 
supply carbon dioxide snow with a bulk density of 
1.25 to 1.35 kg/dm² at seven to eight. 

 

 

Figure 2. Device for producing dry ice 

1- press; 2- upper plate; 3- lower plate; 4 - 

loading device; 5 – matrix; 6 – table; 7 – box  with 
carbon dioxide snow on it; 8 - punch stamps;  9 - 

baseplate. 

 

The device operated as described: the 
container (7) with guide plates on its side 
surfaces was filled in advance with carbon 
dioxide and fixed in the sleds on Table 6. In the 
course of dosing, the box moved along matrix (5), 
which results in the openings being filled with the 
CO2 snow. Then the container returned to the 
initial position, and the upper plate of the press 
(1) was lowered with the help of a handle until 
touching the matrix. Then the load was applied 
via lower plate (3) and punch stamps (8) to carry 
out the pressing in the matrix; thus, strong carbon 
dioxide cakes (11) of target size were formed that 
depend on the chosen matrix. The matrix and 
punch stamps can be replaced depending on the 
requirements of the final product. After the pellets 
were formed, the upper plate went up to the initial 
position, and the lower plate went up too. Thus 
the punch stamps pushed out the ready-made 
pellet to the matrix surface. The pellet was 
knocked to undertank (10) by the container with 
carbon dioxide that begins moving to the matrix 
for the openings to be filled with another portion 
of the CO2 snow. 

The bottom plate was returned to its 
original position to fill the device with carbon 
dioxide, and the cycle was repeated (Korotkaya 
and Kireev, 2016). 

The cylindrical samples were obtained 
using special-purpose copper thin-walled 
cylindrical press dies installed in the device 
matrix and filled with the carbon dioxide snow 
produced in the device. A dry ice cake was 
formed using a press machine to generate 90, 
75, 50, and 25 kN pressures. After it was taken 
out from the die, the cylinder was weighed and 
placed in the chamber for storage. That way, a 
dry ice sample of any shape could be obtained. 
The cylindrical samples were 30 mm in diameter, 
45±3 mm in height, and weighed 50±3 g. The 
cylinder shape and size were accepted 
proceeding from the condition of approximating a 
self-similar process. 

Since the cylinder shape was distorted 
during the sublimation (the cylinder became an 
ellipsoid by the end of the test), only those test 
readings were considered that corresponded to 
the geometrical similarity condition and steady-
state mode. The cylinder geometric surface was 
conventionally taken for the sublimation surface; 
in reality, however, the sublimation took place not 
only from the surface but also in the dry ice zone 
of small depth, which was also considered in the 
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course of the study. The dry ice used in the tests 
had been produced with carbon dioxide snow 
production and supply at 7 to 8 atmospheres and 
had a bulk weight of 1.25—1.35 kg/dm2. The 
production of СО2 snow in these devices relied on 
the aftercooling of liquid carbon dioxide. In 
(Grinyuk et al., 2018). the aftercooling of СО2 was 
conducted through the washers with a throttle 
opening of 1 mm in diameter. The snow formation 
occurred in the cones with angles (α) from 3 to 
16°, which allowed identifying the influence of the 
cone angle on the production of solid carbon 
dioxide. For the truncated cone layout, see Figure 
1. For the geometric data on the cones, see 
Table 1. 

 

Table 1. Geometric data on the cones 
 
no. D, mm d, mm l, mm α,° β,° 
1 

42 

50 

80 

3 87
2 60 6 84
3 65 8 82
4 70 10 80
5 75 12 78
6 86 16 74

 

 

 

Figure 3. Truncated cone 

 

2.4 Solid СО2 producing process 
 

Figure 5 shows a diagram of the device 
for the production of solid СО2. The device was 
equipped with plates on the external surface of 
the СO2 feeding unit for reducing the losses of 
carbon dioxide snow being produced and 
increasing the filling of the die’s internal space 
with it. The device also had a choke flange with a 
T-shaped opening intended to increase the 
amount of СO2 snow at the throttling of liquid 

carbon dioxide. In these flanges, the conversion 
of carbon dioxide to a snow-like state was more 
intensive for the flow of liquid С02 changed its 
motion route, which led to an additional pressure 
drop: in this case, according to Bernoulli’s 
equation, liquid СO2  flows faster through the 
openings (Neverov and Korotkikh, 2019; 
Korotkov and Novikov, 2018; Frankel and Finley, 
2008; Houska et al., 2011; Koster, 2005; Maier 
and Wilson, 2006). Also, the opening 
configuration allowed splitting the flow in two, 
increasing the amount of snow output.  

All of the device parts were made of stain-
less steel (see Figure 5). Nozzle (1) was con-
nected to one of its sides to the pipeline feeding 
liquid carbon dioxide through the solenoid valve 
(13), controlled by a time relay (15). In contrast, 
on the other side, it had a guiding indentation for 
centering choke flange (2). This flange had a T-
shaped opening. The nozzle was connected to 
С02 feeding tool (6) inside the body (7) through 
coupling nut (3) with a key outward profile. Inside 
the body (7), the external surface of С02 feeding 
unit (6) had plates (4) fixed using unit (5). These 
plates had grooves, where splines (10) are in-
stalled and fixed in (6) with the help of a pin. The 
slide bars on the external surface of the splines 
(10) were designed to move along the guides on 
the inner surface of the nut (5). Nut (5) moved 
along the guides using a flexible member (14) 
with the help of a stepper (12). The plates were 
returned and fitted in out-of-action mode with the 
help of springs (11). The motion of the plates 
along the horizontal axis was restricted using 
limiter (9) with contact switch (8). 

 

2.5 Carbon dioxide snow production process 
 

The operational principle of the carbon 
dioxide snow production device is described 
below. When СO2 feeding unit (6) was put into 
the die (7), switch (8) contacts with the mold’s 
surface, and a signal was transferred to stepper 
(12) that moves nut (5) by mean of flexible 
member (14). Nut (5) overcomed the action of 
spring (11) to put pressure on the edges of plates 
(4) that expanded from the opposite side; 
concurrently, the signal to open the solenoid 
valve (13) came from the time relay (15). Liquid 
carbon dioxide was supplied to choke flange (2), 
passes through the T-shaped opening, and was 
throttled and released into the mold’s internal 
cavity through the feeding unit (6). 

Having covered the time relay period, 
valve (13) closed to occlude the flow of liquid С02 
to choke flange (2). Concurrently, the time relay 
switched off stepper (12) and spring (11) ensured 
the tight-fitting of plates (4) to the body of unit (6) 
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in the initial position. 
  
2.6 Measurements 
  

The weight of a dry ice cylinder was 
determined using a precision class II  PCE BS 
3000 touch-sensitive balance with a sensitivity of  
0.1. The balance was calibrated before the 
procedure. 

The relative humidity and temperature 
were measured using a DV2TC-5Т-5P-АК 
measurement set designed for use in climatic 
thermal chambers. Together with an  IVA-6B2-К 
temperature and humidity converter, it allows 
measuring and registering temperatures from -70 
to +60℃ (with an inaccuracy of ± 0,2℃) and 
humidity of 0 to 99,9% (with an inaccuracy of 
±0,5%). 

The sample compression pressure was 
determined using the measurement set of a  PM-
MG4 test machine (the limits of the main relative 
error in force measurements are ±1%), designed 
for force generation and measurements in 
mechanical testing in construction, research and 
development work, and also in construction 
laboratories. 

According to Paterson lab clocks, the 
sublimation period was determined with the 
annual limit of the main absolute error of 
measurement from +20 to − 20 seconds. (Wang 
et al., 2020; Xu et al., 2019).  

The methods and experimental equipment 
make it possible to control all the necessary 
parameters with high accuracy.  
 

3. RESULTS AND DISCUSSION 

 

Carbon dioxide was throttled through 
washers with rectangular and T-shaped orifices 
of 0.5 to 2 mm in diameter, which allowed 
determining the influence of the orifice 
configuration on the carbon dioxide production in 
solid. 

The first series of tests were conducted at 
the temperature of the bottle with liquid carbon 
dioxide of 19 oС. For the results of the 
dependence of the amount of СО2 snow on the 
orifice diameter, see Figure 6. 

As shown by analyzing the dependencies, 
the largest amount of snow was produced using 
the T-shaped orifices of 1.5 mm in diameter. This 
diameter is optimal for converting liquid СО2 to 
solid. This is explained by the fact that the orifice 
of 1.5 mm in diameter creates an optimal 
difference in the pressure generated by the liquid 
carbon dioxide in the bottle and the atmospheric 
pressure. In this case, liquid consumption relation 

to the output of СО2 (Figure 7) is 23.9 % 
(0.9/0.215 kg/kg). 

If the washers with rectangular orifices are 
used, the maximal amount of snow is produced at 
the orifice diameter of 1.3 mm, though the snow 
output is much lower and equal to 17.1 % 
(0.85/0.145 kg/kg).  

 

Figure 6. Snow output at liquid carbon dioxide 
temperature t = 19оС 

 

 

Figure 7. Reduced consumption of СО2 at liquid 
carbon dioxide temperature t = 19 оС. 

 

Thus, the conversion of carbon dioxide to 
snow through T-shaped orifices is more intensive 
because the flow of liquid  СО2  changes the 
motion path, which means an additional pressure 
drop is attended by an increase in the flow speed 
through the orifices (Bernoulli’s equation). Also, 
the orifice configuration allows splitting the flow in 
two, increasing the output of snow. 

The clear advantage of the choke flanges 
with T-shaped orifices allowed us to give up using 
their counterparts with rectangular orifices in 
subsequent tests. 
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The next series of tests consisted of 
studying the influence of lower temperatures in 
bottles with carbon dioxide on the output of СО2: 
a bottle with carbon dioxide was put for the 
purpose in a chilling room and cured there at -2, -
18, and -26°С for 8 to 12 hours.  

For the results of the test at the bottle 
temperature of -2 °С, see Figure 8. The analysis 
of the dependences allows concluding that an 
increase in the orifice hole diameter is attended 
by the trend for a constant increase in the output 
of carbon dioxide snow. 

However, the analysis of the dependence 
of 1 kg of liquid СО2 consumed per kg of snow on 
the orifice hole diameter (Figure 9) allows 
concluding that the optimal orifice diameter at this 
temperature is 1.1 mm for the relation of the 
liquid consumption to the output of СО2 is 
maximal and, in this case, equal to 40 % 
(0.60/0.24 kg/kg). 

 

  

Figure 8. Snow output characteristic at liquid 
carbon dioxide temperature t = –2 оС. 

 

Figure 9. Reduced consumption of СО2 at liquid 
carbon dioxide temperature t = –2 °С. 

The trend for the reduction in the orifice 
hole diameter persisted with a further drop in the 
liquid carbon dioxide temperature. Thus it was 
established that at -18 and -26 °С it was 
expedient to use the choke flange with a 
diameter of 0.6 and 0.4 mm, respectively. In this 
case, the respective output of СО2 is 54.8% 
(0.31/0.17 kg/kg) and 59.6 % (0.24/0.143 kg/kg). 

Thus the drop in the liquid carbon dioxide 
temperature before throttling allows increasing 
the output of СО2 snow; however, when choosing 
thermostatic control conditions, it is necessary to 
consider the issue’s economic dimension that 
has to do with the costs of reducing the bottle 
temperature. The next phase of the 
generalization of the results in the manner most 
fitting for practical use.  

Therefore, we combined the main 
parameters of carbon dioxide snow production 
and presented them in a nomograph. The 
nomograph in Figure 10 allows determining the 
orifice hole diameter concerning the liquid carbon 
dioxide temperature at the maximal output of СО2 
snow. 

The liquid carbon dioxide temperature 
values are plotted along the Y-axis, whereas the 
T-shaped choke orifice diameters are plotted 
along the X-axis. 

 

Figure 10. Nomograph for selecting 
orifice hole diameter 

 

The nomograph is used as follows: 
knowing the liquid carbon dioxide temperature, 
draw a straight line parallel to the X-axis until the 
intersection with the line that shows the optimal 
output of СО2  snow. The numerical value is 
determined along the Y-axis. 
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For example, we take that the liquid СО2 
temperature is 0оС and find the recommended 
orifice plate hole diameter of 1.14 mm that will 
ensure the maximal output of СО2 snow. 

While analyzing the dependence, it should 
be noted that the production of carbon dioxide 
snow in the snow-formative flare fitting is divided 
into several phases. Phase one has to do with 
the Bernoulli equation for the stream of carbon 
dioxide passes through the washer with a throttle 
opening of 1 mm in diameter, where the gas or 

liquid flow rate rises (dynamic pressure  
rises); at this same moment, however, the static 
pressure drops; therefore, with a reduction in the 
cross-section of the stream due to a rise in 
speed, that is, dynamic pressure, static 
pressure/drops. 

Then, the stream goes into the cone and, 
with the growth of the angle of the snow-
formative cone, the formed snow-mass increases 
to 0.175 kg, in which case the cone angle is 12°; 
thus, the pressure rise in front of the cone 
increases the speed along the whole snow-
formative cone. In the expanding part, the stream 
slows down, and the pressure rises. The optimal 
cone angle is 12°. At this angle, the maximal 
pressure is generated to convert as much carbon 
dioxide as possible to a snow-like state. 

For example, in the first series of tests at 
a liquid carbon dioxide temperature of 10±1 °C, 
the ratio of the liquid consumption to the output of 
СО2 snow is 25% (0.175/0.7 kg/kg), in which case 
the optimal cone angle is 12°. 

The following tests were made at a liquid 
carbon dioxide temperature of 10±1°С. With the 
growth in the angle of the snow-formative cone, 
the formed snow-mass rises to 0.18 kg, in which 
case the optimal cone angle is 120. 

In this case,  the liquid consumption ratio 
to the output of СО2 snow is 30% (0.18/0.6 
kg/kg). A drop in the temperature of liquid СО2 
before throttling increases the output of carbon 
dioxide snow. 

The third series of the tests were 
conducted at a liquid carbon dioxide temperature 
of 0±1°С, in which case the ratio of the liquid 
consumption to the output of СО2 snow is 30.9% 
(0.17/0.55 kg/kg). The optimal cone angle was 
also 12°. 

The following group of tests was 
conducted at a liquid carbon dioxide temperature 
of - 10±1°С, in which case the optimal solution is 
also the cone with an angle of 12°. In this case, 
the liquid consumption ratio to the output of СО2 

snow is 31.25 % (0.25/0.8 kg/kg).  

According to the analysis of the 
dependencies from Figure 2, the largest amount 
of snow was produced at -10 °С, while using the 
cone with an angle of 12°. 

 

 

Figure 4. The output of snow-like СО2 at different 
angles of the snow-formative cone 

 

Thus, a drop in the carbon dioxide 
temperature before throttling allows increasing 
the output of СО2 snow while selecting the 
optimal angle in the snow-formative flare fitting 
means an additional increase in the output of 
carbon dioxide snow. However, thermal control 
conditions should be chosen, considering the 
economic aspect of the issue, linked with the 
expenses on cooling liquid carbon dioxide. 

During the test, the samples were placed 
in a thermally insulated box installed in the 
chilling unit chamber. The first series of tests 
were conducted at a chamber air temperature of -
78±2 °С and relative humidity of 20%. In the 
design period, the concentration of СО2 in the 
chamber did not exceed 20%. For the test 
results, see Figure 11А. 
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Figure 11. Dependence of the dry ice sublimation 
intensity on the ambient air temperature at 

chamber air temperatures of -78±2 °С (A) and -
60±2 °С (B)  

 

The sample pressed at 25 kN is 
sublimated more intensively because the heat 
exchange involves most of the carbon dioxide 
snow surface. In the samples pressed at higher 
pressures, the inter-fraction distance is much 
shorter, inhibiting the convective heat exchange 
and reducing specimen weight losses. 

For the study similar to the first one but 
conducted in the chamber at -60 °С, see Figure 
11b: it confirms the regularities discovered in the 
first series of the tests. In that case, however, the 
sublimation was more than twenty hours shorter, 
which was because it occurred at higher 
temperatures. 

Sublimation results from the difference in 
partial pressure between the carbon dioxide 
steam near the ice surface and the СО2 steam in 
the environment; also, if the sublimation is rapid, 
a layer of saturated carbon dioxide steam forms 
above the solid-phase surface of the interface 
layer of saturated СО2 the partial pressure of 
which corresponds to the surface temperature of 
the ice exposed to sublimation. 

The sublimation process required a supply 
of heat. Depending on the conditions, heat can 
be borrowed from the environment, which cools 
down the ice surface and results in a significant 
thermal gradient inside the ice. 

The dry ice temperature depends on the 
conditions in which the process develops. If the 
dry ice cake is surrounded by carbonate acid gas, 
the sublimation temperature at normal pressure 
will reach -78.9°С. In contrast, if the sublimation 
of ice into the air occurs at the same pressure, 
the sublimation temperature will be much lower, 

in which case it depends on the tension 
(concentration) of the carbon dioxide steam in the 
interface layer. The carbon dioxide steam tension 
and the interface layer thickness are determined 
by the heat and mass exchange conditions 
between the ice and the air. 

The effects of evaluating the sublimation 
rate of carbon dioxide cylinders formed at various 
pressures and deposited in the chamber at -40±2 
and 20±2°C, as in Figures 12A and 12B, 
respectively. 
 

 

 

Figure 12. Dependence of the dry ice sublimation 

in the chamber on the ambient air temperature at 
an in-chamber air temperature of -40±2 °С (A) 

and -20°С (B) 

 

As seen from the plot, the average weight 
losses observed in the tests are much more 
significant than in the first two test series. Thus, 
the sublimation period at -40 and -20°С was, 
respectively, by 100 and 150 % shorter than in 
the first series of the tests. The weight losses 
were linear and amounted to about 20 g per 24 
hours. This can be explained by the fact that the 
heat was supplied by convection and beam 
emissions; the latter provided 20 and up to 45% 
of the total heat supplied at the test chamber wall 
temperature of -78 and -20°С, respectively. 
Because of the low heat capacitance (С = 900 
(J/(kgꞏК)) and weak heat conductance (λ=138 
W/(mꞏК)) of the dry ice cake, the heat supplied to 



 

Periódico Tchê Química.  ISSN 2179-0302. (2021); vol.18 (n°37) 
Downloaded from www.periodico.tchequimica.com 

  10 

its surface, especially when the cake is small, 
cannot have any significant influence on the 
process.  

As a general matter, the convective and 
radiation supply from the ambient medium may 
take place and produce by test, allowing mutually 
controlling them. The sublimation intensity as the 
average integral quantity on the surface 
characterizes separate sublimation conditions. It 
can be defined by weighing a cake, in which case 
the conductive heat supply comes from the same 
batch of dry ice due to a drop in the ice surface 
temperature during sublimation. 

The sublimation intensity at enforced air 
convection is much higher than at free 
convection. The dry ice surface cools down with 
an increase in the convection rate. This can be 
explained by the fact that convective heat supply 
took place and heat supply by irradiation. As 
already noted earlier, the heat supply due to the 
condensation of moisture from the air on the dry 
ice surface cannot significantly affect the process 
either. 

 

4. CONCLUSIONS 

 

According to the test data, there is a linear 
relation between the sublimation intensity and the 
ambient air temperature in the above-specified 
conditions. 

It was observed that the largest output of 
СО2 snow is produced using choke flanges with 
T-shaped holes. The effective orifice hole 
diameters have been determined that allow 
producing the maximal output of СО2 snow at the 
optimal liquid carbon dioxide consumption at 
throttling temperatures of 26 to 19 οС. It has also 
been established that the pre-throttling drop in 
the liquid carbon dioxide temperature allows 
increasing the output of СО2 snow. 

The condensation of moisture appears to 
have a weaker influence on the sublimation rate 
than expected. The heat exchange was 
intensified by the fall of hoarfrost and, as a result, 
the expansion of the surface. However, much 
moisture froze out without reaching the dry ice 
surface, and the formed layer of mellow ice would 
form a kind of heat insulation, and the sublimation 
under that layer was less intensive. The direct 
influence of sublimation came from the pressure 
at which a particular specimen was formed; 
however, the 75 kN pressure was optimal, as 
shown by the tests. Despite somewhat more 
significant weight losses during the storage, the 
difference in the amount of spent energy is more 

critical than 90 kN. The factor no less important is 
the carbon dioxide storage temperature. The 
maximal sublimation period of a 55 g cylinder 
formed at 75 kN and stored at – 80 °С was 135 
hours, which is much higher than at similar 
parameters but at -60 °С. That said, the energy 
amounts spent on running a low-temperature 
chamber are almost identical. 

However, it can be assumed that no 
complete analogy can be drawn between the 
heat and the mass exchange during the 
sublimation of dry ice into the air at various 
temperatures because sublimation inhibits heat 
exchange as a result of the fact that the streams 
of heat and mass are directed toward one 
another, and the contraction of dry ice allows 
making this effect weaker. 
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FIGURES 
 

 
 

Figure 5. Carbon dioxide snow production unit layout 
1 – nozzle; 2 – choke flange;  3 – coupling nut; 4 – plates; 5 – auxiliary unit; 6 – С02 feeding 

tool; 7– body; 8 – contact switch; 9 – limiter; 10 – splines;  11 – springs; 12 –  stepper; 13 – solenoid 
valve; 14 – flexible member; 15 – time relay. 

 
 


