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dition of heat transfer and thawing only from the steam
needle nozzle, without taking into account the thawing
of the soil from heating its walls.

The second developed model is more accurate, as it
takes into account tthe thawing and heat transfer not only
through the needle nozzle, but also from its walls.

The appearance of the developed spatial planar models
for performing thermal engineering calculations is shown
in Fig. 1.

Based on the results of the performed thermal engi-
neering calculations, the area of thawing at the end of the
needle from the nozzle is determined, which is shown in
Figs. 2, 3.

Based on the presented results, we can conclude that
two independent computational models converge.

According to the calculation results, the maximum
thawing zone from the nozzle of one steam needle is
0.3%0.3 m (at a depth of 6.0 m).

After verification of the calculation models, we pro-
ceed to the selection of the optimal design of the steam
needle and the steam supply temperature.

To perform the calculation for selecting the required
wall thickness of the steam needle, its diameter and the
steam supply temperature, an updated model from the
first stage of calculations was adopted.

To perform the calculation, independent thermal en-
gineering models are used, each of which simulates a dif-
ferent wall thickness of the steam needle. The diameter of
the steam needle is constant and assumed to be 50 mm.
The steam supply temperature is constant and is 170 °C.
For calculations and subsequent comparison, the follow-
ing steam needle wall thicknesses are modeled: 1.5 mm,
2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm, 4.5 mm,
5.0 mm, 5.5 mm, 6.0 mm.

Based on the results of calculations, similar results
were obtained Fig. 3. After analyzing the calculated mod-

els, all the results obtained were summarized in the gen-
eral Table 4, the summary chart and graph presented in
Figs. 4, 5.

Analyzing the results obtained, the above diagram
and graph, we can conclude that the wall thickness of
the steam needle affects the size (depth)of the steam
needle thawing zones from the side surface of the needle.
The maximum depth of thawing is achieved when us-
ing needles with a wall thickness of 1.5 and 2.0 mm. Of
the proposed options, the needle with a wall thickness
of 2.0 mm has become the most widely used in practice,
since needles with a wall thickness of a smaller value re-
quire the use of special equipment on the construction site
and additional monitoring of the needle crushing process.
Based on this, for further calculations, the wall thickness
of the steam needle is assumed to be 2.0 mm.

To perform calculations for selecting the required
steam needle diameter, separate heat engineering mod-
els are used, each of which simulates a steam needle of
a certain diameter. Based on the results of the calcula-
tions, the optimal wall thickness of the steam needle is
assumed to be 2.0 mm, and the steam supply tempera-
ture remains constant — 170 °C. For calculations and
subsequent comparison, steam needles of the following
diameters are modeled: 20.0 mm, 30.0 mm, 40.0 mm,
50.0 mm, 60.0 mm.

Based on the results of calculations, the results ob-
tained were summarized in Table 5, and a diagram and
graph of the distribution of thawing parameters were con-
structed, presented in Figs. 6, 7.

The maximum thawing zone from the needle nozzle is
achieved when using a steam needle of the largest diam-
eter — 60.0 mm. Therefore, for further calculations, the
steam needle diameter is assumed to be 60.0 mm.

To perform calculations for determining the required
temperature of steam supply to the steam needle, a previ-

Fig. 1. Simplified finite element model (left) and refined finite element model (right)
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Fig. 2. Simplified model. The stage after installing the needle and thawing the soil. The first 30 days of well
operation. Winter period
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Fig. 3. Updated model. The stage after installing the needle and thawing the soil. The first 30 days of well operation.
Winter period

Table 4. Calculation results for determining the optimal wall thickness of a steam needle

Wall thickness, mm

Parameter name
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
size of the heated areafrom | ) 5 31 53,03 | 03x03 | 0.3x0.3 | 03x03 | 0.3x0.3 | 03x03 | 0.3x0.3 | 03x03 | 0.3x0.3
the needle nozzle, m
Depth of thawing from
the side surface of the pile, 0.405 0.405 0.404 0.404 0.403 0.403 0.403 0.402 0.402 0.402
MMG zone, m
Size of the thawed zone
in the area of annually 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41
thawed-frozen soils, m
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Fig. 4. Diagram of the distribution of thawing parameters depending on the wall thickness of the steam needle
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Fig. 5. Graph of the dependence of the frost zone thawing depth on the wall thickness of the steam needle

Table 5. Calculation results for determining the optimal steam needle diameter

Needle diameter, mm

Parameter name
20.0 30.0 40.0 50.0 60.0

Size of the heating zone from the needle nozzle, m | 0,193x0,193 | 0,206x0,206 | 0,218x0,218 | 0,238%0,238 | 0,250x0,250

Depth of thawing from the side surface of the pile,

MMG zone, m 0.1 0.1 0.1 0.1 0.1

Size of the thawing zone in the area of annually

thawed-frozen soils, m 1.32 1.32 1.32 1.32 1.32
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Fig. 6. Diagram of the distribution of thawing parameters depending on the diameter of the steam needle
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Fig. 7. Graph of the dependence of the size of the thawed zone on the diameter of the steam needle

ously developed heat engineering model is used, in which
a certain temperature of steam supply is set for each of the
considered cases.

The following design of the steam needle is accept-
ed: diameter — 60.0 mm, wall thickness — 2.0 mm. For
calculations and subsequent comparison, the initial
steam temperatures are modeled: 100, 120, 140, 160,
170 °C.

Based on the results of calculations performed for each
of the heat engineering models, the results were obtained,
which are presented in general form in Table 6, as well
as a diagram and graph of the distribution of the main
parameters of thawing, presented in Figs. 8, 9.

The maximum melting zone of the array from the
steam needle nozzle is reached at a steam supply tem-
perature of 160—170 °C. However, an analysis of the prac-
tice of soil thawing shows that the use of the maximum
possible steam temperature of 170 °C requires the use of
high-precision equipment, complete elimination of pos-
sible steam leakage and shortcomings in the insulation
of steam pipelines. When the temperature decreases to
160 °C, the melting zone of the soil mass does not change
and is 0.250 m at a steam temperature of 170 °C to 0.247 m
at a steam temperature of 160 °C.

For further calculations, the following design of the
steam needle is accepted: the diameter of the steam needle
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Fig. 8. Diagram of the distribution of thawing parameters depending on the steam supply temperature
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Fig. 9. Graph of the dependence of the size of the heating zone on the temperature of the steam supply to the
steam needle

Table 6. Calculation results for determining the optimal steam supply temperature

Steam supply temperature, °C

Parameter name
100 120 140 160 170

Size of the heating zone at the end of the needle from

0.218x0.218 | 0.229x0.229 | 0.233x0.233 | 0.247x0.247 | 0.250x0.250
the nozzle, m

Depth of thawing from the side surface of the pile,

MMG zone, m 0.1 0.1 0.1 0.1 0.1

Size of the thawing zone in the area annually thawing-

- - 1.32 1.32 1.32 1.32 1.32
freezing soils, m
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is 60.0 mm, the wall thickness is 2.0 mm; the steam supply

temperatures are 160 °C, the distance between the steam

needles is 0.5 m, and two heat engineering models are used:

— with a rectangular arrangement of needles.

— with a “checkerboard” arrangement of needles — with
the displacement of one row of needles relative to an-
other.

The appearance of the developed heat engineering
models is shown in Figs. 10—13.

Both calculation models are performed in the spatial
formulation of the problem, taking into account the ef-
fect of atmospheric air with a temperature variable by
day and month. The calculations were performed taking
into account the time iteration with the results recorded

Fig. 10. A finite element model with a rectangular arrangement of needles without their displacement

Fig. 11. Finite element model with a rectangular
arrangement of needles without their displacement

with a depth of 6 m
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Fig. 12. A finite element model with a “checkerboard” arrangement of needles with the displacement of one row of
needles relative to another

Fig. 13. Finite element model with a “checkerboard”
pattern of needle placement with a displacement of
one row of needles relative to another with a depth of

6m
for each day. The results of the calculations are shown in The area of soil thawed by a single steam needle for
Figs. 14, 15. a model with a “staggered” needle arrangement (with one

To compare the calculation results obtained, we will ~ row of needles shifted relative to another):
determine the size of the thawed soil zone at the level
of — 6.0 m from the earth’s surface (Figs. 16, 17). 2.43 m? / 10 pieces = 0.243 m?.
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Fig. 15. A model with a“staggered” needle arrangement (with one row of needles shifted relative to another).
Stage - 10 days of steam needle operation
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Fig. 16. A model with a“staggered” needle
arrangement with one row of needles shifted relative to
another. The soil thawing zone is 2.02x1.35 m. The area

Fig. 17. A model with a rectangular arrangement of
needles. The soil thawing zone is 1.35%1.35 m. The area
of the soil thawing zone is 1.82 m?

of the thawing zones 2.43 m?

Table 7. Results of calculations performed for selecting the optimal distance between steam needles
and comparing the placement schemes of steam needles

Number of Area of Area of thawed Depth of thawed
Layout of steam needles steam needles in | thawed soil, | soil per steam | soil below the steam

the model, pcs m? needle, m?*/pc. needle mark, m
Mc.>del W|th a rectangular needle arrangement 9 182 0202 037
(without displacement)
Model with a «staggered» needle arrange-
ment (with displacement of one row of 10 243 0.243 0.36
needles relative to another)

Model with a rectangular needle arrangement (no
offset):

1.82 m? /9 pieces = 0.202 m?.

The results obtained show that the mass of thawed
soil remains undisturbed, and there are no inclusions of
frozen soil. The time required for thawing the soil mass
is 10 days from the moment the steam needles are put
into operation.

To perform the calculation for determining the time
of return to the initial frozen state, a heat engineering
model with a “checkerboard” arrangement of needles
is used.

Modeling of ground cooling was performed after the
stage-by-stage installation of steam needles, their work on
soil thawing and disconnecting the needles with subse-
quent removal from the array. The results of the calcula-
tions are shown in Figs. 18—21.

Table 8. Results of calculations for reverse freezing of the soil mass

Maximum Size of the thawed .
Stage . Thawing contour
temperature, °C zone, m

Stage after switching off the steam needles (ground .

freezing). 10 days after switching off the needles 2598 1.7x1.3 Contouris not broken
Stage after switching off the steam needles (ground .

freezing). 20 days after switching off the needles 11:59 1.5x1.2 Contouris not broken
Stage after switching off the steam needles (ground .

freezing). 30 days after switching off the needles 362 1.2x1.0 Contouris not broken
Stage after switching off the steam needles (ground 097 _ No contour, complete
freezing). 40 days after switching off the needles ’ freezing
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k. k.

Fig. 18. A model with a“checkerboard” arrangement of needles with their displacement. Stage - 10 days from the
moment of switching off the steam needles

Fig. 19. A model with a“checkerboard” arrangement of needles (with an offset). Stage — 20 days from the moment
of switching off the steam needles

The result of calculations for determining the time of 5. CONCLUSION

soil return to its original frozen state shows that complete 1. As a result of the calculation, the optimal design of
freezing of pre-thawed soils occurs 30 days after the steam  the steam needle, its diameter, wall thickness and steam
needles are turned off and removed. supply temperature were determined.
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Fig. 20. A model with a“checkerboard” arrangement of needles (with an offset). Stage - 30 days from the moment of
switching off the steam needles. Section along the Y-axis

Fig. 21. A model with a“checkerboard” arrangement of needles with their displacement. Stage - 40 days from the
moment of switching off the steam needles. Section along the Y-axis

2. The required distance between the steam needles 4. The results of the work performed will allow us to
and their placement is determined. consider the possibility of constructing foundations of
3. The term, area, volume of permafrost to be thawed  buildings and transport structures in permafrost condi-
and the time for the soil to return to its original frozen  tions using the proposed nanotechnology.
state have been determined.
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