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Drilling in permafrost is faced with spe-
cific difficulties at all stages of well con-
struction [1–10]. These difficulties arise
from the variation in thermal conditions in
wells due to heat exchange between per-
mafrost rocks and the flush fluid circulating
in the wells. To prevent freezing problems
when drilling in permafrost, heated process
water or drill fluid are used, which often
results in decohesion of permafrost, as well
as in sloughing and caving-in of wells. 

According to the accomplished stud-
ies, the most effective technique of well
washing in such conditions is applica-
tion of negative-temperature drill fluids
added with antifreeze agents, including
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carbamide, potassium chloride KCl and sodium nitrate NaNO3

which ensure the ice point depression in drill fluids down to 
values not higher than temperature of permafrost. 

The change in the natural temperature conditions in per-
mafrost during drilling with flush fluids is governed by the flush 
fluid temperature and generally exhibits three trends: 

• partial or total thaw of rocks in the vicinity of wells as 
a result of the heat exchange with circulating flush fluid with 
positive temperature;

• total or partial preservation of natural negative tempera-
ture under the circulation of flush fluid cooled down to nega-
tive temperature and containing an additive agent meant to 
depress the point of congelation; 

• partial or total recovery of negative temperature in the 
well vicinity during long-term operational shutdown or forced 
stopping of flush fluid circulation. 

Thus, when drilling in permafrost, an extra parameter to 
characterize the well washing procedure should be assumed 
the flush fluid temperature. There can be the positive and neg-
ative service temperature of flushing. The choice of the flush-
ing temperature is governed by the physical and mechanical 
properties of permafrost, by the ice content of frozen rocks, 
as well as by their thermophysical properties and natural tem-
perature [11–15]. 

Aimed to reduce the time spent for implementation of this 
well flushing procedure, prior to adding an antifreeze agent, 
the drill fluid is cooled down to a temperature tn found from 
the relation:

0 ≤ tnt ≤ tkt +k Δt, (1)
where tkt  is the preset temperature of the drill fluid,k °С; Δt is the t
decrease of the drill fluid temperature owing to heat of dilution 
of an antifreeze agent, °С.

The antifreeze additive is selected amidst water-soluble 
substances characterized with endothermal heat of dilution. In 
summer, the drill fluid is cooled using a refrigerator machine. In 
winter, cooling is executed under natural cold accumulated in 
air. The drill fluid is cooled using any known technique, includ-
ing simple, without complex and energy-consuming vapor 
compression machines, owing to blowing of cool air by air 
cooling heat interchangers [16–22]. 

The proposed approach is a negative temperature wash-
ing technique applicable in drilling of any-purpose wells of any 
diameter and length in permafrost up to 600 m thick. 

The figure shows the graph of the required concentra-
tion of an antifreeze additive (carbamide) in mass percent 
as function of the solution temperature tk t and the expected 
temperature decrease Δtkt  owing to absorption of heat during k

dilution. 
For example, 1 m3 of drill fluid with initial temperature 

tnt  = 5 °С is to be cooled down to the temperature tkt  = –2.5k °С. 
Pre-cooling can only be done down to tnt  = 0 °С; there-
fore, it is required to determine the antifreeze agent con-
centration such that to ensure the temperature decrease 
Δt = 2.5t °С. For instance, with carbamide, its concentration 
should be 25.5% (mass) (See the Figure). The required quan-
tity of an antifreeze agent can be calculated from the known 
formula (without regard to heat exchange with the environ-
ment):

m = cms(tnt – tkt )/q, (1)
where c is the specific heat per unit mass of drill fluid, J/kg·°С; 
ms is the mass of drill fluid, kg; q is the specific heat of dilution 
of antifreeze agent, J/kg. 

Using this formula and laboratory test data, it is possible to 
plot graphs as in the figure for other antifreeze additives. 

In this manner, the drill fluid is cooled down from 5 to
0 °С, with measuring duration of this operation; then, the drill 
fluid is added with 25.5 % (mass) of carbamide; 2.2 min later 
the drill fluid acquires the temperature of –2.5 °С. In accord 
with the described procedure, test cooling of drill fluids was 
undertaken using the known methods and the newly pro-
posed approach. The test results are compiled in Table 1. 

As follows from Table 1, the proposed method ensures 
essential reduction in cooling time as compared with the 
known techniques. For example, cooling of drill fluid from 20 
to –5°С takes 176 min in the known method and 126 min with 
the proposed procedure. On the whole, the cooling time con-
sumption is reduced by 45–28%. At the same time, the energy 
input of cooling is decreased within the same ranges due to 
shortened operating time of a refrigerating machine with an 
input up to 26 kW.

To the sufficient engineering accuracy, the cooling time
T (preliminary cooling by the proposed procedure, or total 
time by the known method), given the known thermophysical 
properties of a drill fluid and cooling capacity of a refrigerating 
machine, can be calculated from the known expression:

T =T cms Δt/t kq, (1)
where c is the specific heat per unit mass of drill fluid, J/kg·°С; 
ms is the mass of drill fluid, kg; Δt is the required reduction int
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temperature, °С; k is the efficiency of refrigerating machine ink
heat exchange with an intermediate heat source (0.55).

Refrigerating machines are used for cooling drill fluids
only in summer when the air temperature is higher. In win-
ter, or in autumn and spring, featuring lower or negative
air temperatures in the permafrost areas, as well as longer
duration of cooling as compared with summer, it is efficient
to carry out pre-cooling of drill fluids using natural cold
accumulated in air. In this respect, Table 1 describes addi-
tionally two approaches to pre-cooling of drill fluids. These
data prove that with the proposed procedure, pre-cooling is
feasible by any known method, including simplified, without
involvement of complex and energy-consuming refrigerat-
ing machines.

The tests were carried out in thermally insulated reser-
voirs filled with the same quantities of drill fluids (3 m3). Both
the known and proposed methods used the series-produced
refrigerating machine KHM-FU-40-1 with rated cooling
capacity of 48846 kcal/h (56.72 kJ/s). The thermophysical
properties and process properties of the tested drill fluids are
described in Tables 2 and 3, respectively.

It follows from Table 3 that drill fluids after addition of anti-
freeze agents (carbamide, potassium chloride KCl and sodium
nitrate NaNO3) have acceptable parameters for drilling tech-
nology. In this connection, the proposed procedure of drilling
in permafrost with negative temperature of flushing is appli-
cable in any-purpose borehole drilling. 

Table 2. Thermophysical properties of resultant drill fluids

Composition, % (mass)
Specific heat

per unit mass,
kJ/kg °С

Thermal 
diffusivity, 
m2/s·106

Fresh water (at 0 and 20°С) 4.2119–4.1809 0.131–0.143

Clayey solutions with clay
content of:
11.0
20.0
30.7
40.5
40.0

3.82
3.57
3.20
2.88
2.55

0.147
0.155
0.165
0.174
0.183

Thin clay drill fluids:
Bentonite–5; PAA – 0.2; water
Palygorskite–5, CMC-600 – 0.5,
water

3.99

3.98

0.142

0.142

Emulsion solution EN-4-3, water 2.28 0.190

Surfactant solution Sulfanol –
0.5, water

3.02 0.162

Solid components in drill fluids:
Clay
Sodium chloride
Sodium nitrate 
Sodium carbonate 
Potassium chloride 
Carbamide

0.92
0.85
1.09
1.03
0.11
1.56

-
-
-
-
-
-

Table 1. Experimentation results

Drill fluid composition, 
mass %

Antifreeze additive, 
mass %

Drill fluid temperature, °С Cooling time, min

Initial After pre-cooling Final (preset) Pre-cooling
Total time to final 

temperature 

1. Cooling of salt solution by refrigerating machine KHM-FU-40-1

1. Process water 
KС1-23.5
KС1-15.0
KС1-10.0

20
20
20

-
-
-

0
–2.5
–5.0

-
-
-

128
160
188

2. Palygorskite –5.0,
CMC-600–0.5, 
Water 

KС1-22.4
KС1-14.2
KС1-9.5

20
20
20

-
-
-

0
–2.5

5

-
-
-

126
147
176

2. Proposed procedure 

2.1. Pre-cooling by refrigerating machine KHM-FU-40-1 and cooling owing to endothermal heat of dilution of antifreeze agent

1. Process water 
KС1-23.5
KС1-15.0
KС1-10.0

20
20
20

10
5
0

0
–2.5
–5

67
91

126

71
95

129

2. Palygorskite–5,
CMC-600–5,
Water 

NaNO3-22.4
NaNO3-14.2
NaNO3-9.5

20
20
20

10
5
0

0
–2.5
–5

66
88

123

70
91

126

3. Bentonite–5;
PAA–0.2;
Water 

Carbamide-28.4
Carbamide-24.0
Carbamide-18.0

20
20
20

10
5
0

0
–2.5
–5

67
92

124

73
94

131

2.2. Pre-cooling owing to natural heat exchange with atmospheric air in winter (air temperature –5 °С) and cooling owing to 
endothermal heat of dilution of antifreeze agent

4. Process water 
NaNO3-32.0
NaNO3-15.0

20
20

10
0

0
–5

35
85

38
87

2.3. Pre-cooling by air cooling heat interchangers in autumn and spring seasons under air temperature of °С and cooling owing to
endothermal heat of dilution of antifreeze agent 

5. Bentonite–5;
PAA–0.2;
Water

Carbamide-28.2
Carbamide-18.0

20
20

10
0

0
–5

20
45

26
52

Note: CMC – carboxyl methyl cellulose.
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Table 3. Process properties of resultant drill fluids 

Composition, % 
(mass)

Temperature,
°С

Antifreeze additive,
% (mass)

Properties

Density, 
kg/m3

Relative 
viscosity, °С

Water loss,
cm3

Static shear
stress, Pa

Settling out,
%

Bentonite (5.0)
PAA (0.2)
Water 

20.0
5.0

–2.5
20.0

–
–

Carbamide 25.5
Carbamide 25.5

1030
1030
1120
1120

30
34
36
34

10.5
10,0
7.0
9.5

0.44/0.64
0.70/0.612
1.34/2.34
0.80/1.48

0
0
0
0

Process water
5.0

–2.5
–

NANO318.5
1000
1140

15
15

–
–

–
–

–
–

Palygorskite 5.0
CMC-600 (0.5)
Water 

20.0
5.0

20.0
–2.5

–
–

KСl 15.0
KСl 15.0

1030
1030
1150
1150

20
25
32
48

7.0
6.0

22.0
11.0

0/0
0/0
0/0
0/0

0
0
0
0

Conclusions 

1. Thaw of permafrost in the vicinity of holes is eliminated 
as the temperature of flush fluid with antifreeze additive is not 
higher than the temperature of permafrost in the borehole 
environment. 

2. Natural negative temperature of permafrost is pre-
served. 

3. Time spent for well flushing under negative temperature 
owing to cooling of drill fluid down to the temperature calcu-
lated from formula (1) before adding an antifreeze agent is 
reduced. 
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