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Abstract: The study presents a mathematical model of temperature distribution for a gas flow in a pipeline with heat
exchange through the wall. Modeling is performed in a one-dimensional (hydraulic) approximation but the temperature
distribution across the pipe near its wall (thermal boundary layer) is taken into account. This model includes two
independent parameters that contain information about the heat-conducting properties of gas and pipe walls, taking into
account thermal insulation. The resulting equation is proposed for use for field gathering plumes. The parameter that
includes the heat transfer coefficient through the pipe wall, when setting the task of determining the moment of the
beginning of hydrate formation in the field plumes is not known in advance and is subject to identification by comparing
the calculation data with the measurement information. To solve such (inverse) problems, an analytical form of
representation of the dependencies between the process parameters is important which determines the relevance of the
presented result. The novelty lies in the fact that the obtained analytical dependence for the temperature distribution
along the pipeline describes the heat transfer through the wall (through the thermal boundary layer), the thermal
conductivity inside the gas and the convective heat transfer along the flow.
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INTRODUCTION

To find the temperature distribution along the field
gas gathering pipeline (plume), a mathematical model is
used which takes into account the heat transfer across the
stream and at the same time is one-dimensional in terms
of gas movement. On the one hand, this model is quite
simple and on the other hand, information about the
physical properties of the processes occurring in the
plume is reduced to two parameters, one of which
(conditionally) is responsible for heat transfer from gas to
wall and the other for thermal conductivity inside the
gas and convective heat transfer. As a result, an
analytical expression for the temperature distribution
along the length of the plume is obtained which is
suitable for determining the beginning and end of the
hydrate formation process. Due to the complexity
and multifactorial nature of this process (difficult to
direct mathematical modeling (Buchinskii, 2009;
Bondarev et al., 2008; Buts, 2010) and therefore, requires
the solution of inverse problems), it is the analytic
expression for temperature distribution that is relevant
from a practical point of view and is the subject of
novelty.

The construction of amathematical model is based on
the concept of the existence of a turbulent core inside a
gas flow (Xu et al., 2009) in which intense convection
heat transfer takes place and the temperature averaged
over the cross section can be considered the temperature

of the entire core. With a developed turbulent flow near
the pipe wall, there is practically no stable velocity
profile, only the boundary layer is present and it can be
assumed that the gas flow velocity is characterized by one
average value V. The temperature distribution over the
cross section, in contrast to the velocity distribution at the
same time, cannot be considered constant, if only because
unlike gas, heat penetrates through the pipe wall.

MATERIALS AND METHODS

Mathematical model: The coordinates x, r are
considered, respectively along and across the pipe while
x counted from the entrance to the plume and r-from the
axial line of the pipe. The temperature averaged over time
at each point of the flow is considered to depend on these
coordinates T(x, r) and is subject to a linear stationary
equation of heat conductivity with a convective
component (heat transfer) (Lee et al., 2013)
2: 2
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Here: -V gas flow velocity, m/sec; T is the gas
temperature, °C; parameter in Eq. 1 x = Mpc, m%s;
contains A-the coefficient of thermal conductivity of gas,
W/(deg.m); p- gas density, kg/m®; c-gas heat capacity at
constant volume, J/(kg.deg).
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After dimensioning x = RX (R-the radius of the pipe)
and scaling the coordinates R-r=RY+/e that is changing
the variables (x.r)«>(X,Y) as well as introducing a
dimensionless parameter € = y/VR Eq. 1 takes the form:

a_oT e ot T
X OY? 1Y g oY ox?

@)

It is believed that € = y/VR<<1 but for field plumes,
the order of this value is 107°, then the last two terms in
the right part of Eqg. 2 can be neglected in comparison
with the first (Paranuk, 2012).

Indeed, when estimating orders of magnitude, the
following conditionally is assumed: the average gas
temperature over a cross section of 20°C; the wall
temperature is 10°C and it is assumed that at a distance of
1 cm from the wall the temperature is equal to the average
temperature across the section.

The change in temperature A;_ 4. corresponds to a
change in radius A, _ g, - ; v Taking R = 10 cm, the
following estimates of orders of magnitude are made:

R 01 30 respectively AY=Y/10~3 then

“Rye 3110°
dT/IoY=AT/AY =10/3=~3, 3the order of the second termon
the right-hand side of Eq. 2 is estimated as

Je oT  3.10°
1-YJe 8Y 1:30-31-10°

-3,3~0,01.

Je T
1-Y+fe OY
in Eg. 2, considering the other terms of the order of unity,
is about 1%.

Therefore, to simulate a change in the temperature of
agas T(X, Y) at X, Y>0 in a thermal boundary layer, a
one-dimensional heat conduction equation is adopted:
dT/oX = 6*T/3Y? under boundary conditions:

Thus, the error in dropping the summand

T(X,0=T,; TOY)=T. 3)

Here, T,-the temperature of the inner wall of the pipe
and T.-the temperature of the gas in the core of the flow
(away from the wall), respectively, it is assumed that
T*>T,. The solution of problem (Eg. 3), in particular,
gives the following result (see the explanation given at the

end of the main text of the article), here y=Y+e:

FoL
Wl ~NmeX (4)

After the transition in Eq. 4 to physically dimensional
quantities, we get:

oT \
" «(T.-Ty) /a (5)

In Eq. 4 and 5, the temperatures T, and T. were
constant (when solving the problem (Eq. 3)) and below
they will be considered as changing along the pipeline
-To(x) and T(x) = T., in fact, this means that a change in
these temperatures within the error of the mathematical
model occurs in a segment along the pipeline with a
length much greater than the characteristic thickness of
the thermal boundary layer R-e.

To write the equations of a mathematical model of
the heat exchange of a gas flow with the environment is
indicated: through q(t) specific (along the length of the
pipeline) heat content of a single control “volume” of gas
(presumably moving with speed V), internal diameter of
the pipe D = 2R; through T(x) = T.-gas temperature in the
flow core, depending only on the coordinate along the
pipeline. The temperature T, on the outer wall of the pipe
is considered to be constant (the wall includes thermal
insulation), for field plumes it is the temperature of the
surrounding soil, then, on the one hand, the heat transfer
equation from gas to the wall is written (Bunyakin et al.,
2012):

da_,da__ooT

Y
dt dx or

Vn
=B, ©)

r=R

On the other hand, the equation of heat transfer
through the wall and thermal insulation to the external
environment:

2
lenD
dx 4

pc=nDA(T,-T)) = Z—? )

Here, A is the coefficient of heat transfer from gas to
the wall, W/(degm?). The value of this coefficient can be
determined by setting the temperature in the inlet section
of the pipe, finding the temperature in another section
(downstream) and then selecting (variation) A can ensure
the proximity of the last temperature to its measured value
within the specified error. This is done for one of the
modes, then A is considered constant.

In the further derivation of the final analytical
expression, the temperature of the outer wall is considered
to be independent of the gas temperature T, (constant) and
the temperature of the inner wall T,(x)-dependent. The
temperature of the inner wall is expressed from Eq. 7:

DeVp dT
-T- at
O 4N dx (8)

further by substituting this temperature into Eg. 6 and
taking into account the form of the left part Eq. 7, we

obtain:
2
D chdl:kD(T;T— DCVpd—T) Al )
4 dx 4N dx )\ xx
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Hence, the derivative of the temperature in the core of the
flow is expressed as:

1AV
dx pcVD \} xx v (10)
XX

The differential Eq. 8, taking into account y = A/pc can be
rewritten as follows:
dT 4 |ny

&i- fﬁ (12)
o

after that, the variables in it are separated:

Tf dT _i\/rzxj‘ dx
2 T-T DeNV g — [V (12)
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by introducing coefficients a—A\/;,B Y, and

integrating Eq. 9:

jT -T:BQ&iad\/—
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the result is the following analytical expression:

|nH=ﬁ[JE-alnﬁ+“J (13)

+ 12

The identical transformation of the latter leads to the
equation:

T, =T, +(T,T, )[ﬁ;“ Jw exp(-pVL) (14)

which can describe not only the heat sink from the
pipeline to the outside but also the reverse process (heat
supply to the gas) in this case T,(0) and T,(L).

Dependence (Eq. 13) is an alternative to the
well-known (effectively used for both field pipelines and
wellbores) Shukhov’s formula: T, =T, +(T,-T, )exp(-1L) also
has the property of exponential tendency (at L-<) the gas
temperature to the temperature of the surrounding
medium wall, however, (Eq. 13) looks more complicated
it contains not one parameter “y” but two independent
parameters “a, B, since, it takes into account the presence
of both a turbulent convective core and a stable thermal
boundary layer.

Both parameters a, B, although, formally contain the
flow rate but actually depend only on the mass flow
of gas Q, since, Vp = 4Q/nD? uy = A/pc:

/Vp 4Qc con
x A A D\ TEDA
8 /L_f _8 [mD% _, %
DV=nvV D can D cndQ cQ

The physical meaning o can be characterized as a
parameter inversely proportional to the heat transfer
through the wall it contains a multiplier 1/DA that
includes physical quantities that are not in the expression
for B. The latter as a parameter of “competition of heat
conduction with convective heat transfer” inside the gas
flow, that is the greater the heat transfer along the flow
(characterized by mass flow rate Q), the lower the specific
mass transfer of heat from gas to the wall (through the
thermal boundary layer), respectively slow asymptotic
tendency of the gas temperature to the wall temperature

this is reflected in direct proportion between 3 and %

RESULTS AND DISCUSSION

The obtained Eq. 13 was used to diagnose hydrate
formation in the plumes of the field gas collection
network, the graph of the corresponding temperature
dependence in the current section of the plume on the
length L (the path passed by the gas from the beginning of
the plume) is shown in Fig. 1. The same graph shows the
dependence of the hydrate formation temperature on
the pressure according to the Hammerschmidt’s
formula (Shagapov and Musakaev, 2016): T,°C =
20.68P(MI1a)*#*-17.78.

Data on the field plume for the graphs in Fig. 1,
operating under conditions of formation of gas hydrates
were taken from (Paranuk, 2012): x = 10~° m?/sec; D =
0.2m; L =85km; P, =12 MPa; T, =-5°C; Q = 7.1.0.7
kgsec™ (about 7,1 nm¥/sec).

The temperature at the beginning of the plume T, =
20.68P,%%%8-17.78 was chosen artificially, so that, the
hydrate formation condition was fulfilled already at the

. 8
entrance to it. The parameter B:B\/xlnv was calculated
by the gas flow velocity at the inlet to the plume

4Q (T,+273,16) R,

=<1 - 777 0 s2M —

"D 10°y % here, R,=831J/molK the
universal gas constant and p = 0.018 kg/mol the molar
mass of the gas.

The parameter o = 279 was selected, so that, the
temperature at the exit of the plume was T, =10°C, in fact
it is the identification of the heat transfer coefficient
through the wall A and finding it in another way in the
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Fig. 1: Temperature dependence graphs: T°C gas
temperature in the plume (according to Eq. 13))
and T,°C hydrate formation temperature
(according to the Hammerschmidt’s formula), L
distance from the beginning of the plume to the
calculated cross section, m

field operating conditions is difficult. After that, the
temperature distribution along the plume (as a dependence
T(L) = T, was calculated by Eq. 13 and the
corresponding graph was plotted in Fig. 1 as a solid line.
Also in Fig. 1 (dotted line) is a graph of the temperature
of hydrate formation according to the Hammerschmidt’s
formula, built for the plume purge mode (when the outlet
pressure is specifically relieved, the gas velocity
along the flow increases due to hydraulic losses,
respectively while the temperature of hydrate formation
decreases).

The pressure inside the field plume was calculated
using a nonlinear difference scheme obtained according
to the equation for hydraulic losses, taking into account
changes in density and temperature:

R,
162.Q%AL
n’D? p/ +pk%

Coordinate increment along the pipeline in the
direction of flow AL = L/n; k =1, ..., n, the number of
steps to the current section of the plume can change
at n>50, almost without affecting the accuracy of the
calculation.

An explicit expression for the pressure p,,, in this
difference scheme is obtained by solving a square
equation for the temperature values T,, T,,, found in
Eqg. 10:

Py Pra =

161Q°R, AL

TEZDSH T T =S¢

(pk “Pra )(pk+1Tk +kak+1) =

The root is selected from the natural condition of positive
pressure:

S
pk+1 2pT (T -Tk+1 +\/(Tk _Tk+1 )2 +4Tk (Tk+1- %ﬁ j}

For the example of calculation, a situation was
selected that corresponded to a plume substantially filled
with hydrates with a large hydraulic resistance A = 1 the
purge mode was modeled. From the graphs in Fig. 1itcan
be seen that due to a significant pressure drop at the end
of the plume, the temperature T, drops and the hydrate
formation condition is violated hydrates decompose.

Explanation of Eq. 4: The solution of the equation
dT/oX = 3?T/aY?, singular under conditions T(X, 0) = T,;
T(0, Y) = T. is sought by the Fourier sine transform
method in the form that satisfies the equation and the first
condition:

TX,Y)= T0+T(p(§)exp(-izx)sin§Y de

The function ¢ is from the second condition
T(0.Y)=T, + [@(&)sincY de=T. the order of integration is
0

rearranged:

(T*-TO).TsinnY dy = T@(&)Usin £Ysin nYdY]d&;

0(¢) :%(T,-TO)TsinéY dy

A representation of the one-dimensional Dirac delta
L. 2% . C .
function is used, ;jsmiYsmnY dY =38(&n) which in turn

0

is justified by the following calculation (it is believed that
0<o<2n the order of integration is rearranged):

I(I;(cos(g-n)Y-cos(@ + n)Y)d@}iY =

&=n+o

J.l _sin(§+n)Y dY==IschdY-
12 Y Y
&=n-c
1[ sin( 2r|+G dy. J~sm n-0)Y dY]:n
2 2
. 27
Since, fjsmcxdx signa it is the Dirichlet integral. The

0
solution of the heat equation under these conditions is
expressed through the function:
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(p(a):z(t-mfsinan dn

T(X,Y)=T, + _"(2( - °)j5|n§ndnJexp( E7X)sin Y& d& =

o

The table integral is used,

=T, + 2(T.-T

(_"exp -E2X )sinEnsin Y& di]dn =

o ot

-£°X)(cos(n-Y)&- cos(n+Y)&’;)d§]

c 2
J.exp( a’x*)cosbx dx:£exp[_LJ a>0
0 2a 43?

The desired solution (superposition of two
fundamental solutions of the heat equation with a shift of
one relative to the other) has the following form:

T(X,Y)=T, + \*/_J.[e p[ (n-Y)* J exp( (nLZ) an
oT _ T.-T, _(m-Y)? m+2 )|
o an—x[“p[ ax J"( ax D
T .Y
JrX Plax

After the transition from a scaled variable Y to a
dimensionless one y=Y+ve we obtain an equation

ar LT h d | Eq. 4.
8yy,0 \/? that reqUIre exp anatlon Ie qg.

CONCLUSION

The obtained dependence (Eq. 13) for the
temperature along the field plume, on the one hand has an
analytical representation, on the other takes into account
the temperature distribution across the flow in the
asymptotic approximation of the thermal boundary layer.
The dependence (Eqg. 13) can be used not only for field
gas pipelines, but also to calculate the characteristics of
tubular heat exchangers it provides a fairly universal
method for finding the temperature change between the
inlet and outlet of one of the coils, provided that on the
other this difference is set and both of them are
surrounded on all sides by a receiving or giving off heat
environment (with temperature T,) this is an analogue of
the soil temperature in accordance with the above.

The versatility consists in the fact that in order to
identify the parameters included in Eq. 13, it is enough to
select a.and B only for one temperature mode of operation
of the heat exchanger (for each of coils). The temperature

T, is found from Eq. 13 for one of the coils and the
conditionally unknown temperature difference between
the input and output of the other coil is from a similar
formula for the latter.

The reverse nature of the change in the
parameters o and B when the flow rate changes
leads to the fact that the dimensionless parameter

8
op= erA mNu
number (Cuckovic-Dzodzo et al., 1999) does not depend
on the flow rate. According to information from the
literature, the dependence with such properties is new and
the presence of this parameter in the exponent of the
analytical expression (Eg. 13) is a distinctive feature.

inversely proportional to the Nusselt
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