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Abstract. The hydrodynamic and thermodynamic processes of geothermal well extraction are investigated and pre-
sented in this paper. The paper presents mathematical models for a multi-level centrifugal pump and pipeline system.
The mathematical models were used to evaluate gas (nitrogen) emission in water and its effects on hydrodynamic pro-
cesses. Experimental studies and mathematical modelling showed that the gas content of the fluid increases the pres-
sure and flow pulsations within a centrifugal pump. The variation in the height of the liquid column in extraction has
an influence on characteristics of the multistage centrifugal pump used in wells.
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Introduction

Various investigations and analyses centred on the de-
sign and optimisation of the equipment used in geother-
mal power plants are done.

This research mainly focuses on the investigation of
the flow of fluid inside a centrifugal pump, design and
geometry of an impeller blade, pump exploitation and
fluid parameters.

The most frequent approach to these kinds of prob-
lems is 3D modelling of the flow of fluid in a pump.

Various authors have already investigated prob-
lems of this kind. Some of them (Asuaje et al. 2005)
performed the simulation of the 3D impeller flow and
3D quasi-unsteady flow to assess deviations in the re-
sults obtained, due to the usage of different turbulence
models.

Other authors (Barrio et al. 2010) used Navier-
Stokes equations for three-dimensional unsteady flow
modelling in a geothermal pump. Unsteady flow inside
a centrifugal pump was investigated by Stickland et al.
(2000).

Shojaeefard et al. (2012) performed a numerical
3D flow simulation of a centrifugal pump together with
an experimental investigation to assess the influence of

geometrical parameters of the pump on its overall per-
formance. Another paper describes the use of numerical
and experimental analysis methods to investigate the de-
pendence of the performance of a deep-well centrifugal
deep well pump on the size of pump impeller outlet (Shi
et al. 2013).

An approach involving a physical model in con-
junction with a numerical model is presented in the
paper by Yu et al. (2010). The authors investigated the
flow of fluid and heat in a pipeline system under various
operating conditions. Garcia et al. (2002) used a similar
approach. They analysed the influence of a non-conden-
sable gas on the flow parameters of a geothermal system
by using results acquired from a numerical analysis and
experiments performed on a physical model of the sys-
tem.

Aksoy (2007) analysed pump-setting depths in a
liquid-dominated geothermal system. The author found
that the most important parameters for determining the
capacity and setting depth of a downhole pump were
flow performance, non-condensable gas concentration,
and temperature.

Bogdevicius et al. (2013b) analysed a hydrodynam-
ic system, in which the gas content of the fluid exceeded
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a 2% boundary. This research presents a universal math-
ematical model of a real geothermal system and takes
into account the impact of the gas content present in a
geothermal fluid on the productivity of the entire geo-
thermal system.

This paper aims to describe the hydrodynamic pro-
cesses of a geothermal system using differential equa-
tions, solved using numerical methods. It is important
to determine the steady state of the system and transient
processes. The paper presents a universal mathematical
model of a multi-level centrifugal pump.

In addition, the paper determines the hydrodynam-
ics processes and takes into account the impact of the
gas content of the geothermal fluid. The gas content has
an impact on the productivity of a geothermal system
and especially, at the stages of the multi-level centrifugal
pump and in a vertical pipe.

1. Mathematical Model of a Deep Centrifugal Pump
1.1. Physical Properties of Fluid

Geothermal water behaviour depending on the pressure
and volume of gas evolution was determined in experi-
mental studies (Bogdevicius et al. 2013b).

The density of the liquid and gas mixture is:

p=(1—£)ps+gpg, (1)
where: pg - the density of water,
1
P+By,o |Kino
ps=|——>| )
Ao

where: p — pressure; Ap,00 Bu,0o Ko - coefficients,

Ay,0 =1.00147663-10"";

By o =12.858987-10%

Ky o =7.15;

pg - the density of gas (nitrogen, N,):

p

Pe = Z(pT)RT ®
where: Z - the compressibility factor; R — the gas con-
stant; T — temperature; € — the relative volume of gas:

\%

8=7g=8(p), (4)

where: V, - the volume of gas; V - the total volume of
fluid.
The time derivate of fluid density is equal:
p=(1—a)ps +apg - (pg —ps)é =apj)+aTT, (5)
where: a,, ar - coefficients as a function of pressure and
temperature;

_dps .
Ps = dr
. dp
=g

t
79T,
dt
. de
£=—.
dt

The bulk modulus elasticity of the fluid is equal:
K

K=—-— S > (6)
K
l-e+e—
1P

where: Kg - the bulk modulus elasticity of water; y — the
ratio of specific heat.

1.2. Dynamic Model of the Deep Centrifugal Pump

The main equations that describes the work of a geo-
thermal system are pressure, flow rate and temperature
changes.

Description of system processes rests on the follow-

ing assumptions:

— deep well productivity depends on the pressure
in the depths;

- geothermal fluid volume that is between centrifu-
gal pump blades are resolved into concentrated
volumes;

— heat exchange takes place between the geother-
mal fluid and the surrounding environment (the
pipe wall);

— geothermal fluid is compressible, and compress-
ibility depends on the gas pressure and tempera-
ture;

— between concentrated geothermal fluid volumes
are evaluated pressure losses;

- generated pump pressure depends on the blade
geometry and the angular speed of the impeller.

Changes in the liquid and gas mixture pressure and

temperature in the input of the k-step volume are de-
scribed by the equations:

) 1 NL
Pko = . Qr-1,n+41 ZQK,L,I ; 7)
K,0 L=1
1 NL
Txo= v Qr-1,n41 sz,L,lTk,L,l -
Px,oVK,0 L=1
Ask,0
——hg o Tko ~ Tk 0.0 ) (8)
pK,OVK,OCp ( )
Vv
where: Cy o = — K0 Vi o — volume of the liquid and
K (pK,O )

gas mixture; K ( pK’O) - the bulk modulus elasticity;
Qg_1.n+p Q1 — the inlet and outlet flow rates of the
fluid; Ty _; 1> Tip,1 - the inlet and outlet temperatures
of the fluid; hy o — heat transfer coefficient; Ay - the
surface area; C, — the specific heat; Ty ., — the tem-
perature; NL - the number of blades.

Changes in the fluid pressure and temperature in
the k-stage and the L-blade, j-th volume are described
by the equations:

. 1
Prrj= C (Qk,L, i~ Qe j+1) 5 9
k.L.j
: 1
Tppj= v (Qk,L, iT,j-1 _Qk,L,j+1Tk,L,j)_
Pk.L,j k,L,j
Ak L

v, ¢ il Tn " T ) (10)
Per;VioriC (T = Terjoo)
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Fig. 1. Computational scheme of the pump stage

Fig. 1 represents the discrete computational scheme
of one stage of the 16-stage centrifugal pump. Equations
are solved using the concentrated parameter method,
conducting geometrical characteristic and other prop-
erties of each blade.

The flow of the fluid and gas mixture in the k-stage
and the L- blade, j-th volume are described by the equa-
tions:

. 1
Quri=—"|PrLj1 " PrL;~
A j j
.Lj

2
1 Qurj | .
_pk,L,jCk,l,j e Slgn(Qk,L,j)_
2 AL

1
: 2 N2
8Pk, jLi,r, ;S0 ; ) T2 PkL Pk Rk COS(%L,J‘ ) -

1 .
: 2 n2
gpk,L,ij,L,j Slnak’L,]- + Epk,L,](kak,l,] COS((X,k’L’j )j_

Q) .
L PrLs (11)

Pk.L,j

where: Ry ; ; - the radius before the investigating vol-
ume element; oy ; ; — the angle between the liquid flow
rate and radius; @, - k-th step of angular velocity;

L, ..
k.1,

My 1i =Pk, A—]; Ly Ay, — the length and cross-
L

sectional area of the element; C;;; - the coefficient of

pressure IOSSES,

_ S

Ck.1,j = Clocal k. 1,j T Mk , (12)
1 j

where: (.11, — coefficient of local losses; dj ;; - the
diameter of blade; A; ;, — the coefficient of friction be-
tween the liquid flow and the blade surface is deter-
mined by the dependence (Bogdevicius et al. 2013b):
1
12 12
8 1
i ix(Re)=2 (—j — . (13)
J Re (A + B)I.S
Pressure, flow and temperature equations are writ-
ten in matrix form:

225
. -1
{Xk,L,j}:[Ak,L,j:I {Fk,L,j(Xk,L,j )} (14)
where:
0 0
-1
[41,] 0 0;
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f
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The liquid and gas mixture pressure and tempera-
ture in general k-th step output volume is described by
the equations:

. 1 N
Prxm = C (ZQK,I,M _QK’I\J 5 (16)
K.M \ I=1
1 NL
Txm = v ZQK,I,MTk,l,j—l_QK,NH -
Pr.mMYK,M\ L=1
Ag kM 3
V. C. KM (Tt = Tiepto ) (17)
Pr.mVr,M%p

where: hy ,; - the heat transfer coefficient; Vi, - the
volume of the liquid and gas mixture; Ag 5, — the cross
section area; C,, - the specific heat; Ty )/, — the ambient
temperature.

The fluid flow which is flowing out from the general
output volume of the k-th stage is equal:

1
Q1 —_(PK,M ~Pr+1,0~
Mg

2
Q
%pK,ng,l { hh ] Sign(QK,l ) - ng,lLK,l) -

AK,I
Qk1

Pr1

PK,1- (18)
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1.3. Mathematical Model of the Mechanical
Part of the Deep Centrifugal Pump

The deep centrifugal pump consists of a 16-stage, where
each stage has nine blades. The deep centrifugal pump is
submerged 300 m down in the well. In creating a mathe-
matical model of the deep centrifugal pump, the dynam-
ic characteristics of the asynchronous motor, mechanical
relations between the steps, each blade’s geometry, mo-
ments of inertia of the masses of each step, pressure and
velocity effects on each blade, and forces acting on each
blade are estimated.

Change in the asynchronous motor torque is de-
scribed by the equation:

Mg =ucv((x)vo—u('pR)—dVMR, (19)

where: ¢y, dy — parameters of the system; ®,, — angular
velocity of the asynchronous engine; u — the gear ratio.
A dynamic model of the mechanical system of the
deep centrifugal pump is presented in Fig. 2.
Equation system of the mechanical system of the
deep centrifugal pump:

11&51 =My _k12(¢1 ‘¢2)‘512 (¢1 _d)z)_Mﬁ
L, =k, (¢2 _¢1)_512 (¢2 _(i)l)_
—ky3 (¢2 _¢3)_523 (¢2 _¢3)_M2;

Ly = —ki_yk (¢k —py ) —Cp_1k (¢k — ) - (0
_kk,k+1 ((I)k _¢k+1 ) _Ck,k+1 (¢k — (i)k+1 ) _ Mk;

IMd;M = _kM—l,M (¢M _¢M—1 ) -
“CM-LM <¢M _(i)M—l)_MM’

where: I; — mass inertia moment of k-th stage; k;_,,
Cx_1 — stiffness and damping coefficient between (k-1)-
th and k-th masses; M is resistance torque.

Pr+1

=> K, Edc,

Iy, o

Pr

L - vane number
N - volume number
1+M - stage number

Fig. 2. Dynamic model of the mechanical system
of the deep centrifugal pump

In matrix form:

[M]{a}+[Cl{o)+[K J{o) ={F}. 1)
where: {(p} , {(p} , {(p} - the vectors of the angle, angu-
lar velocity, and angular acceleration:

{0} =[ 0102000 | (22)

[M ], [C ], [K ] - mass, damping, stiffness matrix; {F } -
force vector.

The system of equations of the mechanical system
is described by the first order differential equations:

{Xl} =[A ){x}+{B(x,.p.QT)}, (23)

where: {X1} - the vector of the unknown of the me-
chanical system,

(0 =[ M0y renipg | =
|:{X11}T >{X12}T ’{X13}T} (24)

[4.]  [0] [45]

[a]=| [o]  [o] [E] | @9
[Aa] -[M]"[x] ~[m]7[c]

[4n]=[-dv ]

[ Ay ]=[0.~ucy,0....0];

[43, ] =[10,..,0];

[ M]=diag (I}, LTy )

(B} = ey oy 0} )" . (26)

1.4. Mathematical Model of the Hydraulic
System of the Deep Centrifugal Pump

Characteristics of the pump describe its operation when
pumping fluid, but these characteristics change when
water contains dissolved gases (Bogdevicius et al. 2014).

The deep centrifugal pump is immersed to a depth
of H,, (Fig. 3). The water column height is variable when
the well’s fluid and the gas mixture is pumped from the
depths (H,,,; = 1100 m).

Higher liquid column height, the lower volume of
gas in the liquid so that the pump can operate more sta-
bly.

In the time of transitional process if the flow of
the pump is higher than the in the depths then high of
water column start changing, and the process becomes
unstable.

The equations of the water column height variation
are equal to:

Hin :;(Q well_QinSign(Qi" ))’ (27)
Awell,l

where: Q flow of geothermal fluid,

well ~
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A 2
Quett =2 |—=—Patepthi — Pwent| ¥
Sign(pdepth ~ Pwen )’ (28)

where: Q;, - the fluid flow entering the centrifugal
pump; pg,,¢, — the density of the geothermal water at the
bottom of the well; A, — the cross-section of the filter;
Cyenn — the pressure loss coeflicient; p gy, — the pressure
at the bottom of the well; p,,.; — the pressure at the bot-
tom above the filter:

Pwenn = pwellg(Hwell _HO +Hin)+pgas’ (29)

where: p,,.; — the liquid and the gas density at the bot-
tom above the filter; p,,, - pressure of the gas (nitrogen,
N,) extracted at the well top,

pgus = Cgasvg_Hz; (30)

where: V,,; - the volume of gas; y - adiabatic rate; Cyy, -
the constant.

Fluid flow entering the pump is described by the
equation:

: 1
Qi :_(pin — P17 Pinm —
m

in

2
%Pg(i_} sign(Qy) |- 22 Ty ). 6D

in in

where: L;,, A;, - the inlet pipe length and cross-section
area; (;, — the pressure loss coeflicient of the pump in

the inlet pipe,

L.
p— mn .
Qin - Clocal,in + 7"in (Re’An) > (32)
Din
— in_.,
min - p(pln ) A >
in
pin,H = gpinLin‘
A
—
Pgas Ny
Ayellt Py
o
5
5
ah/ A
5
)
5
Awellz
Avel Filter

Peiepth T depth

Fig. 3. Scheme of the extraction well
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2. Numerical Analysis of the Deep Centrifugal Pump
2.1. The Input Data

The deep centrifugal pump consists of 16 steps, where
each step consists of 9 blades, and each blade is divided
into ten discrete liquid and gas volumes. The rotation
frequency of the asynchronous motor is 43 Hz.

The initial water level (from the centrifugal pump
suction end to the top of the well) is H,, (t = 0) =270 m,
H,,; =1130m; H, =300 m.

The inside diameter of the pipe = 7.5 inches and the
initial pressure of the gas is p,,, =0.25MPa. The time
steps of integration are At =5-107%s.

It is analysed the hydrodynamic process of the geo-
thermal system at start time, then the pressure at the
end of pipe gradually increases and after some time sta-
bilizes.

After stabilized processes the pressure at the end of
the pipe periodically changes.

The second case of load the pipeline is selected to
check how to change hydrodynamic processes when is
different load pressure.

Because gas release from the geothermal water de-
pends on the pressure, then the fluctuation of pressure
in different places of geothermal systems can cause fluc-
tuations the hydrodynamic parameters.

The load pressure of the extraction pipe varies ac-
cording to the law:

Pload = pload,max (1 - eXp(—(th)) +

Pamprsin(2nf,, (£ =1, )| H (1)), (33)
where: pjy;4 max — the maximum load pressure; a,p - co-
efficient; p,,,,,, f, — load pressure amplitude and frequen-

cy; t; — time when load pressure changes according to
harmonic function.

2.2. Results of the Numerical Analysis

As mentioned above, at the start of the system, the liquid
column height varies, thus changing the pressure and
volume of gas in the water.

When the value of pressure is low in the inlet of
the deep centrifugal pump, the amount of gas is high-
er. Consequently, the liquid is more compressible, the
productivity of deep centrifugal pump is lower, and the
transition process is longer.

The water column height variation is shown in
Fig. 4.

Fig. 5 shows pressure variations in different centrif-
ugal pump stages when load pressure gradually increases
and stabilizes and Fig. 6 gives flow variations.

Fig. 5 shows that the change of the graph transition
process pressure is not the same at different stages of the
deep centrifugal pump.

At each stage of the deep stage centrifugal pump,
pressure pulsations generate in the vertical pipe. Then,
the transition process lasts longer.

Fig. 6 shows that the flow rate varies periodically at
the levels of the deep centrifugal pump. The maximum
range of flow rate variation is about 4 seconds. In this
case, the frequency of change of the flow rate is about
0.25 Hz.
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Fig. 5. Dependencies of pressure in the 1st, 10th and
16th stages of centrifugal pump over time
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Fig. 6. Dependencies of flow variations in 1st, 10th and 16th
stages of centrifugal pump over time

Analysis of the deep centrifugal pump-pipe of a ge-
othermal system shows that the lowest natural frequency
of the system is less than 1 Hz (Bogdevicius et al. 2013a).

The pressure drop in the vertical pipe at different
depths is shown in Fig. 7 and flow variation in Fig. 8.

As we can see, the pressure and the flow rate are
variables in the output of the pump during the tran-
sitional process. Pressure fluctuations decrease in the
upper part of pipes because geothermal water gets sub-
stantially compressible and suppresses pressure pulsa-
tion better.

Dependencies of the relative volume of gas s(t) in
the vertical pipe at different depths are shown in Fig. 9,
when t > 20 s load pressure varies periodically.

The selected load pressure frequency f, is close to
the natural frequency of the geothermal system.

Dependencies of flow variations in the vertical pipe
at different depths when load pressure - varies periodi-
cally over time are shown in Fig. 10.

As can be seen from Fig. 10, when the depth is low-
er, a variation of flow amplitude is higher. This can be
explained by the decrease of depth and increases in the
amount of dissolved gases in geothermal water (Fig. 9).

Presure [MPa]
(=)}

260 m
4

140 m
2 30m
)
0 5 10 15 20 25 30 35 40 45 50

Time [s]

Fig. 7. Dependencies of pressure drop in the vertical pipe
at different depths over time
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-200
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-400
-500
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Fig. 8. Dependencies of flow variations in the vertical pipe
at different depths over time
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Fig. 10. Dependencies of a variation of flow in the vertical pipe
at different depths when load pressure p;,,; varies periodically:
a-H=300m;b-H=210m;c-H=120m;d- H=30m
(When pjoaq max =1.0 MPa; p,,,..; =0.25 MPa, fp=0.25Hz)

229

— Stage 1

Amplitude [log(Q)]

6 i i i i i i i i i
0 20 40 60 80 100 120 140 160 180 200
Frequency [Hz]

—— Stage 10

Amplitude [log(Q)]

5 i i i i i i i 1 i
0 20 40 60 80 100 120 140 160 180 200
Frequency [Hz]

2 T T T T T T T
— Stage 16

Amplitude [log(Q)]

4 i i i i i i I
0 20 40 60 80 100 120 140 160 180 200

Frequency [Hz]

Fig. 11. Spectrum of the amplitude of flow in the 1st,
10th, and 16th stages of the centrifugal pump, when
Ploadmax =1-0MPa, p,,.; =0.25 MPa, f, =0.25Hz
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Compressibility of geothermal water at different depths
is different and causes flow fluctuations in the geother-
mal system.

The spectra of flow of the deep centrifugal pump, when
load pressure varies periodically, are shown in Fig. 11.

From the spectra of amplitude flow, we can see that
in the higher stage of the centrifugal pump the variation
of flow amplitude decreases. We can see a repeated har-
monics at the frequency of 18 Hz, the first natural fre-
quency of the geothermal system is low (less than 1 Hz).

The spectra of pressure and the flow rate show the
change in the amount of gas, which causes significant
flow pulsations.

Conclusions

The mathematical model of geothermal well extraction
using a multi-stage centrifugal pump was developed. The
basis of this model established the geothermal pipeline
parameters of the centrifugal pump. A gradual increase
in the pressure load in the pipeline up to a certain maxi-
mum value (1.0 MPa) periodically changes the param-
eters of geothermal water flow. The lowest frequency is
about 0.25 Hz.

The investigation established that the volume of gas
increases the pressure and flow pulsations in the deep
centrifugal pump and causes changes in the pressure and
flow spectra amplitudes.

From a centrifugal pump characteristic curve
p= p(Q) it can be found that the increasing load of
pipeline pressure decreases flow of centrifugal pump.

The change in the pressure load in the pipeline
from 0.25 MPa to 1.50 MPa reduces the flow of the
deep centrifugal pump: AQ,,,,, =13.69 m>/h at a fre-
quency of the centrifugal pump with an electric engine
43 Hz and Aqump =17.35 m3/h at the electric motor
frequency of 50 Hz.

When the geothermal system is under a varying
periodic pressure load, all geothermal parameters (pres-
sure, flow, temperature, the relative volume of gas) in
different places of pipeline vary periodically and have
different amplitudes.

In pipeline low-pressure zones, the gas distin-
guishes and the compressibility of the geothermal water
increases. Compressibility of the geothermal water in-
creases flow oscillations, which reduces the efficiency of
the pipeline and the cavitation can appear (in the deep
centrifugal pump and in the pipeline).

Therefore, in order to rationally exploit geother-
mal system should be selected such parameters as the
immersion deep of deep centrifugal pump, the rotation
frequency of the electric engine of centrifugal pump, the
load pressure in the pipeline taking in the account phys-
icochemical properties of the geothermal water.
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