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CONSTRAINING THAW BOUNDARY AROUND MULTIPLE WELLS 
WITH REGARD TO THEIR JOINT THERMAL EFFECT
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Calculated parameters of permafrost thawing around a group of petroleum wells are used to estimate the 
closest allowable wellhead spacing and to account for additional load on casing support in multi-well pad design 
to ensure prolonged safe operation. Modeling for diff erent operation conditions shows that due regard for the 
joint thermal eff ect of multiple wells, unlike current operating practices, is required for appropriate estimation 
of thawing dynamics. This warming eff ect works in all permafrost regions but errors caused by its neglect increase 
progressively as permafrost becomes colder, i.e., in oil and gas fi elds located farther northward.
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INTRODUCTION

Construction and operation of oil- and gas-pro-
ducing wells in Arctic and Subarctic petroleum prov-
inces may cause permafrost warming, thawing, and 
the ensuing surface subsidence. Thaw depth around 
petroleum wells penetrates till the permafrost base, 
and even ice-poor soil can subside considerably. As a 
consequence of thaw subsidence [Tsytovich, 1973], 
the casing may lose lateral support over a certain 
depth interval and, hence, lose axial stability under 
wellhead and tower loads [Vasilevskiy, 2002]; addi-
tional axial load is associated with negative friction of 
unfrozen soil [Construction Regulations, 2008]. The 
resulting compressive load may be large enough to 
cause axial instability (buckling) of well columns, 
though unfrozen soil still provides lateral bearing 
[Gorelik and Soldatov, 2016], while high plastic strain 
may lead to failure of the surface casing [Hirshberg et 
al., 1988; Gorelik and Soldatov, 2018].

Permafrost warming becomes greater in the case 
of cluster development as multiple wells produce a 
joint thermal eff ect. Coalescence of thaw zones (ta-
liks) around individual wells poses hazard as the in-
creasing area of thaw around wells impairs the bear-
ing capacity of soil under the production and mainte-
nance equipment. The strength of the frozen founda-
tion and mechanic impact on the casing support 
depend on the slope and depth of the thaw boundary. 

The joint warming eff ect of multiple wells on the 
magnitude of additional loads remains very poorly 
constrained, which causes most of uncertainty in 
multi-well pad design. As a consequence, the limita-
tions on the closest wellhead spacing in the respective 
working documents of building norms are subject to 
frequent updates. In the current practices, this spac-
ing is limited to 40 m for gas wells and to double thaw 
radius for other wells [Safety Regulations in Petroleum 
Industry, 2013]. The 40 m distance between gas wells 
appears to be overestimated though, even for very 
complex geocryological conditions; this boosts labor 

and money development costs but it is still applied as 
no negative effects have been reported. As for the 
thaw radius-based limitation for other wells, it is 
physically controversial: it is overestimated for ice-
poor soils which are less yielding and subsiding in re-
sponse to thawing than the ice-rich soils [Gorelik et 
al., 2015]. 

Overcoming the contradictions and outlining 
the way for justifi ed estimation of wellhead spacing 
requires a breakthrough in methodology for calculat-
ing additional thawing-induced loads on casing sup-
port in the case of multiple wells. The calculations 
begin with constraining (in the fi rst approximation) 
the thaw parameters and the closest spacing between 
two wells, assuming that the thaw zones around them 
coalesce at some time after the onset of operation. Ac-
cording to the current regulations, wells should be at 
least double thaw radius apart for a production life of 
a single well, while the presence of another well is as-
sumed implicitly to cause no impact on thawing pat-
terns. Yet, this assumption is rarely true, as our calcu-
lations show (see section 4 below), and is inapplicable 
to multi-well pad design. A more exact numerical so-
lution to the 3D Stefan problem, which is used in this 
study with some modifi cations, was reported previ-
ously by Gorelik et al. [2008], but it focused mainly on 
the method rather than comparing the solutions for 
single and multiple wells. The present publication 
aims at bridging this gap. 

Note that both over- and under-estimation of 
wellhead spacing poses problems: overestimation (in 
the conditions of the shortage of good construction 
materials in some northern regions) may lead to ad-
ditional costs of tens and hundreds of million rubles 
per oil or gas fi eld while underestimation increases 
emergency risks. The risks and costs can be reduced if 
rigorous numerical constraints on the wellhead spac-
ing are obtained proceeding from joint thermal eff ect 
of wells. We have met no published examples of such 
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calculations, possibly because the iterative fitting 
procedure for numerous scenarios of 3D temperature 
fi eld behavior, with full account for phase transitions 
of pore moisture, is too complicated even in the sim-
plest case of two wells. Meanwhile, this work is indis-
pensable for reliable estimation of the optimal well-
head spacing. Our modeling has provided basis for a 
simpler procedure that uses only two relevant dimen-
sionless thaw parameters (see below).

1. Modeling conditions
The contribution of the joint thermal eff ect of 

multiple wells to the estimate of their minimum spac-
ing can be modeled for a uniform block of soil. The 
calculations below are mostly methodological exam-
ples and have no relation to any specifi c geological 
cross section. Note also that soil properties along the 
subsidence depth have never been specially investi-
gated and are very approximate. This uncertainty 
makes pointless any updates to the simplest case, 
though the available software can account for almost 
all relevant factors (depth-dependent soil heteroge-
neity; seasonal temperature variations; complex heat 
transfer across the soil/fl uid interface; presence of un-
frozen pore water at negative soil temperatures, etc.). 
The results below provide a guide in studies of the 
role the joint thermal eff ect of wells can play in the 
choice of the shortest wellhead spacing. They can be 
updated as more information on soil properties and 
other data become available, but this would hardly 
change much the basic qualitative inference. 

The modeling was performed for a physically 
and thermally uniform block of soil, which has the 
following properties, separately for frozen (sub-
script f ) and unfrozen (subscript u) soil: thermal con-
ductivity λu = 1.75 W/(m ⋅°C), λf = 1.80 W/(m ⋅°C); 
bulk heat capacity Cu = 2.68 ⋅106 J/(m3 ⋅°C), Cf = 
= 2.20 ⋅106 J/(m3 ⋅°C); bulk density of soil skeleton 
γs = 1500 kg/m3; water content w = 0.2; latent heat 
of  thawing κv  =  κγsw, where κ  =  3.34 ⋅105  J/kg 
(κv = 108 J/m3).

The modeling domain for a single well has a cy-
lindrical shape with an embedded vertical hole along 
the axis. The hole radius coincides with that of the 
outer cement ring of the casing support (R = 0.2 m), 
while the outer radius is assumed to be 80 m proceed-
ing from estimates of the well-related thaw radius for 
a production lifespan of 30 years [Gorelik and Paz-
derin, 2017]. The modeling domain for two wells has 
a shape of a rectangular prism with two vertical holes 
spaced at a user-specifi ed distance. The distance from 
each wellhead to the next external boundary of the 
modeling domain is assumed to be 160 m along and 
120 m across the horizontal line between the wells. 
The modeling domain has a fl at top coinciding with 
the ground surface and is 80 m deep below the surface 
in all cases. The initial soil temperature t0 is constant 
along the section (–2 and –4 °C in two scenarios). 

Soil freezing starts at tp = 0 °C. The soil in the model-
ing domain presumably consists of non-saline silt (the 
content of water that remains unfrozen at negative 
soil temperature is neglected). 

Other assumptions are: constant temperature of 
the outer well wall tw, all over its length (+10 and 
+20 °C in two scenarios); insignifi cant soil surface 
temperature variations before the thaw coalescence 
time and, respectively, constant mean annual tem-
perature (equal to t0) on the model top; zero heat fl ux 
through the sides and base of the modeling domain. 
The modeling is performed for four scenarios with 
diff erent t0 vs. tw combinations: t0 = –2 °C, tw = +10 °C 
(I); t0 = –2 °C, tw = +20 °C (II); t0 = –4 °C, tw = +10 °C 
(III); and t0 = –4 °C, tw = +20 °C (IV).

2. Diff erent calculation methods, 
compared

The modeling for estimating the combined ther-
mal eff ect of multiple wells on the minimum wellhead 
spacing begins with constraining the dynamics of the 
phase (thaw) boundary over the production life of a 
single well, for each scenario (I–IV). This boundary 
varies in the coordinates Y, z, where Y is the radial 
distance from the well axis and z is the vertical dis-
tance (depth) from the model top. The thaw bound-
ary has a curvature near the surface of frozen soil, and 
the vertical length of the curved segment depends on 
the time of operation. At each moment of time τ, there 
is a minimum depth below which the boundary be-
comes a vertical straight line (Fig. 1), i.e., the thaw 
radius reaches a constant maximum value ξ1(τ). The 
shortest distance between wells (l0) estimated using 
this value as recommended in the Safety Regulations 
in Petroleum Industry [2013] can be considered reli-
able: 

 l0 = 2ξ1(τe),

where τe is the estimated well production life.
The l0 distance is estimated directly by iterative 

fi tting, taking into account the joint thermal eff ect of 
two wells. It changes in diff erent iterations until the 
time τl before the thaw zones of the two wells coalesce 
approaches the value τe, i.e., until the equation τl = τe 
fulfi lls to a specifi ed accuracy. The well spacing can be 
chosen obviously large in the beginning (for instance, 
40 m) and reduce iteratively, e.g., in 1 m steps. The 
procedure may be resource consuming given that the 
problem is 3D, but the profi t is expected to pay off  the 
computation costs.

In this study, we cite only the fi nal fi tting results 
for each scenario, along with calculated time from the 
onset of operation to the point when the thaw zones 
of the two wells merge in one, for the wellhead spac-
ing l0. These additional results are important for test-
ing the software (l → l0 should fulfi ll at t0 → tp). In 
order to check the suitability of the procedures, the 
Stefan problem was solved with two algorithms (de-
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signed independently by two co-authors of this pub-
lication) that use, respectively, the enthalpy and fi -
nite-difference (smoothed coefficients) equations 
[Samarsky and Vabishchevich, 2003]. The fi nite-diff er-
ence analog of the starting equations, division of the 
modeling domain into cells, and other procedure de-
tails were reported previously and illustrated with 
examples for 3D temperature fields of two wells 
[Gorelik et al., 2008]. In section 3 we compare the re-
sults of 3D modeling and approximate quasi-steady-
state calculations.

3. Simplifi ed calculations
The required simulation of 3D temperature vari-

ations in four scenarios, with regard to phase transi-
tions of pore moisture, is cumbersome and time con-
suming, but is often pointless because the soil proper-
ties are poorly constrained. Therefore, it is more 
reasonable to fi nd a simpler solution, which is accu-
rate enough and can make basis for further numerical 
estimation. The simplifi cation has the following pre-
requisites. If the consideration neglects near-surface 
temperature variations (relevant more to other oper-
ation problems) and focuses only on the shortest well 
spacing, two parameters can be highlighted: (i) the 
propagation rate of the vertical thaw boundary seg-
ment and (ii) the time before the coalescence of two 
thaw boundaries. Heat fl ux being horizontal to a high 
accuracy within the modeling depth, the problem can 
be solved in a plane approximation for two parallel 
pipes in an infi nite space. However, the fi tting proce-
dure and the required computation time remain al-
most the same for this generally simpler algorithm. 
The case can be further simplifi ed by using tempera-

ture and heat fl ux at the intersection of two planes: 
one orthogonal to and the other coinciding with the 
pipe axes. It is along this intersection that the thaw 
boundaries around the pipes meet upon coalescence 
of the two thaw zones. Thus heat transfer becomes 
reduced to a 1D problem. 

In this case, approximate quasi-steady-state so-
lutions to the Stefan problem [Kudryavtsev, 1978] can 
provide quite high accuracy; one such solution (Lei-
benson’s method) is used below. The temperature dis-
tribution is assumed to be steady (lognormal) in the 
thaw zone around each pipe and non-steady in the 
frozen zone. The latter temperature is non-steady be-
cause the respective function is complex [Carslaw 
and Jaeger, 1959]; it is found using integral balance 
equations [Barenblatt, 1954].

The solution for the frozen zone is found using 
the concept of the thermal eff ect radius: 

 ( ) 12 ,fL τ = μ τ

where τ is the time elapsed since the onset of operation; 
μf = λf/Cf is the diff usivity of frozen soil. The equation 
for temperature in the thaw zone around a single pipe 
tt (Y,τ) becomes

  ( ) ( )
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( , ) ,
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Fig. 1. Position of thaw boundary around a single well in diff erent scenarios: I (a), II (b), III (c), and IV 
(d), for 10 (line 1), 20 (line 2), and 30 (line 3) years of operation.
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The boundary temperature values  are 
( , ) ,t wt R tτ =  ( )1, ,t pt tξ τ =  in the thaw zone; for the 

frozen zone, three boundary conditions fulfi ll, which 
also provide temperature continuity along the thaw 
boundary: 

  ( )1, ,f pt tξ τ =  ( ) 0, ,f ct l tτ =  
( , )

0.
c

f

Y l

t Y

Y
=

∂ τ⎛ ⎞
=⎜ ⎟⎜ ⎟∂⎝ ⎠

 (3)

The Stefan condition that defi nes the law of the 
thaw boundary propagation for a single well 1( ),ξ τ  is 
based on equations (1)–(3):
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(4)

Ordinary differential equation (4) with the 
above initial condition is solved by standard numeri-
cal methods (for instance, in MathCad). 

The temperature fi eld is symmetrical about the 
plane parallel to the long axes of the pipes and or-
thogonal to the mid-intercept between them. The 
problem can be solved for any symmetrical half with 
zero heat fl ux on the symmetry plane. Before the time 
τc (defi ned by 0( ) 2cl lτ = ), when the thermal eff ect 
of each pipe reaches this plane, the two temperature 
fi elds change independently of one another and are 
described by equations (1) and (2), while the thaw 
boundary propagates according to (4). Since τc, the 
frozen part starts warming up while the thaw bound-
ary moves down. The temperature along the intercept 
in the thaw zone still satisfies (1), where the new 
function 2( ),ξ τ  is used instead of 1( )ξ τ . In the frozen 
zone, at cτ ≥ τ  (according to the integral balance 
equation), it becomes:

( ) ( )( ) ( )( )
( ) ( ) ( )( )

( )( )

0 1 1

0 0 1

2 ln
( , ) ( )

2 ln 2

exp ,

c c
f p c p

c c

c c

l Y Y
t Y t t t

L l l

ξ τ − −ξ τ
τ = + − ×

− τ + ξ τ

× −α τ− τ

 

 0
2( ) ,

2
l

Yξ τ ≤ ≤

at τ = τc , it coincides with (2); after that time, the 
propagation of the thaw boundary (with respect to 
the new function ξ2(τ)) fi ts the dimensionless equation
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Ordinary differential equation (5) is likewise 
solved numerically in the standard way. Then the 
minimum distance l is found by iterative fi tting, in 
the same way as for the 3D case (see section 2). 

4. Modeling results
Figure 1 shows calculated depths of the thaw 

boundary in a single well after 10, 20 and 30 years of 
operation for the four scenarios of initial and bound-
ary conditions. Figure 2 provides an example of con-
vergence and coalescence of the thaw boundaries in 
two wells (with regard to their joint thermal eff ect) at 
the respective times for scenario III, at the wellhead 
spacing l0 = 12 m (l0/2 = 6 m corresponds to Fig. 1, c; 
τe = 30 years); the boundary position for a single well, 
at the same time points, is shown for comparison. The 
fi gure presents the symmetrical left half of the thaw 
boundary section in the plane that passes through 
both wellheads. The horizontal coordinate Y in this 
case is counted from the symmetry plane SS. The 
thaw zones coalesce much earlier than at simple 
 superposition of solutions from individual wells: 
within 9 years ≤ τl ≤ 10 years of operation. The re-
sults for the other scenarios are: l0/2  =  7  m, 
12  years  ≤  τ l  ≤  13  years (I); l0/2  =  11  m, 
19  years  ≤  τ l  ≤  20  years (II); l0/2  =  9  m, 
13 years ≤ τl ≤ 14 years (IV). At the time of coales-
cence, the thaw boundary in the upper (frozen) soil 
part slopes down at a high angle, which is a typical 
non-steady geometry, and becomes smooth when it 
reaches the steady state in the vicinity of its mini-
mum [Gorelik and Dzik, 1990]. The steady-state solu-
tions likewise make good reference for testing the ap-
plied algorithms and programs. 

The calculation results are presented as shortest 
distances between wells (l) which provide coales-
cence after 30 years of operation listed in Table 1 
along with other modeling parameters, and as pre-
dicted thaw boundary propagation patterns (Fig. 3): 

1( )ξ τ  and 2( )ξ τ .

5. Discussion
Unlike the axisymmetrical curve for a single 

well (Fig. 1), the curve for two wells is symmetrical 
about the well axis neither before nor after the coales-
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Fig. 2. Position of thaw boundaries around two wells, scenario III, for 9 (a) and 10 (b) years of operation, 
calculated without (1) and with (2) regard for the thermal eff ect of the second well.
SS is the symmetry plane of the modeling domain.

Ta b l e  1. Minimum spacing of two wells calculated
 with (l) and without (l0) regard 
 for their joint thermal eff ect

Scenario t0, °C tw, °C τl, years l0, m l, m

1 2 3 4 5 6
I –2 + 10 12–13 14/14/16 18/21/19
II –2 +20 19–20 22/22/23 26/27/26
III –4 +10 9–10 12/12/12 18/19/19
IV –4 +20 13–14 18/18/20 24/25/25

N o t e: three estimates in columns 5 and 6 correspond to 
solutions with enthalpy and fi nite-diff erence equations and by 
simplifi ed method, respectively.

Fig.  3.  Time-dependent thaw propagation rates 
ξ1(τ) (line 1) and ξ2(τ) (line 2), scenario III.
Simplifi ed calculations: τc = 0.06 yr; ξ1(τc) = 0.7 m; l = 19 m.

cence of the two thaw zones (Fig. 2). At all times be-
fore the coalescence, the thaw radius is markedly 
larger on the right (from the side of the second well) 
than on the left and is larger than the respective ra-
dius for a single well. Thus, the second heat source 
(the well) affects the phase boundary propagation 
rate, which slows down away from the well. The time 
before coalescence (τl) is shorter than the design pro-
duction life (τe = 30 years) of the well in all scenarios 
(including those not discussed here), as it is shown 
for scenario III (Fig. 2). At constant tw, the distance 
l0 decreases as the soil temperature t0 becomes colder, 
i.e., l0 and t0 have opposite trends in the calculations 
of τl, and the behavior of the τl(t0) function is not ob-
vious.

The calculations indicate that the time τl de-
creases monotonously as t0 decreases (which hardly 
can be an intuitive inference). This relationship, con-
fi rmed by pairwise comparison of scenarios I and III, 
II and IV, is due to a notable eff ect of soil heat capac-
ity on the warming rate of the frozen zone, in which 
the characteristic temperature aff ects the propaga-
tion of the thaw boundary (in fact, the non-steady 
dynamics of the process plays a significant role). 
Therefore, the τe–τl diff erence will be the greatest for 
low-temperature frozen soil. This means that the un-
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certainty in calculations caused by neglect of the 
joint thermal effect of multiple wells will increase 
northward. Note that non-steadiness shows up in the 
presence of the factor Cf (heat capacity of frozen soil) 
at constant β2 in the approximate calculations.

If the permafrost temperature (t0) is constant, 
the distance l0 decreases as the pipe walls (tw) become 
colder. Like the previous case, l0 and tw show opposite 
trends and the behavior of τl (tw) is neither obvious. 
The time τl likewise turns out to decrease monoto-
nously with decreasing tw (cf. scenarios I and II; III 
and IV). The τe–τl diff erence will be the greatest at 
cold fl uids (oil or gas).

These features of the time interval before the co-
alescence of thaw zones around wells prove that due 
regard for their joint thermal eff ect is indispensable in 
the minimum spacing calculations for multi-well pad 
design. On the other hand, the distance l found di-
rectly as above, with regard for this thermal eff ect, is 
notably longer than l0 (Table 1). Given that a usual 
cluster comprises about ten wells, the total uncertain-
ty in the estimated amount of required back-fi ll mate-
rial will be rather high. Meanwhile, more exact calcu-
lations reduce emergency risks and allow large sav-
ings on fi lling works in the case of gas wells. The key 
point is that including the joint thermal eff ect of wells 
into calculations of thawing patterns ensures stability 
and safety of casing support in permafrost. 

The quasi-steady-state solutions for l0 agree well 
(at some clearance toward higher values) with 3D so-
lutions in all above modeling scenarios (column 5 in 
Table 1). The shortest l distance estimated analyti-
cally likewise approaches the values obtained by 3D 
modeling (column 6 in Table 1), while the calculation 
becomes about ten times faster. However, the main 
advantage of the method is that the sought function 
ξ2(τ) depends only on two dimensionless variables β1 
and β2 by the structure of equations (4) and (5). This 
allows l estimation with simple diagrams, which re-
duces the computation costs. For instance, the pre-
dicted wellhead spacing (l = 19 m) for two sets of ini-
tial data (at constant β1 and β2) is: tw  =  10  °C, 
t0 = –4 °C, w = 0.2 (1); tw = 20 °C, t0 = –8 °C, w = 0.4 
(2), all other parameters being equal.

CONCLUSIONS 

1. The reported calculation results show that the 
multi-well pad design requires taking into account 
the joint thermal eff ect of wells, contrary to the cur-
rent operating practices. Otherwise, the design pa-
rameters will bear large uncertainty: underestimated 
wellhead spacing (columns 5 and 6 in Table 1) and 
overestimated time of thaw coalescence (column 4 in 
Table 1). The errors increase markedly as the tem-
perature t0 of permafrost (compare scenarios I, III 
and II, IV) or heat-bearing fl uids (compare scenari-
os I, II and III, IV) become lower. The joint thermal 

eff ect of wells works in all permafrost regions but the 
errors caused by its neglect increase progressively 
northward. 

2. The wellhead spacing calculated with regard 
to the joint thermal eff ect of multiple wells is larger 
than it is commonly designed. Increasing the distance 
between wells reduces emergency risks and allows 
considerable saving of back-filling material 
(150,000 m3 for an average fi eld size) for gas wells, 
which are spaced at 40 m according to the current 
regulations. The use of larger spacing between wells 
ensures that their thaw zones remain disconnected 
for the whole operation period.

3. If the joint thermal eff ect of multiple wells is 
taken into account, the dependence of the minimum 
well spacing on all natural and manmade factors is de-
fi ned by two dimensionless variables β1 and β2, which 
allows express estimation of this distance with simple 
diagrams.

4. The estimation of the minimum well spacing 
as recommended by the current Safety Regulations in 
Petroleum Industry [2013] should take into account 
the joint thermal eff ect of multiple wells. On the oth-
er hand, one should bear in mind that the recom-
mended method remains formalistic and fails to high-
light the true relationship between the closest spac-
ing and the additional axial load on casing support, 
which is of key importance for safe well design. Fur-
ther investigation into this relationship is required 
for placing more rigorous constraints on the mini-
mum well spacing.

The study was supported by grant SS-3929.2014.5 
for leading science schools from the President of the 
Russian Federation. 
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