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DETERMINING PARAMETERS AND SIMULATING THE MOVEMENT
OF THE TEMPERATURE FRONT IN NON-ISOTHERMAL FILTRATION

The dynamics of objects with distributed parameters are described using partial differential equations of the
parabolic type, which with boundary conditions are mathematical models of many non-stationary nonlinear
processes. Systems of equations of the parabolic type with the same boundary conditions were used to build
mathematical models of heat and mass transfer.

The task is set to choose the optimal method of solving this or that field theory problem and the technical
means of its implementation, taking into account the nonlinearity of real processes.

In the mathematical modeling of complex objects with distributed parameters, methods of discretization
of the mathematical model by spatio-temporal quantization were used. The mathematical model of objects
with distributed parameters is represented by systems of ordinary differential (or algebraic) equations, which
allows them to be modeled on analog and digital computers.

1t is assumed that the time of operation of the circulation system is limited by the time of reaching the
temperature front of the production well. The conducted studies [1] established that the heat inflow from the
rock massif surrounding the layer in real reservoir conditions does not have a significant effect on the time of
operation of the circulation system in a constant temperature regime. Therefore, the heat inflow is neglected
in the calculations. When extracting geothermal energy, pressure filtration takes place, in which the value of u
has a value of the order of 10-6 m-2. In this connection, the system enters the stationary mode in a time that is
small compared to the time of its operation.

A method of modeling the movement of the temperature front using a differential model with transition
to a finite-difference model is proposed. After calculating the first approximation of the value of the speed of
movement of cold water, this value was refined using iterations on various parameters of the model.
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Modeling the movement of the temperature 2 2
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front. If we assume that the temperature of the cold 2 wd oy T
liquid changes in leaps and ranges from T,, — the
temperature of hot water to T, — the temperature of K-m o’H,, CKem o’H,, _ )
cold water, then the boundary B of the transition from P ox? hor™ oy?

Let's discretize the system of equations (1) and (2)
using finite-difference schemes . Then the system of

one temperature to another is a temperature front. The
filtration coefficient (in general, it can be piecewise-

constant, that is, depending on the coordinates)
when passing through the boundary B changes from
K, — the filtration coefficient of hot water to K_,—
the filtration coefficient of cold water.

The following method of modeling the movement
of the temperature front is proposed, based on the
discontinuity of the fluid flow at the boundary B
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Taking into account all that was said above and
considering the power of the layer as a piecewise-
constant quantity, we proceed from the original
system of differential equations [2, (1)-(2)] to the next
system of equations

~Rcold

equations for node i , j in the finite-difference form
will have the form:
ledm
hZ
K
hZ

Let's enter the scale H = K,U + H

cold cold cold cold cold cold cold wid\] _ -
[(HHL/ - H'-/ )Jr(HH-r - Hl-/ )Jr (Hr..m - Hr.r )Jr (H'-H - Hr-/ )] =0;
hot hot hot hot hot o hot hot
[(HH,/ - Hl,, )*(HH,/ - Hu )+ (Hun - H,,/ )Jr (H:,j—l - H,,J )] =0.

we get

min >
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c];[zd (Um[fij + Ui—llijj + Ui,j/fl + Ui,jhjl - 4Ui,j/d) = 0’ (3)
Khmm Uhm‘ Uhor Uhot Uhat 4Uhat _ 0 (4)
h? ( iy tULL HU 0 UL —aU; ) =Y.

Kirchhoff's law for node i , j of the resistive grid
will be written as follows

1 cold cold cold cold
ues + el + Ut +USE -

R i+l,j i-1,j i,j+1 i,j-1
cold

4U5) = 0; (5)
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L, v v ok —aui) =0, (6)

Rhm i+l,j i-1,j ij-1
From equations (3)-(6), the following expressions
can be obtained for grid resistances and currents
simulating fluid flow
Rcu[d = Aﬂ Rhor = KR ’ l = QU .
K. ,m K, m HK, ,mR

hot hot

The radial nature of the fluid flow near the wells is
taken into account by the additional resistance, which
is determined by by the formula:

R :R[llnh—lctgzj.
2 " r n

well

Methodology for modeling the system of equations
(1)-(2) on we will consider the grid model using the
example of a five-point model schemes placement
of wells, and the number of nodes between wells
is not plays a role to implement the method. Due
to the symmetry of the problem, 1/8 of the block is
considered.

Parameters of the movement of the temperature
front. The determining factor is the speed of water
running along the main flow line in the direction of
gridnodesi,j—i+l,j+1—...—i+n,j+n,etc.).
The speed of water movement for the specific area
under consideration is determined by the formula
KoUK,

Ip
where i , j are the indices of nodal points; AU/ —
potential difference between the corresponding
nodal points; K, — the scale of the dimensionality of
the pressure function; / is the distance between the
corresponding nodal points.

The rate of advance of the temperature front in this area
is determined by the speed of movement of the coolant

i,j3i+1,j+1
ijii+lj+1 _ Vhor

V7 ,
f
where f is a coefficient that takes into account the
decrease in the speed of the temperature front in
comparison with the hydrodynamic speed of the
fluid’s movement. Coefficient f is determined by the
following dependence

poGpd=prepp . cop
cpo(1 = p) ¢po(l = p)
Then the time of movement of the temperature
front along the considered area is determined by the
formula

i,jsi+lj+l _

hot - H

ti,j;i+l,j+l _ ﬂ
- v’il./;;i+l,j+l .
speed of water running in the Y direction along
the entire temperature front formed at the previous

moment in time is determined by the formulas:
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a) if movement in the Y direction starts from a
nodal point

phditl Ky AU
y hp
where AU,/ is the potential difference between the
corresponding nodal points, % is the grid step;
b) if the movement of cold water begins between

nodal points

s

K, ,AUMK, (Ri'j;i’j*l )'

cold , y
ijsij+1Y ijsij+1Y
p(lco[d,y )p (Ry )

where (R;/;"/*!) is the resistance of the section of cold
water between the corresponding nodal points at the
previous time point along the Y axis, (R;’*/*') is the
resistance of the entire water section between the
corresponding nodal points at the previous time point
along the Y axis, (lc";{;f’yf*')/P is the distance traveled by
the cold water at the previous time point.

Distances covered by the thermal front in the Y direction
are determined by speed, taking into account time

iy s, j+lgd, jii+l, j+1
v It T t J J

s+l
Vy =

gV Y
Lay SR + (L) -
If we [77/*' > h,determine the time when the

thermal front reaches the point

£y, |

pidibdrl —
v - N ’
y
and
At}';/;'-]” — t},/;Hl,ﬁl _ t;j;hj”.
Y axis
i, j+15i,j+2

vi,j+1;i,j+2 _ KhotAUy,hot KH

y

ph
The distance traveled on this section is determined as

1 j+1Li, j+2 A 40, j30,j+1
li,j+1;i,j+2 _ vy At

cold,y f
etc. Then we form a front of cold water.
According to the configuration of the thermal front
at the moment of time, the resistances of the electric
grid in the Y and X directions are determined by the

formulas:
i,jii j+1 i i el
RiiJ _ Ridiel | pigiiel _ R Ko (l”"”y ),, + biry”™ |,
'y = Teold,y hot ,y = Yot K /’l h 4
cold
R Khot h
Ri-itl | RiitLi hot g
Ri-ii — Leold x hot, x _ cold
x TORGSHLT o Rt T —_ K, i
i, jsi+l,j ot i i+l
cold ,x hot , x (]:cald,x ) + F;mt,x

cold

where R)/*/*'and R;’"*'” are the supports of the entire
section between the corresponding nodal points (at the
moment of time) along the ¥ and X axes, respectively,

(lj;{;;f;’*‘)p is the real distance occupied by cold water
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due to the configuration of the thermal front, R’/

and R}/ are the supports of the sections of cold
water between the corresponding nodal points (at the
moment of time) along the ¥ and X axes, respectively,
L7+ is the distance occupied by hot water between
the corresponding nodal points (at the moment
of time) along the Y axis, /4" =h- (lj,;,’;’;*yf”)p ,
(Fotit )p is the cross section occupied by cold water
in the section modeled by the considered X resistance
(at the current moment in time), £,/ is the cross
section occupied by hot water in the section simulated
by the considered X resistance (at the current moment
in time), /17 = h— (Fi) .

The values of the indicated resistances on the
model are changed.

The speed of water running along the main flow
line in cold water is calculated according to the
formula

(1Y Ko (AU Ky
Ip
where (AU ) is the potential difference between
the corresponding nodal points.

If the water velocity determined from the cold
water matches the water velocity determined from the
hot water, then this is a valid value of the velocity and
all the data obtained do not need to be adjusted. If the
values of the velocities determined by hot and cold
water differ from each other, then there is a certain

velocity according to the formula

bl

i,jyi+1,j+1
(Vi.j;i+1,j+1 )1 _ Vot

i jsi+l,j+1

+ (vcold )
5 .

Then iterations are carried out until complete
coincidence (v;/**/*') and (vj;{j*"f'”); , where 7 is the
iteration number.

The procedure for carrying out iterations to
determine the speed of cold water:

1.1. First iteration. Determination of the speed of
water running along the main flow line.

Ljiisljel (vi,j;i+1,j+1)*

vi‘j;i+1.j+1 _ Vot cold
cold 1 - 2

cold

1.n. nth iteration
i, jsi+1,j+1 ijsiel, e\
(vi,j;i+l,j+l) _ (VEO/d )nfl + (v(.'old ),F]

cold n - 2 .

2.1. First iteration. Time it takes the water to pass
the corresponding area.

ti’i;i”‘j” _ ﬂ
1 vi,j;i+l.j+l .
cold 1

2.n. nth iteration

ti‘j;i+],j+] — ﬂ .
n (vé'(,){‘;lm,jn)"
3.1. First iteration. Determination of the speed of
water running in the Y direction.

(R;j;i,ju )1 — (Ri,j;i,j+l)l + (Ri,j:i,/'+]

(R;./;i,jﬂ )” — (R[./’;i,/+l)n + (R[./;i,jH )” — hot

i jsi, j+1 i jii,j+1
(vl}f?l'y/”rl) _ Kcald (AUcold )1 KHRw/d,y
y 1 i.jiij+l i i+
p (lco[d.y )p Ry

3.n. nth iteration
K (AU, Ky (R,

cold,y

i,j3i,j+1 _
(Vy )n p(li‘j;i,jﬂ ),,,1,[, (R;,j;i,_/'Jrl )}H

cold,y

4.1. First iteration. Determination of the

distances traveled by the thermal front between the
corresponding nodal points.

i, jsi,j+1 i, jsi+1,j+1
(li,j;i,j+1)1:(vy/ ' )1 (t Y )1 +(Zi,j;i,j+l)/p.

cold,y f cold,y
If (1407 > 50
_ (7150041 !
(tf,/;f,.m) _ M
y 1 (V;,j;i,jn )1 >
(At;lj;f,jn )1 _ (ti‘j:i+],j+] )] a (t;’j;i’j”)l ,
(Vi,j+1;i,j+2) _ Kco/d (A(I]il’;vfil:.i.jd )l KH Fé'l}{;l;i,jﬂ
y 1 p(ll,/+l,1,j+2)p R;,j+],t,/+2
(lf,f+1;i,j+2 )] _ (V;M;i’jﬁ )1 (At;'j;"‘f”)l .

cold,y
cold,y f

El

4.n. nth iteration

cold,y cold,y

i (vi‘j:i‘/#l )n (ti,/;i+l‘j+l )n LY
(i), =5 + (i),

If (l"‘f"*f*' ),,> h, so
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s ied 4 ’
f h_(ll‘j;l‘/i»l) :|
cold,y
(ti,j;i,j+l) _ |: ’
y n (vi,j;i,j+l) ’
y n
i,j3i,j+1 _ i,j3i+1,j+1 _ (415050 +1
(A7), = () = (670),
i, j+1i, j+2 i, j+ 150, j+2
Kculd (AUy )n KH (Rcold )nfl
i, j+Li,j+2 INEARNEY] ’
p([wl[[’y )n—l (Ry )n—l

(l'.’/+l;i‘j+2) _ (V;j”;i’jﬂ )n (At;‘f;f»/#l)n |
' /

cold,y
5.1. First iteration. According to the configuration

i, j+Lii,j+2
yhii2)
(v72),

of the thermal water front at the moment of time, the
supports of the electric grid in the ¥ and X directions
are determined.

i, i+l i\ Jsinj+1
) Khor (lcold,y )pJ ([hony I.
1

cold ,y hot, y ’
Kcaldh h
. . hot
INHES W, INHES W, -
(Ri,_/';i+l,j) _ (Rw’dvx )1 '(R’mfvx )1 _ Koo
X 1 (R[‘i:Hl,/') + (R[,/:Hl,/‘) - il Kh ) o .
cold,x ), o )| (Fw/m )p,l + (Emm. )]

cold
5.n. nth iteration
K (54),,(B),
Kcoldh h ’

Khol h

cold,y hot,y

(Ri./;i+l,j )n . (RL,/;H]./’)

| il A o K :
(me,x )n + (Rhol‘x )n (FLZ,/Q';”) 4 B (p,uﬂ.,)
N pn p.n

hot,x
cold

(R['/;’+]‘/) _ B x orx ), Ko
x
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6.1. — first iteration. The speed of water running

i, jsi+1,j+1 i, ji+1,j+1

)* _ (vca[d )n + (vcold )n
nil ’

along the main current line is recalculated. (Vi
. K, (AUi,j;i+1,j+1)* K, 2
o e . . .
(v;;)ft;'*l’f*l)l = ; L. Speed value is found as a result of iterations, we
p

move on to the next time step.

Conclusions. Differential or finite-difference
models make it possible to effectively determine the
parameters of the movement of the temperature front in
the surrounding rocks with sufficient accuracy. But in

A comparison is made with the speed obtained in
paragraph 1.1 and, if there is a discrepancy between
them, the average speed is determined.

¥

i‘j;i+1,j+1) ( i‘j;i+1,j+1)
( f,j;i+1,j+1)* _ (vcold ! + WVeold !
)% , =

cold

2 . case of complication of the configuration of the front or

6. n .n is the iteration . the area of heat and mass transfer , errors in input data
Y K, (A it )n K, and calculations begin to appear, which can significantly

(v””"’ )n B ph : affect the accuracy of the final result. To reduce such

A comparison is made with the speed obtained in ~ €ITOrS , the possibility of switching to integro-differential

point 1.n and, if there is a discrepancy between them, ~ OF integral models is being considered for the problems
the average speed is determined. of modeling the movement of the temperature front.
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®yprart LE., ®yprar 10.0. BUSBHAYEHHS [TAPAMETPIB TA MOAEJOBAHHA PYXY
TEMIIEPATYPHOI'O ®POHTY ITPA HEI3OTEPMHYHIN ®IJIBTPALITT

Onucano OuHamixy 06'ekmig 3 po3noOileHUMU NAPAMEMPAMU 3 GUKOPUCTNAHHAM OughepeHyianrvHux pie-
HAHb 8 YACMUHHUX NOXIOHUX NAPAOONIYHO20 MUNY, SKI i3 KPAUOSUMU YMOBAMU € MAMEMATNUYHUMUY MOOEAMU
bazamvox HecMayiOHAPHUX HENHIUHUX npoyecis. Bukopucmano cucmemu pieHaHb NApaboOiiuHO20 Muny 3
MAKUMU IHC SPAHULHUMY YMOBAMU 01 HOOYO08U MATNEMAMUYHUX MOOeell INeNIOMACONEPEHOCY.

Iocmaeneno 3a0auy subopy ORMUMAILHO20 MemoOy po36's3Ky mici abo inwoi 3adaui meopii noas i mex-
HIYH020 3aco0y ii peanizayii 3 paAxy8aHHAM HENIHIUHOCMI PeabHUX NPoYecis

Ipu mamemamuynomy MOOeTOBAHHI CKAAOHUX 00'€KmMi8 3 PO3NOOLIEHUMU NAPAMEmpamu GUKOPUCMAHO
Memoou OUCKpemu3ayii MamemamusHoi MoOei WISXOM NPOCTHOPOBO-THUMYACO8020 Keanmysanus. Mamevamuy-
HOI MoOeni 00'ekmie 3 pO3NOOLIEHUMU RAPAMEMPAMU NPEOCMABIEHO CUCMEMAMU 36UYATHUX OUpepeHYiaIbHUX
(abo aneebpaiunux) pigHsHb, WO 00360IE MOOCTIOBAMU IX HA AHATIO208UX | YUPDPOBUX OOUUCTIOBATLHUX MAWUHAX.

Iputinamo, wo yac pobomu YupKyIayiiHoi cucmemu 0OMeNCeHUl 4acom OOCACHEHHST MeMnepamypHuM
@poumom excnryamayiinoi ceeporosunu. Ilpogedenumu docrioxcennusmu [1] ecmanogieno, wo menionpu-
MOK 810 2IPCLKO20 MACUBY, WO OTMOUYE WAD, Y PEaibHUX NIACMOBUX YMOBAX He BUABTAE ICIOMHO20 GNIUBY HA
yac pobomu YUpKYIAYIUHOL cucmemu 8 NOCMIUHOMY memnepamypHomy pexcumi. Tomy 8 po3paxynkax menio-
npumokom 3nexmogaro. Ilpu 000ysanui eeomepmanvroi enepeii mae micye Hanipna Qinbmpayis, npu axii
BENUYUHA [L MAE 3HAUeHHs nopaoKy 107° m? . V 368'a3Ky i3 yum cucmema 6uxooums Ha CMayioHAPHULL PEHCUM 3d
yac, Manul 8 NOPIGHAHHI 3 wacom it pobomu.

3anpononosaro memoo MoOeno8ans pyxy memMnepamypHozo GpoHmy 3 GUKOPUCMAHHAM OUudepenyiann-
HoI MoOeni 3 nepexodom 00 KiHyego-piznuyesoi. Ilicis obuucienns nepuioeo HAONUICeHHs 3HAYEeHHS UBUOKO-
cmi pyxy X0100HOT 800U Ye 3HAUEHHS YIMOUHEHO 3 BUKOPUCIAHHAM iMmepayill no pisHuM napamempam Mooeii.

Knrouoei cnosa: mamemamuyna mooennb, memnepamypHuil (ppoum, menioHociil.
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