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1.0 INTRODUCTION

In June 1783, a large volcanic eruption began on the 25 km long Laki fissure in S-E
Iceland. During a 9 month period, over 11 km?® of lava flowed from the fissure, along
with large amounts of volcanic gases, which partially blocked sunlligl?t to the northern
hemisphere and caﬁsed a temporary change in climate. This eruption came as a major
surprisé to the ruling Danish governmént, which sent representatives to Iceland to find
the burning underground coals that were causiné this earth fire (ThorarinSson, 1967).
Since that tirﬁe knowledge and understanding of the earth’s internal forces and their
consequences hz;,ve develéped rapidly, allowing earth scientists to explain volcanic erup-
tions and natural occurences. The acquired knowledge is of great importancé in many
industries, such as mining of metals,; coals and fluids from the underground, and in the

case of geothermal energy it has turned the mystery of “burning underground coals”

" into an economically feasible and exploitable natural resource.

For centuries geothermal waﬁer has been used for bathing and cooking, and sulphur
v;ras mined in geothermal areas as early as the 18th century. In 1904 electrical power
was generated. for the first time from geothermal steam in Italy; since then the geother-
mal powef industry has expanded rapidly. Today 4800 MW of electricity are produced
worldwide (DePippo, 1985). In addition around 7000 MW of heat energy, extracted
from léw enthalpy geéthermlal fluids, are used for space heating, bathing and agricul-
ture (Gudmundsson, 1985). The ré,pid growth of geothermal energy utilization is still

continuing, promising to be a significant source of energy in many countries.

Geothermal research requires knowledge from a wide range of science and engineering

- disciplines. Knowledge of geology, geochemistry, geophysics, drilling technology, oil

and gas engineering and hydrology are needed in the exploration, definition and exploi-
tation of a geothermal resource. In recent years geothermal reservoir engineering has
emerged as a. specialized field borrowing experience from Petroleum Engineering,
Hydrology and Heat Transfer. The primary objective of geothermal reservoir engineer-

ing is to use all the hydrological, thermal and chemical data available about a2
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geothermal reservoir to construct a model which simulates the past, and hopefully the
future response of the reservoir to production. When such a model is available, the
planning of appropriately sized power plants and other surface facilities are made with

greater confidence.

The most reliable way of exploring a geothermal reservoir is well drilling. Common log-
ging techniques provide information on reservoir temperatures and pressures, the loca-
tion of aquifers and some other general information which are used to improve the con-
stantly evolving, conceptual model of the reservoir. Well testing will yield important

information regarding the hydrological characteristics of the resource.

Energy is withdrawn from a geothermal reservoir by discharging fluid from wells. The
fluid flows in the wellbore as either single-phase liquid or steam or as a mixture of
both. The steam phase is usually separated at the surface and piped to a turbine
which rotates an electrical generator (Figure 1.1). The name of the game is to generate
as much power as possible from the geothermal well(s). The maximum power output
of the turbine occurs when the momentum drop across the turbine is maximized.
Hence one wants to maximize both the rate of steam flow and the pressure gradient
over the turbine. The turbine outlet pressure is always 1 bar or less, but the inlet
pressure is directly related to the wellhead pressure. Wellhead pressure, on the other
hand, is a complicated function of wellbore geometry, wellbore flow and enthalpy,
number of feedzones and their reservoir pressures, enthalpies and productivity. It is of
engineering interest to predict the thermodynamic variables describing two-phase flow
in the well, given the source terms and the boundary conditions of the system. This is
a rather complicated problem since the formulation of two-phase flow is highly non-
linear and must be solved numerically. Mixed analytical and empirical formulations do
exist for various types of flow. They have been used by several authors in their
development of wellbore models for numerically predicting downhole pressures, given
the well design and either wellhead or bottomhole flow conditions. These predictions
usually compare fairly well with measured data. All of the present available codes

assume that fluid only enters at the wellbottom.



The numerical wellbore codes have various applications, such as in determining the
well design that optimizes the energy transfer from a well to a power plant, or detect-
ing the minimum wellhead pressure that prevents scaling in the well; they can also be
coupled with geothermal reservoir simulators to predict the flow history of a

well/reservoir system with time.

Most geothermal reservoirs are.characterized by fractured, volcanic rocks of low poros-
ity. Wells drilled in such reservoirs receive fluids through localized production zones,
called feedzones. Between the feedzones there are usually long, nonproducing sections.
The feedzones are associated with different layers (aquifers) in the geothermal reser-
voir, each-one having its own pressure potential and flow characteristics. When a
multi-feedzone well is discharged its wellhead flow and enthalpy can vary greatly with
: welihead pressure, reflecting the different nature of tile feedzones and their response to
pfessuré changes in the well during discharge. These wellhead flow conditions can not

be reproduced by a single-feedzone simulator.

The main objective of this work is to develop a multiple feedzone wellbore model for
_single- or two-phase flow in vertical wells. It has been demonstrated in various fields
(e.g. oil and gas and geothermal ) tl;ap multiple feedzones with different pressure
potentials can significantly effect the well performance in the long run. Very little work
in this subject has been done to date, but the importance of the subject is becoming

more and more evident.
This study concentrates on the following aspects:

1. Review of existing work: Several authors have developed geothermal wellbore
simulators and presented their application to field data. These papers are

reviewed and the main results are described.

2. Development of a general wellbore simulator: A computer program is
developed to simulate one or two phase flow in a vertical well with multiple feed-

zones. The governing flow equations are solved numerically by finite difference



methods, assuming steady state flow in the well. Either wéllhgad or wellbottom
flowrates, enthalpies and pressures are given as boundary conditions, also the well
geometry and the feedzone properties. The simulator can handle variable diameter

wells, injection and production and internal flow.

3. Validation of the program by comparing calculated a.nd measured downhole
conditions in the literature. There ‘are numerous temperature and pressure profiles
from discharging geothermal wells which show déﬁnite signs of two or more feed-
zones. By adding fluid sources (feedzones) to the numerical code, these profiles
caﬁ be simulated. The matching is perform?d by guessing the flow and tempera-~

ture at each feedzone until the calculated curve fits the measured one.

4. Coupling of the simulator to the geothermal reservoir. Instead of specifying
the flowrate at each feedzone, it is of interest to find the total flow and enthalpy
from a well for a given wellhead pressures. This can be done by specifying produc-
tivity indices and reservoir fluid enthalpies and pressures at each feedzone. The
simulator will then compute flowrates and enthalpies at the wellhead for the given

set of feedzone conditions.

«
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2.0 BACKGROUND

Two-phase flow éf fluid occurs extensively in nature and »in. man made structures.
Examples range from a coffee percolator to the large cooling systems of nuclear power
plants. Two-phase flow is common in geothermal reservqirs and can be an important
driving discharge mechanism of geothermal wells. . The prediction of downhole flow
conditions in geothermal wells is therefore of great importance and interest to people

in the geothermal sciences.

In the present context two-phase flow is defined as the flow of gas—liquid mixtures.
The mixture is generally referred to as the fluid (Chisholm, 1983). The two-phase fluid
can‘ be either single componeﬁt, as in the flow of liqﬁid water/steam mixtures, or two
or ‘more components, as in the flow of seawater and air, where the three fluid com-

ponents are pure water, salt and gas.

The earliest method, used in the prediction of two phase flow conditions assumed that
the fluid was flowing as a homogeneous mixture of the two phases. These models are
called homogeneous flow models. Since the gas phase generally flows faster than the
liquid phase, the concept of separated flow models was introduced (Wallis, 1969). In
the separated flow models the phases are assumed to flow concurrently. Separate
governing equations are written for each phase and the interaction between the phases
is considered by coupling terms. This type of a ﬁoW model has proven to be more reli-

able for predictive purposes in two-phase flow.

Systematic studies of two phase flow were first conducted during the 1940s. Martinelly
and Nelson (1948) did pioneering work on the prediction of pressure drops in two-
phase flow. The oil industry had an early interest in the subject because two phase
flow is common in oil and gas pipelines. Orkiszewski (1967) analyzed data from 148 oil
wells and presented methods to predict pressure drops in two-phase wells. His formu-
lation is fréquently used in two-phase wellbore simulations. The nuclear power indus-
try relies also heavily on two-phase flow in the combined processés of cooling of the

reactors and generating power (Chisholm, 1983).
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Electrical power from geothermal steam was first generated in 1904 at the Lafdarello
field in Italy, and later at The Geysers, California. Both fields are characterized by
wells that discharge superheated steam. Wells discharging a mixture of steam and
liquid were not used for electrical power production until the early 1950s, when the
steam phase was separated at the surface in the Wairakei field, New Zealand (Grant

et.al., 1982).

The first numerical code capable of simulating two-phase flow in a geothermal wellbore
was developed by Gould (1974). Gould applied methods used in the petroleum indus-

try and compared his predicted pressure drops to actual field data. Upadhyay (1977)

used several different methods of predicting pressure drop in two-phase flow in his

wellbore simulator. He concluded that the relations proposed by Orkiszewski (1967) |

provide, on the average, the most accurate predictions. Goyal et al. (1980) simulated
measured downhole pressures in Cerro Prieto wells by using a program developed by
Miller (1980). The paper studied the importance of measured wellhead parameters on
the calculated downhole profiles and concluded that wellbore diameter and wellhead

pressures were the most sensitive parameters affecting the curves.

" The first transient wellbore simulator was developed by Miller (1981) to study the
effects of well.bore storage on transient flowing tests. Steady state wellbore simulators
which accounted for noncondensible gases and dissolved solids were described by
Barelli et al. (1982) and Parlactuna (1985). The effects of these additional fluid com-
ponents were shown to be considerable in a few special field cases. Gudmundsson
(1986) reviewed the literature on geothermal wellbore simulators. He discussed the
different discharge characteristics of geothermal wells with wellhead pressure and the

positive effects of increased wellbore diameter on maximum flowrates from geothermal

wells.

Internal effects of feedzones in geothermal wells have been observed in many fields.
"Examples in the literature include wells in Iceland (Stefansson and Steingrimsson,

1980), Kenya (Haukwa, 1984) and New Zealand (Grant et al. 1982,1983).



In our knowledge, all existing wellbore simulators consider only one fluid source to the
well. This is a reasonable assumption in some geothermal wells. However, most geoth-
ermal wells discharge fluid from two or more feedzones. These wells are often said to
have “strange” output characteristics and their measured downhole curves cannot be

matched using the conventional single feedzone wellbore simulators.



3.0 FLUID FLOW IN GEOTHERMAL WELLS

3.1 Introduction

In this chapter analytical and empirical relations that are used to compute steady-state
one- or two-phase flow in geothermal wells are given. In this treatment the conven-
tional approach involving a single feedzone with constant mass flowrate and constant
well radius is assumed. All of these assumptions are released in a subsequent chapter
(Chapter 4). First fluid flow under single-phase conditions is considered, then the
several empirical relations used under two-phase flow conditions are introduced.

Finally it is shown how heat losses from the well to ambient are calculated.

3.2 General Governing Equations

The governing steady-state differential equations for mass, momentum and energy in a

vertical well are respectively

‘3—’;‘ =0 (3.1)
dP dP dP dP '

T (E)fri + (—d‘;)acc + (EZ—)pob =0 | (3.2)
dE

dzt £Q=0 | (3.3)

where m is the total mass flow, P is pressure, E; is the total energy flux in the well and
z is the depth coordinate. Q denotes the ambient heat loss over a unit distance. The
plus and minus signs indicate downflow and upflow respectively. The pressure gra-
dient is composed of three terms: wall friction, acceleration of the fluid, andvthe change
in gravitational load over dz. These terms are described in section 3.3 for single-phase

flow and in sections 3.4.3 and 4.2.1. for two-phase flow.
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3.3 Single Phase Flow

The flow of single phase fluid in vertical pipes is. treated extensively in the fluid
mechanics literature (see for example White, 1979). The flow calculations are carried
out with linear equations, assuming the fluid physical properties are constant. These
classical equations are used here, but modified to include the pressure and the tempera-

ture dependence of the fluid properties. The pressure and energy gradients are given

.by
(L = + L& | - (3.4)
(e = HG0 (33)
kj—i)p;t = pg _ (3.6)
%I:;Z‘i—_—rh;—z{[h+0.5u2+g(Lw—D)]} . @)

where f is the friction factor, G is the mass velocity, p is the fluid density, u is the
average fluid velocity, h is the fluid enthalpy and g is th.e acceleration of gravity. L, is
the total length of the well, r, is the well radius and D is the depth to the node in
question, measured from the wellhead. | Again, upward and downward flow are

represented by plus and minus signs respectively.

The friction factor, f, is given by (White, 1979)

64

f— 22
Re

if Re < 2400 (3.8)

e/ 2r
— 20logy | £ -+ R2e'5f§_5 if Re > 2400 (3.9)

1
0.5
where Re is the Reynolds number and ¢ is the pipe roughness.

Inserting (3.4) - (3.7) into (3.2) and (3.3) gives two nonlinear, differential equations.
The fluid properties are given by any two independent thermodynamical variables of

the fluid. In this work pressure and temperature are used for single-phase flow.
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3.4 Two-Phase Flow

When two-phase flow is cqnsidered, it is customary to treat the flow of liquid water
and steam separately, and then combine the equations for the two phases by simul-
taneously solving the governing equation using éome empirical correlations. This is
called the method of separated flow models. All the physical properties of the steam
and the liquid are given as a function of pressure. The additional parameters needed
to fully describe the flow are the total mass flowrate, the well geometry and x, the

mass fraction of steam.

3.4.1 Basic Definitions

In this section some basic correlations used to interrelate the flow parameters are intro-
duced. These formulas are taken from Chisholm (1983), and his notation is generally

followed.
|

The mass fraction of steam, x, often called the dryness, is given as

' m
=8 T | (3.10)
m mg + m

where the subscripts g and 1 stand for steam (gas) and liquid, respectively.

The mass velocity, G, is

m, + m
=t (3.11)

G—m
AT A A

where A is the well cross-sectional area, and A, and A; denote the cross-sectional areas

occupied by steam and liquid.

The steam saturation, S, is given as

A A
S g 8 :
A A+ A (3.12)

The continuity equations for steam and liquid are respectively
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m, = Uy pg Ag =g pg S A ' (3.13)

m=uypA=up(l-S)A ‘ (3.14)

where u, and u; are the average velocities of steam and liquid. The velocity ratio is

defined as

K = % (3.15)

and then combining equations (3.10) - (3.15) gives the following relations:

-1
S=[1+K—1—_—£ﬁ} : (3.16)
X n _,
u, =G X 4 K(i-x) (3.17)
Pg hn
=23 | x  K(1-x) | (3.18)
K. pg 4] T

The definition of a superﬁcial gas or liquid velocity is frequently used in the two-phase

literature. This is the velocity the phases would have if they‘ﬁowed alone in the pipe.

They are given as

Ugs = : (3.19)

uy = (1-x)m (3.20)
A :

Note that all the quantities on the right hand side of (3.19) and (3.20) are easily

measurable. This is why two-phase flow data are often presented in terms of the

superficial velocities.

The volumetric flow rates of steam and liquid are

' - xGA c '
Q= Aguy = PS _ _ (3.21)
] : .
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i

Q=Auy= (1-x)GA ' (3.22)

The ratio of gas volumetric flowrate to the total flowrate, 3, is

PRNE. S YRR L 3 3 |  (3.23)
Qg+Ql X 4] }

The density of a steam/liquid mixture is
Pmix = S pg + ( 1-8 ) P » (3'24)

and by combining (3.16) and (3.24) gives

x+K(1-x)

i_*_Kgl—x!
Pg P

Pmix =

(3.25)

3.4.2 Two-Phase Flow Regimes

Two-phase flow is generally divided into four flow regimes, depending on the macros-
copic behavior of the flow (Orkiszewski, 1967). The regimes are classified as bubble,

slug, transition (or churn), and mist (or annular);(see Figure 3.1).

An example of a bubble flow is the rise of bubbles in beer. The gas bubbles moﬁre
upwards because of buoyancy, but are restrained by the viscous liquid phase. The
velocity, uy,, of such a bubble, relative to the average fluid velocity, is (Govier and
Aziz, 1972) |

2 (3.26)

u, = 1.53 [ -
1

0.25
go(pg~n) }

where o is the surface tension of steam/water.

Slug flow occurs when the small steam bubbles coalesce and form large, bullet shaped
bubbles with almost the same diameter as the well. The liquid phase is still continu-
ous. Slug flow occurs, for example, in a coffee percolator. The regularly shaped bub-

~ bles in slug flow are called “Taylor” bubbles. Their velocity, uT, relative to the mean
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fluid velocity, is (Chisholm, 1983)

0.5 . .
uT=0.35[2rwg(1—%)} ' (3.27)

Transition flow occurs when the continuous liquid phase breaks up into irregular clus-
ters of gas and liquid. The flow is chaotic and is likely to be unpredictable by any

empirical relations.

Annular or mist flow occurs when the gas phase is continuous in a flowing well. The
liquid can flow both as entrained droplets in the steam and in a film on the pipe walls.

Rain is an example of mist flow.

Orkiszewski (1967) reviewed the available literature on two-phase flow and compared
different flow methods by analyzing flowing pressure profiles from 148 oil wells. He
developed empirical relations which can be used to classify the different flow regimes.

These relations are given in Table 3.1.

3.4.3 Frictional Pressure Drop
The pressure drop for single phase liquid flow is given by

f o G2
4 Tw A

4Py
dz LO

(3.28)

where the subscript LO stands for “liquid only”. The friction factor, fiq, is given by

(3.8) and (3.9).

Martinelly and Nelson (1948) introduced the concept of the “two phase multiplier”
4P
dz %
dP
( i Lo

' ¢F2Lo = (3-29)

where (dP/dz)y, is the actual pressure drop for two-phase flow, and (dP/dz).q is the

pressure drop that would occur if all the fluid flowed as liquid only, with the properties
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TABLE 3.1 Different flow regimes and the criteria to determine when each one is ap-

plicable (from Orkiszewski, 1967)

Flow regime Limits
Bubble g <Lp

Slug B > Lpand v,p <Lg
Transition Ls < vgb < Ly
Mist LM < ng

xG 4}
VgD = ( )0.25
_ Pg BO
Pg 4}
Vt2

Lg = 1.071 - 0.676

and Lg > 0.13

T'w

g

Ly =75 + 84 ( vgp 2 )07

Qg'

F=%+a
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of the liquid phase.

Chisholm (1973, 1983) correlated available pressure drop data and obtained a general-

ized expression for the two—pha_se multiplyer Y0 , independent of flow regime:
Yho=1+(T2-1) [_Bs' xZV2 (1 JERIZ 4 (o) ] (3.30)

where n is the exponent in the Blasius equation, Bg is a semi-empirical coefficient given

in Table 3.2 and T" is a physical property parameter, given as

(S0,
e T ) o

where p is viscosity and GO represents ‘“‘gas only”.

The coefficient Bg in Table 3.2 is only valid for flow in smooth pipes. To correct for

the sﬁrface roughness of the pipe, Chisholm (1983) suggested the relation

B
_E—_—{()_5

0.25-n

1+ ( %‘i ) + 10{ 7200 ™w ] " (3.32)
1

where By stands for rough surfaces and Bg for smooth ones.

The Blasius exponent, n, takes the value 0.25 in smooth pipes but is zero in fully rough
flow (geothermal wells). Inserting those two values into Table 3.2 and equation (3.30)

respectively, gives for the two-phase multiplier
wF2LO=1+(F2—1)[B,x(l—x)—l—xz] (3.33)

The two-phase pressure drop can now be predicted by rearranging (3.29) as

% )op = YrLo ( % o . | (3.34)

with the quantities on the right hand side computed using equations (3.29) and (3.33).



TABLE 3.2 Values of Bg for smooth pipes (from Chisholm, 1983)
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k
r G( 2g ) BS
m=s
< 500 48
<95 500 < G < 1900 2_2&
55
> 1900 e
520
= 000 T
95 <T < 28
21
600 2L
> T
15000
> 28 TZ G5
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'3.4.4 Velocities of Individual Phases

Two methods for calculating the average phase velocities of steam and water are
presented. These methods are based on semi-empirical equations, discussed to some

extent In section 3.4.2.

One possibility for calculating phase velocities is to use the flow regime definitions of
Orkiszewski (1967), given in Table 3.1. Defining the homogeneous velocity of the fluid

- as

uH=G[sc/pg+(1—x)/pl] |  (339)

Chisholm (1983) shows that

Uy
U, = uyg +{ or (3.36)
ur

where u, and up are the bubble and slug velocities given in (3.26) and (3.27), respec-
tively. The flow is assumed homogeneous (velocities of both phases are equal) in the
mist regime (Miller, 1980). A linear interpolation between bubble velocities in slug and

mist flow is used in the transition regime, yielding

LM - ng
U, =— TNI_._E;— ur ‘ (337)

" where the empirical factors Ly, Lg and vgq are given in Table 3.1.

By combining (3.10), (3.11), (3.13) and (3.14), we have

G x

S = 3.38
Uy 7e (3.38)
G-ugpg S

uy = — 3.39

: a(1-5) (3:9)

- The average phase velocities can now be calculated by initially identifying the proper
flow regime (Table 3:1), inserting the appropriate bubble velocity function into (3.36)

and solving (3.38) and (3.39) simultaneously.
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Another possibility for calculating the phase velocities is to use the method of Armand
coefficients. Armand (1946) correlated data for the saturation, S, during air/water

flow in pipes. He proposed the relation
S = C, 8 (3.40)

where C, is called the Armand coefficient.

Chisholm (1983) reviewed Armand’s approach and recommended several equations for
calculation of C,, depending on 3, r,, m and the physical properties of the two phases.

These equations are given in Table 3.3.

Combining equations (3.16), (3.23) and (3.40) we can solve for the velocity ratio, K:
‘1 X n
K = —_-1 | — 3.41
[cAﬂ }(1—x_)pg - (341
The phase velocities are then given by (3.17) and (3.18).

3.5 Heat Losses

The ambient heat flux, Q, in (3.3) is calculated as follows. Assuming that all the heat
is conducted horizontally to rocks of thermal conductivity, k, and thermal diffusivity,

a, the equation for heat conduction is

L 66T, 16T |
(6r)_a ot (3.42)

r or

where T is temperature and r is the radial distance from the well. The boundary con-

ditions are
T(ret) = T,
T(r,0) = T, : (3.43)
T(oot) = Ty

where r,, is the well radius, T,, is the temperature of the wellbore fluid and T, is the

initial temperature of the well surroundings. A solution to the heat flux problem, valid
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when the term at/r? >> 1, is given by Carslaw and Jaeger (1959) as

Ty

Q%4k1r(Tw—Tr)[ln(.4i2t—27)]—l (3.44)

where v = 0.577216... is the Euler’s constant.

Equation (3.6) is only. an approximation of thé actual heat flux. Complications such as
varying well temperature during the production history and additional heat losses due
to fluid convection in the vicinity of the well are neglected. However, this approxima-
tion is probably reasonable since the term dE,/dz in (3.3) is usually much larger

than Q.



Table 3.3 Equations for the Armand coefficients

(from Chisholm,

1983).

B > 09

CA uy 2rwpg
B < 08 and uy > ——="2
1/Cpp—1
Car = Cap
Uwd
ﬂ < 09 and UH.< I/C:h_l and D>Dcrit
w
1o O
CA uy
Uwqg 3
B < 09 and ug< 1/C:h~l and D < Dy
Wu
B S A
Ca uy
1 1-08
— =8+
Can

[1-8(1-p/0) |

W=14(LLp2(1_Ley
pg Pl
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4.0 THE WELLBORE SIMULATOR HOLA

4.1 Introduction:

Th.e wellbore simulator HOLA (the Icelandic word for a well) solves -numerically the
differential equations that describe mass, momentum and energy flow in a vertical
pipeline. The flow is assumed to be steady state. Calculations either start at the well-
head and continue downwards in a finite difference grid, or at theAwellbottom and pre-
cede upwards. The governing equations are nonlinear and are solved by using an itera-
tion p‘rocéd'ure. Pure water is the flowing fluid, but can be either in single- or two-
phése conditions. All physical properties are assumed uniform at any given depth

within the well.

The program HOLA allows for multiple feedzones, variable grid spacing and well
radius. Feedzones are assumed to occur at single grid points in the well, which

appears to be a reasonable assumption for wells in fractured, geothermal reservoirs.

~Two—phase mixtures are always assumed to flow upwards whereas single-phase fluid

can flow either up or down. The solution algorithm is explicit, giving one unique solu-
tion for each set of wellhead/wellbottom conditions, as long as there are no fluid
sources/losses in the well. Calculations are made in Sl-units. The program language is

FORTRAN 77.

4.2 Basic Architecture of the Model

The one-dimensional nature of flow in pipelines allows one to compute the flow condi-
tions by either forward or backward solution methods. This requires fully defined flow

conditions at one end of the system (inlet conditions), and fully defined boundaries

(wellbore geometry, lateral mass and heat flow). The governing equations are then

solved in small but finite steps along the the pipe, either in the direction of flow (for-
ward calculations) or against the flow direction (backward calculations). Whenever a

feedzone is encountered the mass and energy inflow (or outflow) are given, allowing the
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calculation to continue further in the wellbore.

HOLA performs its computations in two major steps. They are:

(1) Balance given wellbore and feedzone mass and energy fluxes at the grid node
where the feedzone is encountered. Find the inlet conditions for the next, unk-

nown section of the well.

(2) Calculate the flowing conditions in the well between feedzones.

These two steps are repeated until the program reaches the other end of the grid (the
well). The second step is a conventional, single-feedzone wellbore simulator, similar to
the ones discussed in chapter 2. The effects of multiple feedzones are introduced to the
simulator by step one, which only re-initializes the inlet conditions for the next, unk-

nown nodes in the grid.

4.2.1 Interzonal Flow

In this section we show how the governing equations are solved between feedzones in

the well. With a constant mass flux, the governing equations written in discrete form

are

Pi-Py AP AP AP, -
AZ - ( AZ )fl'i + ( AZ )a.cc + ( AZ )pot - 0 ' (4'1)
Et i Et i-1 )
A7 .:!: Q=0 (4.2)

where the subscripts i-1 and i refer to an upper and a lower grid node, respectively, at
a distance Az apart. All properties in node i-1 are known when the calculations
proceed down the well, whereas the properties of node i are known in upward calcula-

tions. The acceleration and potential pressure drop terms can be discretized as,

AP MF,_, - MF,

( Az )acc = = "A' 'z_‘l (4.3)
AP

( E Jpot = 0.5 ( Pmixi-1 T Pmixi ) g ' (4'4)



-23-

where MF denotes the momentum flux of the fluid and is given by
MF = G(xu,+(1-x)u) (4.5)

The frictional pressure losses in single phase flow are given by

fi.y G2 f; G2
(é—f‘)‘)m = +05 L Sl SRR (4.6)
Az 4ryipia ATywip
and in two phase flow by
AP AP AP :
( Ay i = 05 | ( As Jopict + ( A Jop i ] (4.7)

where (AP/Az),, is defined by (3.34).
The total energy flux at any cross section in the well is
E, — m [xhg—+-(1-—x)h|+0.5(xug2+(1—x)u12)+g(Lw—D) ] (4.8)

Inserting (4.3)-(4.8) into (4.1) and (4.2) gives a set of two nonlinear equations in terms
of two unknowns: P; and x; in the case of two-phase flow, or P; and T, in the case of
éingle-phase flow. These two sets of independent variables were chosen because of con-
venience in developing the code HOLA. For example, steam tables most generally give
the properties of single-phase steam and liquid as a function of pressure and tempera-
ture. The steam fraction, x, is also frequently used as a dependent variable in formula-
tion of two-phase flow relations. The total fluid enthalpy, H, can replace both x; and
T, as dependent parameters. However, this change is expensive in computer time and

was therefore not considered.

The wellbore simulator HOLA solves equations (4.1) and (4.2) by Newton—\Raphson
iteration (Burden et.al., 1981). The method is based on the following. Consider twice
differentiable and céntinuous functions Fy(y) and Fyy) for the two variables y; and y,.
We want to find a solution p = (p1,p2) which makes F(p) = Fy(p) = 0. By initially

guessingy =y = (y,,¥e ), a new iterative value of y is given by

N y‘ -1 Fl(y*)
Mz [J - M [ny*)] “y
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where M is the Jacobian matrix:

F( Y‘ ) OFy( Y‘ )

oy byq '
M == l‘ * ) 410
Foy ) OFyy ) (4.10)
dy1 8yo

If there is a solution p to our problem, and all the first and second ‘derivatives of

F; and F, are bounded, then y will converge quadratically to p.

The derivatives in {4.10) are discretized as

Fy(yrys) o Filyi+4yiye) - Fi(y)ys)

oy, o Ay,

(4.11)

where Ay, is a small fraction of y;' (1 x 108 y;*). The other derivatives are similar.

The functions F; and F, are equations (4.1) and (4.2) respectively. Their dependent -
variables are either (P;x;) in two-phase flow or (P;T;) in single-phase flow. In geother-
mal wells, P; increases steadily downwards while x; decreases. T;, on the other hand,
remains relatively stable. This gives ‘““good behavior’” of the functions F; and F; and
rapid convergence. The routine assumes the iteration is successful when the numerical
values of F; and F, are less than than 107 of the pressure and total energy in the pre-

vious node.

4.2.2 Multiple Feedzones

The numerical algorithm discussed in the previous section assumes constant mass flow
in the well. The solution is unique between feedzones. The following method is used
to account for additional feedzones. It assumes that the feedzone flowrates and the

fluid enthalpies are given.

Suppose a feedzone occurs at node j in the well (Figure 4.1). All flow conditions are
known in node j-1 and the conditions in node j are calculated by (4.9). It is assumed
that the wellbore and the feedzone fluids mix instantaneously at the node. Further-

more, it is assumed that there exists an imaginary node £ below but infinitely close to
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node j, having the same pressure as in node j. The flow conditions in node £ are then

given by balancing mass and energy as

P, = P, _ ' : (4.12a)
Mg = m; - iy ' (4.12b)
Heme = Hji; - Hem, . (412¢)

where the mass flow, m, has two possible direction and is therefore given a vector sym-

bol; the subscript f denotes the feedzone and H is the total fluid enthalpy given by

H = xhy + (1-x) b (4.13)

Equation (4.12) gives the necessary initial conditions (e.g. new fluid mass rate and
enthalpy) for continuing computations, either to the wellhead/wellbottom or to the

next feedzone.

There are 6 possible flow directions and conditions in the wellbore close to the feed-
zone, depending on the characteristics of the feedzones (inflow or outflow) and the type
" of well flow behavior (production or injection). In the formulation, positivevﬂowrates
imply upward flow in the well or flow from the feedzone to the well, whereas negative
flowrates imply downward flow or flow from the well to the feedzone. Figure 4.2

shows these possible flow directions.

4.3 Flow Diagrams and Major Subroutines

This section describes briefly the architecture of the wellbore simulator HOLA. The
main paths of calculations are shown by flow diagrams and some of the major subrou-

tines are briefly described.

The main routine HOLA reads in input data, calls routines to calculate the wellbore
conditions and writes the results to an output file. Figure 4.3 shows a flow diagram
for HOLA. The non-simultaneous nature of the computations in HOLA requires a
complicated structure of logical statements, that guide the calculations as they proceed

from one end of the well to the other. These logical statements are dependent on the
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problem under consideration. The program HOLA is therefore composed of five major,
independent subroutines, each designed to perform a special set of calculations,

depending on the problem at hand. These subroutines are:

(1) VINNAL calculates pressure, temperature and saturation profiles from given well-
head conditions and given flowrates and enthalbies at each feedzone except the
lowest one. The calculations proceed from the wellhead down the grid to the bot-
tom of the well. All profiles shown in Chapters 5 and 6 are calculated by this

subroutine.

(2) ITHEAD iterates for a requiréd wellhead pressure, given the productivity indicés,
resvervoir pressures and enthalpies at each feedzone (detailed examples are given in
chapter 7). The feedzones can either have positive or zero flowrates, so that cases
with injection into feedzones are not considered. There is no restriction of the

number of feedzones.

(3) ITHEAD2 is similar to ITHEAD, except that the feedzones can both accept or
discharge fluid. The routine é,ssumes that there are only two feedzones in the

well. This routine is described in detail in Chapter 7.

(4) ITHEADS iterates for the bottomhole pressure that satisfies a specified positive
wellhead flowrate. This option is limited to two feedzones and only positive or

zero flow is allowed from the feedzones.

(5) ITHEAD¢4 is similar to ITHEAD3 except that fluid injection into the well is con-
sidered. The routine allows a maximum of two feedzones and only negative
flowrates (i.e. injection). This routine and the routines ITHEAD and ITHEADS3

were developed for a future integration with reservoir simulators.

Input data (wellhead or wellbottom conditions, well design, reservoir temperatures,
number and locations of feedzones, reservoir conditions near the feedzones and compu-

tational option) are read in from a file by the subroutine INPUT (The input guide is
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given in Appendix A). The subroutine develops the wellbore grid and calculates the
reservoir temperature at each grid node by linear extrapolation between the Inputted
reservoir temperatures at specified depths. Also calculated for each node is the ther- -

mal conductance of the well surroundings 2, given as

rw

Q — 4kr [m( 2ot 9y) ]_1 (4.14)

The heat loss Q can then be computed as
Q=0a(T,-1,) . - (4.15)

where T and T are the mean fluid and reservoir temperatures respectlvely, of the

two adJacent nodes.

After the wellhead/wellbottom data and the wellbore grid are specified, the calcula-
. tions can proceed with the appropriate solution algorithms, discussed above. These

calculations are conducted by the subroutine VINNA1 (Figure 4.4) or similar subrou-

- tines. First, all the wellhead parameters are assigned by the subroutine TOP. The

. conditions of the neighboring node are calculated by initially assuming the same steam
fraction as in the wellhead node..Equation (4.9) is then solved by one of the three rou-
- tines ITERATEI 2 or 3, depending on the prev1ous value of x. The calculatlons for

the other nodes proceed in the same manner.

The following methods are used to check for phase transitions in the nodes.

(1) Single phase steam {liquid} to a mixture flow: After new values are calculated at

grid node i for P; and T}, one determines if

P; =~ P Ti) : . (4.16)

where Pg,( T; ) is the saturation pressure at T;. When this occurs, x is assigned

the value 0.9999995 {0.000005} and the iterations proceed.
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(2) Two-phase to single-phase liquid {steam} flow: This transition will happen when
the subroutine ITERATEL calculates x<<O {x>1} for the grid node i. When this
occurs the p_rograni returns to node i-1 andvassumes x=0 {x=1}. The energy
flux in the well is conserved by calculating a new liquid {steam} temperature T;_,

such that

by (Tyy,Pi) = Hyp (PipXig) (4.17)

and x;_; is then set equal to zero {equal to one}. The calculations then continue in

the usual manner.

There are several other checkpoints in the program. Negative pressures are sometimes
calculated if the flow is changing phases or if the water level in the well is below the
wellhead. This makes the program return to the previous node and add a new node to
the grid, halfway between the current node and the unsuccessful node. The same pro-
cedure is used when one of the subroutines ITERATE1, 2 or 3 uses more than 10 itera-
tions without conﬁerging. The program can calculate negative temperatures if the
flowrate and the fluid temperature are low, but the formation temperature is high.

This is physically impossible and will result in termination of the compilations.

All properties of steam and water are calculated using the program library STEAM
(Bjarnason, 1985), which is based on formulas given by the International Formulation
Committee (1967). These formulas are continuous (within numerical limits) over a
large section of the phase diagram ( 0.1-1000 bars-a and 0-800 °C ). The continuity
condition is necessary for rapid convergence of the Newton-Raphson iteration method.
Althqugh STEAM covers most of the phase .diagram, calculations are terminated if
pressures or temperatures rise above the critical point (P=221.2 bar-a and

T=374 °C). This is done because of observed unstability in HOLA, close to the criti-

cal point.

The subroutine CHOKED checks for choked flow in the well. The sonic velocity, u,y,

in single phase fluid is (Zemansky et.al., 1975)
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0.5

A (4.18)

Uepy, =

The sonic velocity in two-phase flow is estimated as (Kjaran and Eliasson, 1983)

. 0.5
Uy = [ o } S (4.19)

Pmix

where K, is the “mean’ incompressibility of the fluid, given as

1 _ S + 1S (4.20)
’ Km Kg K}
and the incénipressibility is calculated in Fgeneral as
= AP 22— 4.21
v = ap L | | T

In the program choked velocity is compared to the homogeneous fluid velocity and the

flow is assumed choked when u,, > uy.

The incompressibility of water is much higher than that for steam, and the mixture
.density pmix is governed by the water density at low to moderate saturations. This
gives a K, value of the mixture close to kg, but fluid density close to the water density
and therefore d?astically reduces sonic velocities for two-phase mixtures. For example,
the sonic velocities in the water and steam phases and in the'two-phase mixture, calcu-
lated by rusing the above equations and the numerical values P=33.5 bar and S=0.3

(Kjaran and Eliasson, 1983), are

U, = 1110 m/s Ugp, = 555 m/s Uep,, ~~ 140 m/s (4.22)

When the' simulator calculates sonic conditions in the well, a warning message is
printed to a log-file but execution continues. The calculations are terminated if the
calculated fluid velocities exceed twice the sonic velocities. This criteria was adopted
because equation (4.19) is only an approximation for sonic velocities in two-phase mix-
tures. A well chokes when the total pressure gradient (dP/dz) is required to overcome

the change in the momentum flux (dMF /dz). Chisholm (1983) gives methods based on



this equality, but they are not used here because of their complexity.

When the computations are completed over the entire well length the results are writ-

ten to an output file with either the routine OUTPUT1 or OUTPUT2. The simulator

also creates a log-file which stores information on phase changes, sonic velocities, addi-

tional grid nodes used in the simulations or iteration difficulties.

4.4 Computationa,l Options

The simulator HOLA is a tool designed to compute flowing conditions in wellbores.

The program is general and offers several options in the computations. They are as fol-

lows:

(1)

(2)

3)

(4)

Curve Fitting: Flowing downhole pressure and temperature logs exist ifOr'many
geothermai wells. The s‘imulat‘of can be used to match this ﬁf’,ld data, given the
wellhead conditions, r_eservoir temperatures and the wellbore Vgeomet‘;ry. This is
especially valuable in wells with mulvt‘iple feedzénes, allowing one to ;stimate the

relative strength of the feedzones.

Optimum Well Design: The simulator can be used to find the wellbore geometry
which maximizes wellhead pressures and flowrates, given the average expected

fluid enthalpy and depth to the feedzone(s).

Wellhead Output Curves: It is of interest to predict the wellhead flowrate and
enthalpy with wellhead pressure. The simu'lator is capable of performing these
calculations, given the wellbore geometry and properties and thermodynamic con-

ditions near feedzones.

Coupling with Reservoir Simulators: Large scale_, integrated finite diﬂ'eren;:e codes
such as PT (Bodvarsson, 1982) simulate fluid ciischarge bj‘f.-giving a wellbore pres-
sure and productivity in'dice-s‘a:t some ﬁodes in the grid. _HOLA can be cdupled
with these simulators and used to predict changes in well flowrates and enthalpies
with time, or to interpret data from f-ivow'ingr well tests. These calcula,tions are
performed by specif)-'ing a constant value of either the Wellhead pressure or the

wellhead fiowrate. HOLA will then iterate for the wellbore conditions that satisfy

all the given wellhead and feedzone conditions.
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5.0 VALIDATION OF THE SIMULATOR

Iﬁ this chapter calculated and méasured pressuré and temperature profiles in flowing
wells with a single, dominant feedzone are analyzed usin‘g the simulatvor HOLA. The
purpose is ‘to test the simulator as a tool for predicting downhole conditions in a
flowing well. Wells which show effects of two or more feedzones are discussed ‘in the

next chapter.

The profiles analyzed are from wells located»a,t Cerro Prieto, Mexico; East Mesa, Cali-

fornia; and the Krafla, Nesjavellir and Svartsengi fields in Iceland. _

Measuring downhole édnditions"'in a flowing well is a difficult task. The measuring
gauges are sensitive devices, which are severly stressed when introduced to the tur-
bulent environment existing in a flowing geothermal wellbore. The pressure and tem-
perature meters are usually mechanical, limiting the nufnber of recorded data points
and the time of measurements. Available downhole data from ﬁ'owi-ng wells are there-

- fore scarce.

An a.ddi'tional pfoblem with flowing pressuré énd temperafufe dat@ is fh.e queétion of
how stable the thermodynamic condifions in t{h_é wellv are when the data is collected.
The well has to be shut-in, fhen the dlevice is placed in the well and then the well is
discharged again. This causes some initial transients in the wellbore flow which may
last for hours, hence the true, steady-state flow conditions in the well may not be

"measured.

In matching the pressure and ;emperé,ture pfoﬁles from the wells, the wellhead condi-
tions are specified and then the calculations proceed down to the bottom of the well
- (option' 1 in Chapter 4.3). - Also inputted are the wellbore geometry and (for some
cases) the reservoir temperature with depth. The phase velocities -are always calcu-
lated using thé method of Armand coefficients, since this method was found to lead to

more ‘continuous and. monotonic derivatives than those obtained through use of the
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Orkiszewski flow m‘ethjods; hence more rapid convergence in the Newton-Raphson for-
mulation. A 25 m grid spacing was used in all the simulations, except for cases with
‘variable well diameter. In regions of changing well diameter nodal point distances

down to 1 m were used.

The wellbore simulator accounts for the pipe roughness in the well. The roughness
values used here are between 0.2-2 mm , which is common for cast iroh (White, 1979).
The roughness factor was found td be insignificant in single liquid and two-phase flow
conditions but was varied to match flowing pressures in wells discharging superheated
steam. It should also be noted that inner diameters of the casing and liner are used to
specify the wellbore geometry. This neglects flow in the annulus between the liner and
the well and may cause some uncertainties in single-phase steam and two-phase flow
predictions, but should not be significant for single-phase liquid flow where the liquid

density dominates the pressure gradient.

5.1 Cerro Prieto Wells M-51, M-90, M-91 and M-39

Flowing pressure profiles for wells at Cerro Prieto, Mexico include wells M-39, M-51,
M-90 and M-91. The data for wells M-51, M-90 and M-91 are discussed in paper by
Goyal et al. (1980), from which the data were taken. The data for well M-39 was pro-

vided by Lippmann (1986, personal communication).

Figure 5.1 shows calculated and measured pressure profiles for well M-51, the geometry
of the well (to the right) and specified wellhead parameters. The match is satisfactory.
The simulator predicts two-phase, slug flow along all the well interval shown, which is

in agreement with the results of Goyal et al. (1980).

Figure 5.2 shows downhole pressure profiles in well M-90. The calculated pressure is
underestimated at the wellhead and overestimated at the wellbottom. This
discrepancy is most likely due to transient conditions within the wellbore, suggested by
the sharp pressure drop between the two measured pressure values closest to the well-

head. A temperature profile would help determine if the well was in transient state
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during the measurements.

Figure 5.3 shows measured and.calculated flowing pressures in well M-91. The match is
reasonably good. The simulator predicts slug flow in most of the two—phaéé section
(above the depths of 900 m) and bubble flow in the 50-75 m interval above the flashing
level. Note that the measured pressures in the single phase flow interval fluctuate
around the calculated pressure profile. This may reflect some oscillations in the depth

of the flashing level in the well during the discharge.

Figure 5.4 shows calculated and measured pressure proﬁles in well M-39. For this well
the predicted pressure profile agrees very poorly with the measured values‘. This
discrepancy is most likely due to a seéondary change in wellbore geometry, caused by
scaling (Goyal et al., 1980). The scaling is most likely present at the depth of the flash-
.ing level (500 m depth). A reduction in wellbore diameter increases frictional pressure
losses and prevents flashing below the scaled interval. An attempt to matqh the pres-
sure profile using well restriction due to scaling has not been done, basically because of

unfamiliarity with the well and the field.

5.2 East Mesa, Well 6-1

Figure 5.5 shows measured and calculated downhole conditions in East Mesa well 6-1.
The data are from Gould (1974) and Juprasert and Sanyal (1977). Neither of these
" papers give the actual wellbore geometry. The wellbore diameter assumed corresponds
toa 95/8” outer casing diameter, which is common for geothermal wells. Other well
diameters tried did not yield as good match with the measured data. The discharged
fluid contained 20—25.g/l total dissolved solids. This increases the liquid density, com-
pared to the pure water relations used in HOLA, but this effect seems fo be rather

insignificant, as indicated by the good match.
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5.3 Krafla, Wells KW-2, KJ-7 and KJ-9

Figure 5.6 shows calculated and measured flowing profiles for Krafla well KW-2. The
data was provided by Steingrimsson (1986, personal communication). The measured
downhole profiles could only be matched by introducing scaling in the well at approxi-
mately 300 m depth. This is a reasonable assumption since scaling has occurred in
most other Krafla wells (Stefan Arnorsson, 1978). A trial and error procedure was
used to determine a scaling geometry (shown in the figure) th_at matched the measured
profiles. Certainly, with lack of other independent data the determination of the scal-

ing geometry is rather non-unique, but yields a good match.

Figure 5.7 shows calculated and measured downhole pressures in Krafla well KJ-7. The
data were provided by Steingrimsson (1986, personal communiqation). The well was
discharging superheated steam during the measurement. The measured pressure
profile was easily matched and in addition allows an estimation of actual pipe rough-
ness to be made. The value that yielded the best results was was 0.2 mm, which is in

good agreement with handbook values.

Figure 5.8 shows calculated and measured profiles for Krafla well KJ-9. The data are
from Stefansson and Steingrimsson (1981) and Steingrimsson (1986, personal communi-
cation). The measured pressures and temperatures resemble those from weil KW-2 and
could not be matched without the introduction of scaling. A trial and error procedure
was used to find the scale geometry that matched the measured data. The sharp spike
at =~ 250 m depth in the calculated temperature occurs when the wellbore diameter
changes suddenly. This happens because of negative pressure gradient and very high
fluid velocities at the upper edge of the scaling. This sharp spike is of no practical

importance and can be reduced by appropriate refinements in the grid.

5.4 Nesjavellir Well NJ-14

Figure 5.9 shows calculated and measured downhole conditions in Nesjavellir well NJ-
14. The data were provided by Steingrimsson (1986, personal communication). The

figure demonstrates the difficulties encounted when a high temperature well is
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measured during discharge. The well was shut in prior to measurement, the logging
device emplaced and the well was discharged again. Two data points were measured at
each depth, at different times. It is evident from the figure that large flow transients
occurred during the measurements, especially in the pressure profile. In addition the
measurea pressure/tempera;ture values do not match saturation conditions, although
the well flashes to the bottom. Calculated downhole profiles, based oh wellhead data,
are also shown in Figure 5.9. Understandingly they match poorly with the measured
data. This inconsistency is almost certainly caused by the rapid transients in the

measured data, which cannot be matched by a steady state simulator.

5.5 Svartsengi, Well 4

Figure 5.10 shows measured and calculated pressure profiles in Svartsengi well no. 4.
The data are from a report by Parlactuna (1985). The well discharges brine, with a
total dissolved solids content of about 21 g/l. Silicia scaling is common in Svartsengi
wells at the flashing level, and the wells are frequently cleaned in order to maintain
production. A caliper measurement was conducted in well 4 in December 1978, indicat-
ing scaiing at and above the flashing level. Its shape was specified directly in the input
data for HOLA. The results are shown in Figure 5.10. The match is satisfactory. It
should be noted that there is 2 years difference between the caliper and pressure meas-
urements. It should also be noted that there is a small difference between the calcu-
lated and measured pressure gradients in the liquid region below 350 m depth. This
reflects the high liquid density caused by the high concentrations of dissolved solids in
the fluid and shows that the effects of dissolved solids should be considered if detailed

matching is to be done.

5.6 Summary

In summary, the wellbore simulator HOLA has shown the capability of matching pres-
sure and temperatures profiles from single-feedzone, geothermal wells. For most cases
reasonable matches were observed and where discrepances were found, these are most

likely due to transient conditions in the wellbore. This emphases the need for very
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careful measurements of flowing wellbore conditions, since if large transients are’

present the data may be totally useless for simulation studies.

Some of the measured profiles were not matched without introducing a scaling in the
wells, which is reasonable in the fields considered. This shows that the simulator is
capable of predicting secondary changes in wellbore geometry, given measured pressure

and /or temperature profiles in the well.
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6.0 PREDICTING INTERNAL FLOWRATES IN WELLS

One of the most practical applications of a multi-feedzone wellbore simulator is to use
it for estimating flowrates and enthalpies of the different feedzones in a well. This
information is often difficult to gain by other methods. A possible alternative is to
measure the wellbore flowrate by flowmeters, also called spinners (Solbau et al.,1983).
" Flowmeters measure volumetric flowrates with depth. The main difficulty encounted
in the use of a downhole flowmeter (and all other downhole instruments) in high tem-
perature fields is transmitting the data to the surface. Electrically insulated cables
which can withstand temperatures on the order of 250-350° C and pressures in the
range 50-200 bars are expensive and rare. The flowmeters themselves are also sensi-

tive devices which tend to break down during measurement.

The wellbore simulator HOLA can be used to estimate internal flowrates in geothermal
wells, given the measured downhole pressures and/dr temperatures. Simulation begins
at the wellhead, where all the flow parameters are known. Unique downhole profiles
are then calculated;down to the first feedzone. The interpretation begins at that point
by specifying the feedzone flowrate and enthalpy. Calculations then proceed to the
next feedzone, where new feedzone parameters are specified. This continues down to
the lowest feedzone, for which parameters need not be specified since they can be com-
puted from the specified wellhead conditions and the flowrates and enthalpies of all the
other feedzones. The flow values and enthalpies of the individual feedzones are then

" varied until the calculated temperature and pressure profiles match the measured ones.

Even though temperature and pressure profiles in a flowing well have been matched,
this does not mean that an unique solution has been obtained. Experience gained
when using the simulator HOLA has indicated that the predicted feedzone parameters
are generally nonunique. ThuS, the interpretations of ‘ﬂowing wellbore profiles will

never yield unique parameters without support from other, independent data.

In the following sections (6.1-6.4) interpretations of flowing downhole surveys in geoth-

~ermal wells in Kenya and Iceland are presented. All of these wells have two or more
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major feedzones. The method of interpretation is described briefly and the non-

uniqueness of the solutions discussed.

6.1 Nesjavellir Well NJ-7

Figure 6.1 shows calculated and measured downhole profiles for well NJ-7 in the Nes-
javellir field, Iceland. The data were provided by Steingrimsson (personal communica-
tion, 1987). The well discharged 23 kg/s of steam/liquid mixture during the test, with
a total ﬁﬁid enthalpy of 1360 kJ/kg. Feedzones are located at 1000, 1550 and 1900 m
depth. It was believed that most of the fluid is produced from the feedzone at 1900 m

depth (Steingrimsson, 1987, personal communication).

The constant, 260 ° C temperature at 1100-1600 m depth in well NJ-7 indicates flow of
singie-phase liquid with an enthalpy of approximately 1150 kJ/kg. This enthalpy is
substantially lower than measured at the wellhead, and requires discharge of high
enthalpy fluid from the feedzone at 1000 m depth. It also indicates that the liquid
water at 1100-1600 m depth is flowing upwards in the well, from feedzone at 1550 m.
At depths greater than 1550 m there is a sharp change in the temperature, most likely
caused by low flowrate of the deepest feed and hence large effects of ambient heat

fluxes on the wellbore fluid temperature.

The initial reservoir'pressure and temperature at 1000 m depth in well NJ-7 are
approximately 80 bars and 260° C (Stefansson, 1985), respectively. For these thermo-
dynamic conditions single phase liquid has an enthalpy of 1100 kJ/kg. In order to
match the data, higher enthalpy is required, suggesting two-phase conditions in the

reservoir.

The calculated pressure and temperature profiles shown in Figure 6.1 are obtained by
assuming an enthalpy of 1500 kJ/kg for the feedzone at 1000 m depth. The calculated
solution shows that most of of the produced fluids are flowing from the feedzone at
1000 m. The rest is primarily from the feedzone at 1600 m, with negligible flow from

below.
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The assumed 1500 kJ/kg fluid enthalpy at 1000 m depth is very uncertain; it is only
"required that this enthalpy must be higher than the wellhead enthalpy, since colder
fluid is flowing from below and mixing with the discharge from the uppermost feed-
zone. This makes the determined feedzone parameters shown in Figuré 6.1 nonunique.
For example, higher enthalpy at the feedzone at 1000 m would reduce the flow from
that feedzone and vice versa. Independent data such as. determination of the enthalpy
of the upper feedzone, perhaps by geochemical considerations, will make the parameter

determinations much more unique.

6.2 Krafla Well KJ-11

Well KJ-11 in the Krafla field, Iceland is a classical example of a well discharging fluids
from two or more feedzones with very different characteristics. This well is discussed
in detail in a later section. This section presents two different interpretations of the
same downhole data, showing that similar calculated downhole pressure and tempera-

ture prohles can be obtained for two different sets of feedzone parameters.

The downhole data shown in Figures 6.2 and 6.3 were provided by Steingrimsson
(1986, personal communication). The test ‘was done only two weeks after initial
discharge of the well. Major feedzones are at 850—1050 m, at 1500 m and below
1800 m depth. The wellhead flowrate and enthalpy were not recorded during the tést,
but are believed to be on the order 30-40 kg/s and 900 kJ/kg, respectively
(Steingrimsson and Gislason, 1978). The very high measured pressure gradient in the
single-phase liquid interval below 1000 m depth, indicative of fluid density of

1040 kg/ma, sﬁggests that flow transients are taking place during the test.

The constant temperature between 1000 to 1750 m depth suggests internal flow
between feedzones, but there are no indications of the actual direction of flow. The |
data were therefore simulated by assuming both upward and downward flow for this

interval.

Figure 6.2 shows calculated downhole profiles assuming the feedzone at 1000 m depth



is discharging fluid both to the wellhead and down to the lower feedzones. The match
is satisfactory, with the exception of pressure differences at 750-1100 m depth, which
~ probably are due to transients in the measured pressure. The simulation accounts for
heat losses to the ambient and gives an estimated 0.2 kg/s flowrate in the lowest sec-
tion of the well. In this case the uppermost feedzone préduces about 40 kg/s to the

well, most of which flows upwards to the wellhead.

Figure 6.3 shows, on the other hand, calculated downhole profiles if fluid is assumed to
flow upwards in all of the well. This simulation suggests that the majority of the flow
is coming from a feedzone at 1775 m depth. There are again differences between calcu-

lated and measured pressures but the temperature match is satisfactory.

If the Krafla reservoir temperatures are considered, the interpretation shown in Figure
6.2 is more likely to represent the actual flowing conditions of the well during the test,
rather than from what is shown Figure 6.3. The feedzones at 850-1050 m depth have
liquid fluid temperatures between 200-220°C, which 'c.orresponds to enthalpy of
850-950 kJ/kg (Stefansson, 1980). The 670 kJ/kg enthalpy assumed for the feedzone
at 850 m depth for the results shown in Figure 6.3 is therefore too low. Increasing the
feedzone enthalpy would lower the flashing level in the well and reduce the calculated

‘temperatures at 1000-1200 m depth from that shown in the figure.

6.3 Olkaria, Well OW-201

Figure 6.4 shows calculated and measured downhole profiles for well OW-201 in the
Olkaria geothermal field, Kenya. The data are taken from Haukwa (1984). Two

major feedzones are present in the well, one at 800-900 m and a second one at

1600-1700 m depth.

This test is interpretated in a similar manner to that for well NJ-7. High enthalpy
feedzone is present at 850 m depth in the well. Single-phase liquid with 900 kJ/kg
enthalpy flows both up and down from a feedzone at 1650 m depth. The enthalpy of

the upper feedzone is not precisely known, but should be somewhat higher than the
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wellhead enthalpy. It may be higher than that shown in the figure, thus requiring
lower flowrate from the uppermost feedzone and increased flowrate from the feedzone
at 1650 m, or vice versa. The match between calculated and measured profiles is good
vand the results indicate that a majority of the discharged fluid is coming from the
feedzone at 850 m depth, which is consistent with other well informations (C. B.

Haukwa, personal communications, 1986).

6.4 Olkaria Well OW-15

Figures 6.5 and 6.6 show calculated pressure profiles matched with the same measured
pressure data in well OW-15 at Olkaria, Kenya. The data are from a report by The
Kenya Power Company Limited (1980). There are two major feedzones in the well, at
700 m and 1200 m depth. The fluid enthalpiesr of the feedzones were estimated as
2400 kJ/kg for the upper one and 1440 kJ/kg for the lower one (GENZL, 1980). The
well discharged a two-phase mixture during the measurement and flashed to the bot-
tom of the w‘ell. No record was made on the wellhead flowrate or enthalpy during the

test.

Figure 6.5 shows calculated bottomhole pressures if known wellhead flowrates and
enthalpies prior to the measurement are used as initial wellhead values. The match is
" poor. Most of the flow comes from the upper feedzone in order to maintain the lower
feedzone enthalpy close to the value estimated by GENZL (1980). A sharp change is
seen in the pressure gradient at 11_50 m depth. This happens when the simulator
assumes a change from bubble to slug flow in the well. This causes a rapid accelera-
tion of the liquid phase and requires high pressure gradient. The simulator probably
exaggerates the effects of this change in flow regimes, indicating that some kind of

smoothing relations might be helpful between the Armand coefficient relations given in

Table 3.3.

Figure 6.6 shows the calculated downhole pressure if we assume the wellhead flow to
be 8 kg/s and only one feedzone at the wellbottom. The match is good, but is not cal-

culated in accordance with the wellhead data prior to measurement. The suggestion
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that the main flow from the well comes from the deeper feed agrees well with results of

numerical simulations of the Olkaria field (Bodvarssson et al., 1987a,b).
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7.0 WELLBORE PERFORMANCES

Chapters 4 and 5 dealt extensively with thé calculations of downhole conditions, given
the wellhead flow parameters, wellbore geometry and reservoir temperatures. Flow
and enthalpies at individual feedzones were estimated, but the geothermal reservoir did
not otherwise play a role in the study. Although the feedzone parameters are of
interest to the reservoir engineer, there is also a need to obtain data for accurate
design of multiple feedzone wells. Of particular interest is knowledge on how the well
responds to different wellhead pressures, what is the maximum possible flowrate, and

how much steam the well can produce.

Answers to these questions and others are the subject of this chapter. The methodol-
ogy involves coupling the wellbore simulator with the geothermal reservoir by use of
productivity indices. This also requires wellbore calculations to be made from the bot-
tom of the well to the wellhead. Reservoir préssures and enthalpies are given at each
feedzone and the proper option in the HOLA simulator is called to search for possible -
solutions at the wellhead for different pressures at the wellbottom. Calculated well-
head output curves are presented and the sensitivity of different parameters to flow are
discussed. Finally, an interpretation of wellhead performance curves for a multi-

feedzone, high-temperature well in Iceland is given.

7.1 Wellhead Output Curves

‘Before proceeding further, it is worthwhile to discuss some of the parameters of
interest at the wellhead, and how they are used to interpret wellbore and reservoir

conditions.

The flow charactéristics of wells are investigated by changing the wellhead pressure
through use of orfice plates of different sizes. Variations in wellhead pressure cause
changes in 'ﬁowrate‘ and sometimes in the fluid enthalpy. It is customary to plot these
two parameters as a function of the wellhead pressure. Such plots are referred to as

wellhead output curves or wellhead performance curves, or in the case of mass flow
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only, delivery curves. Figure 7.1 shows two examples of observed output curves from
“wells in Costa Rica and Mexico (G.udmundsson, 1986). The Miravalles well is fed by
one liquid-dominated feedzone. The flowrate increases with decreasing wellhead pres-
sure but the enthalpy stays essentially constant since there is no boiling in the reser-
voir, and heat losses in the wellbore are minor (see Figure 7.1b). The Los Azufres well
has two-phase flow conditions near its feedzone. As the wellhead pressure decreases,
the flowrate and enthalpy increase. The increase in wellhead enthalpy is probably due
to the increased flowrate and lower wellhead pressures (O‘Sullivan, 1980; Sorey et al,

1980; Bodvarsson et al, 1980).

James (1970, 1980, 1983) studied output curves from several geothermal wells in' New
Zealand and Italy. He classified their behavior into two categories. One category con-
sists of wells having output curves dominated by the reservoir conditions. In the other
category the output curves are controlled by the wellbore geometry. This is an impor-
tant concept as the objective is to maximize wellhead flowrates without much reduc-
tion in wellhead pressure. The reservoir parameters are invariant at each time, leaving
the wellbore geometry as the only adjustable parameter. Figure 7.2 shows delivery
curves for three Icelandic high temperature wells. These curves demonstrate the
importance qf reservoir conditions and wellbore geometry on the wellbore performance.
Wells SG-4 and SG-10 are located in the Svartsengi field. Both have similar depths to
feedzones and there are no great differences in feedzones enthalpies, pressures and cal-
culated productivity indices (Palmason, 1983; Parlaktuma, 1985). The main difference
between the wells is in casing design. Well SG-4 has 9 5/8” casing in its uppermost
section, whereas well SG-10 has 13 3/8” casing. The figure shows that 40% increase in
casing radius doubles the flowrate at similar wellhead pressures, indicating -that the
wellbore geometry, rather than the reservoir conditions, controls the wellbore flowrate.
One must note however, that this is probably only true for reservoirs of high permea-

bility (transmissivity).

Also shown in Figure 7.2 is a delivery curve for well KG-12 in Krafla, Iceland. The

well discharges superheated steam and shows no relationship between wellhead
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flowrate and pressure. Stefansson and Steingrimsson (1980) consider this flow behavior
to be due to large pressure drawdown in the well. The wellbore pressure at the main
aquifer during discharge is 19-23 bars, whereas the undisturbed reservoir pressure is
126 bars. A 10 bar change in wellhead pressure is therefore of little significance to the
pressure difference between the well and the aquifer and there is a relatively constant
flow with wellhead pressure. Another possible explanation of this phenomenon is
choked flow at the well-feedzone intersection, a very likely reason considering the large
drawdown in the well and the fractured nature of the Krafla reservoir (Bodvarsson,
1987). Whichever explanation is the correct one, it is probably that the reservoir con-
ditions are governing the flow, not the wellbore geometry. A change in the well design
would not increase the flow, except possibly if wellbore radius at the feedzone is

increased if choked flow exists there.

7.2 Formulating Flow From The Reservoir

The aim of this chapter is to couple the wellbore simulator to the geothermal reservoir.
This is done assuming a linear relationship between flowrate and pressure drawdown at

the fedzone. The flowrate is then given by a simple relation
Ir.lfeed = 1 ( Pr - Pw ) (7'1)

where I is the feedzone productivity, P, is the reservoir pressure at the feedzone and
P, is the wellbore pressure. As before, flow from the reservoir to the well is positive.
In order to account for relative permeabilities and variations in the fluid physical pro-
perties equation (7.1) can be rewritten

krl Al + krg Pg
] Hg

II‘lfeed = PI [ ] ( Pr - l:’w ) ' (7'2)

where k, is the relative permeability of each of the phases and PI is the productivity
index of the feedzone. The relative permeabilities are calculated here by linear rela-

tionships.

The productivity index is basically a lumped parameter of the feedzone geometry and
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properties. This can been seen from the similarity of equation (7.2) and Darcy’s law,

which yields the following definition of the productivity index.

Here k is the rock permeability, A is the area for flow into the feedzone and R is the
distance to the reservoir pressure P,. As the feedzone discharge continues with time, R’

increases and PI decreases. Note that equations (7.2) and (7.3) assume laminar flow.

Feedzones in geothermal wells are generally considered as narrow belts of one or more
fractures. The fluid velocity in such fractures can become substantial where they
intersect the well, causing turbulent or even choked flow at the intersection. This lim-

its the use of equation (7.2) at high flowrates.

7.3 A Solution Algorithm For Wells With Two Feedzones.

Consider a well with two feedzones, where one of them is at the wellbottom. Further-
more it is assumed that the fluid enthalpies, reservoir pressures and productivity
indices are given at both feedzones. The flowing conditions at the wellhead can then

be calculated by the following method.
(1) Assume a bottomhole pressure, P} .

(2) Use (7.2) to calculate the flowrate of the bottomfeed. If the rate is positive the
fluid physical properties are given by the feedzone enthalpy and Py, Otherwise
the fluid properties are assumed to be given by the enthalpy of the shallower

feedzone and Pyy;.

(3) Solve the governing equations proceeding up the well, until the upper feedzone is

reached.

(4) Use the calculated wellbore pressure and (7.2) to determine the feedzone flowrate.

Determine flowrate and enthalpy in the well above the feedzone by the methods
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given in Figures 4.1 and 4.2.
(5) Proceed until the wellhead is reached.

The subroutine ITHEAD2 in HOLA was coded to incorporate this solution algorithm

(see Figure 4.3).

Here it is of interest to find all possible wellhead conditions for a given set of wellbore
and reservoir parameters. A rather detailed scanning algorithm in Py, was developed
for this purpose. It initially assumes the bottomhole pressure which occurs if the well
is filled with a 10°C column of static water (the maximum reasonable reservoir pres-
sure). The wellbore conditions are then calculated by the algorithm described above.
The bottomhole pressure is then decreased in steps, and it is checked at every step if
solution exists at the wellhead. The computations are terminated only if Py, is lower
than the reservoir pressure at the deeper feed and the wellbore pressure is calculated

lower than 1 bar.

Since the assumed value of Py, can be far from reality there are several checkpoints

present in the program that can stop the calculations. They are:

(1) Wellbore pressure is calculated lower than 1 bar

(2) The fluid velocities in the well are twice the sonic velocities, calculated by the

methods given in Chapter 4.
(3) Wellbore pressures/temperatures exceed the critical point or decline below zero.

(4) There is negative flowrate above the upper feedzone.

For the time being the above solution algorithm is limited to two feedzones in the well.
Adding more feedzones is possible but not considered in this work because of the
increased number of variables it would add to the already large set of dependent

parameters.
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7.4 A Limited Sensitivity Study

The program HOLA can be viewed as a function which has a solution for a given set of
input parameters and a certain range' of bottomhole pressures. There is a minimum of
15 dependent parameters needed in the computations. Using such a high number of
parameters in a sensitivity study is an overwhelming task. Setting the rock thermal
conductivity at zero will reduce the number of variables to a minimum of 10. The
scope of the study is still narrowed by using a standard well geometry i.md constant
depth to the feedzones. The well geometry we use is an 1800 m 'deep well, 23 ¢m in
diameter down to 750 m and 18 cm in diameter down to the bottom. The feedzones
are at 900 and 1800 m depth. Their fluid enthalpies are 900 and 2000 kJ/kg, respec-
tively. The wéll is henceforth called the “‘standard” well. Given the above constraint
the feedzone pressures and productivity indices are the only variables in a limited sen-

sitivity study.

Figure 7.3 shows calculated wellheéd pressure, flowrate and enthalpy as a function ofv
bottomhole pressure for the standard well. The shallower and deeper feedzone pres-
sures are 80 and 140 bars respectively. The productivity index is the same for both
feedzones, 1 x 102 m3 The figure shows that HOLA predicts positive wellhead
flowrates for 70 bar interval in the bottomhole pressure. This interval is here called the
“bottomhole discharge range” or simply “discharge range”. The lower feedzone dom-
inates the wellhead flow at 90-120 bars bottomhole pressure. But below 90 bar bot-
tomhole pressure both feedzones discharge into the well, resulting in a reduced well-
head enthalpy and steeper increase in wellhead flowrate. The sharp drop in wellhead
enthalpy at approximately 55 bars bottomhole pressure is most likely caqsed by the
transfer of heat energy to kinetic energy as the well chokes (and HOLA terminates

computations).

Figure 7.4 shows the same data as in Figure 7.3, but now the wellhead flow and
enthalpy are plotted against wellhead pressure. The figure shows that the highest well-
head pressure is obtained when the lower feedzone discharges fluid both to the well-

head and into the upper feedzone. As is generally observed flowrate increases with
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decreased wellhead pressure. On the other hand, the wellhead enthalpy is reduced,

reflecting increased contribution of low enthalpy fluid from the shallower feedzone.

It is of interest to observe  how the bottomhole discharge range changes by using
different reservoir pressures at the feed.zones. Figure 7.5 shows an example of
discharge ranges for the standard well. The productivity indices are 1 x 10712 m.3 for
both feedzones. Reservoir pressure at the shallower feed is kept constant at 80 bars,
while the deeper feed pressure varies from 80 to 140 bars. It is inherently assumed
here that the permeability of the shallower feedzone is much higher than that of the
deeper zone, hence during production the pressure difference between the feedzones will
be much less than hydrostatic‘. The figure shows that the solution space for the bot-
tomhole pressure can be subdivided into low and high enthalpy discharge ranges'. The
low enthalpy discharge range exists when fluid flows from the shallower feedzone both
to the wellhead and down to the deeper feedzone. The high enthalpy range exists
when the lower feedzone produces fluid into the well. The fluid discharged at the well-
head is then either a mixture of fluids produced from both of the feedzones, or only

from the deeper feed.

The two enthalpy ranges do not coincide in Figure 7.5, indicating that the well will
have two distinct output modes for these input parameters. Also marked in the figure
are the discharge ranges for a factor of five decrease in the productivity indices
(5)‘( 107! instead of 10 x 10713 m3). No change is seen in the upper part of the figure,
indicating that the wellbore geometry rather than the productivity indices controls the
shape of the solution space. On the other hand, the lower portion of the figure shows
an increased pressure drawdown for the decreased productivity index. The reason is
that this is a boundary of critical mass flow, causing a choked flow at the wellhead. If
the productivity index is lowered, an increase in drawdown is needed to obtain the

required critical mass flow at the wellhead.



7.5 Field Application : Well KJ-11 in Krafla, Iceland

Instead of proceeding into a detailed study of parameters we will try to use the
methods bresented in the previous section to interpret an output curve fro_in the two

feedzone well KJ-11 in the high temperature Krafla field in NE-Iceland.

The Krafla reservoir has been described by several authors (Stefansson 1981, Bodvars-
son et al., 1984 ab,c, Pruess et al., 1984). Figure 7.6 shows a simplified model of the
field. A high enthalpy, two-phase fluid flows from below into a lower reservoir zone.
Pressures and temperatures are close to saturation values, but some deviation is
detected because of high amounts of noncondensible gases in the fluid. The lower
reservoir zone discharges fluid up through the Hveragil gully to an upper reservoir

zone, characterized by lower temperatures and liquid phase fluid.

It should be noted that most of the measurements taken in well KJ-11 show some
effects of transient flow (Steingrimsson 1987, personal communication). This data may
therefore not be appropriate for steady-state simulations. However, these measure-
ments were the only one available for the study, and they certainly serve as a guide to

increased understanding of flow conditions in multi-feedzone wellbores.

7.5.1 Feedzones and Flow Characteristics of Well KJ-11

Well KJ-11 was drilled to 2217 m depth in November 1976. The well is deep enough
to produce from both layers of the Krafla reservoir. Figure 7.7 shows the geometry of
the well, location of feedzones and estimated reservoir temperatures and pressures
prior to production. It is evident from the figure that the feedzones at 800-1050 m
depth discharge from the upper reservoir zone, whereas the feedzones below 1500 m
produce from the lower reservoir layer (Steingrimsson and Gislason, 1978). Tempera-
ture measurements taken during the warmup period indicate that fluid was flowing

* from feedzones at approximately 1000 m depth down to the deeper feedzones.

Discharge was initiated from well KJ-11 by pumping air into the water column. The

wellhead output curves were then measured and are shown in Figure 7.8 (Stefansson
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and Steingrimsson, 1980). The figure shows that the well had two discharge modes, a
low enthalpy mode for wellhead pressures under 7 bars, and an high enthalpy mode for
wellhead pressures above 9 bars. The well tended to flow in the low enthalpy mode.
The high enthalpy range was reached by fully opening the well to the atmosphere.
The well was then left in this condition for 12-13 hours, but then it switched in a
matters of seconds to the high enthalpy output mode (Steingrimsson 1987, personal
communication). This output mode was favorable for the power station and the well
was connected to surface pipelines in August 1977. Difficulties were observed during
operation because the well was very sensitive to pressure changes at the wellhead,
causing it to switch to the low enthalpy output mode. As time went by, it also
became more and more difficult to induce high enth#lpy flow from the well. The upper
feedzones in the well were therefore cased off in 1978. After the casing operation the
‘well discharged ~6 kg/s of superheated steam with 2100 kJ/kg enthalpy (Steingrims-

son, personal communication, 1986).

7.5.2 Simulating the Output Curves

The sensitivity study in the previous section is applicable for an interpretation of the
output characteristics of well KJ-11. Since the well has two distinct discharge modes
there is probably a very narrow, no-solution range between the high and low enthalpy
bottomhole discharge ranges for the well (similar to what is shown in Figure 7.5). Any
slight disturbance in bottomhole pressure is then sufficient to switch the wellbore flow
from one enthalpy discharge range to the other, explaining the two different flow

characteristics at the wellhead.

Our aim here is to reproduce the measured output curves of well KJ-11. In order to
calculate these curves we need to know the feedzone parameters. They can be
estimated by available data except for the productivity indices. The following method

is used for that purpose.

(1) Figure 7.7 shows that there are 6 possible feedzones in the well. We will group

these feedzones into one feedzone at 1000 m depth and into another one at either
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1600 or 2000 m depth. The enthalpy of the upper feed is set at 925 kJ/kg, and
the enthalpy of the lower feed is set at 2000 kJ/kg (Armannson, 1980). Reservoir
pressure'at the upper feed is set at 70 bars but various pressures are tested at the

lower feed.

The total mass flow at the wellhead, my,, is given by adding the flow from'both

feedzones and by using (7.2):

II-T‘l;op = "N PII ( Prl - Pwl ) + Y2 PI2 ( l:)r2 - Pw2 ) (7‘4)

where the subscripts 1 and 2 denote the upper and the lower feedzones, respec-

tively;, and < is the mobility of the fluid, given by

k '¢
N o= 1 A + rg Pg (7.5)
© Hg .

A liquid column existed in well KJ-11 from wellbottom to less than 1000 m depth
when it was discharged in the low enthalpy mode (see Figure 6.2). The studies
described in section 6.2 also indicated that fluid was flowing down the well at this
interval. This causes a near hydrostatic pressure gradient between the feedzones.
If we also assume that changes in fluid density and viscosity are negligible

between the two feedzones, then (7.4) can be written as

. P '
Myop ~ 7‘? [PII{Prl_Pwl}+PI2{Pr2_(Pwl+plgAH)} ] (7'6)

where AH is the distance between the two feedzones. Note that downflow can

only occur in the well if P, < Py, + p; g AH.

Equation (7.6) can now be solved for the two unknown productivity indices if we
know two values of wellhead flowrate and the corresponding wellbore pressures at
the upper feedzone. The wellbore pressure at 1000 m depth is predictable by
HOLA, since we know three wellhead pressure, flow and enthalpy values from
Figure 7.8. Figure 7.9 shows these three downhole pressure curves, calculated

from the measured wellhead data. The figure shows that increased pressure
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drawdown follows the combined increase in wellhead flow and decrease in well-
head pressure. An exception is the preésure profile for the lowest wellhead pres-
sure (Case A), showing higher wellbore pressure than the other two cases. This is
in contrast with the increase in measured wellhead flow which requires greater
drawdown in the well. The wellhead parameters used to calculate this profile are

therefore not used for the study.

Equation (7.6) can now be solved for the three unknowns, PI;, PI, and P,,. The

results are shown in Table 7.2.

It should be emphasized that Table 7.2 is constructed by using measured and assumed
properties of the low enthalpy discharge mode. The results are governed by the pro-
perties of the upper feedzone. The only parameters dependent on the lower feedzone
are its pressurev and depth. The very low values for the pressure at the lower feedzone
suggest that either the data are dominated by transients or that the upper feedzone

permeabilities are much greater than the deeper feedzone permeabilities.

When the productivity indices are known we can proceed to the calculation of well-
head output curves. Figure 7.10 shows calculated wellhead flowrates and enthalpies as
a function of wéllhead pressure. The figure considers two reservoir pressures at the
lower feedzone, 71.5 bars and 76.5 bars (see Table 7.2 for the correspohding PI-
indices). The loW enthalpy discharge mode is ‘“matched perfectly” which is not
surprising since the feedzone parameters were designed for these measured values. The
well flashes down to the bottom when positive flow occurs from the lower feed. This
reduces potential pressure losses in the well and substantially increases the wellhead
pressures. The wellhead pressure increases, for example, to 54 bars in the 76.5 bars
bottomfeed pressure case. The 71.5 bars case shows on the other hand a curved
flowrate profile with wellhead pressure. Thfs behzivior is primarily caused by the
existence of a single-phase, liquid plug above the upper feed. The length of this liquid
plug decreases_és the flow from the lower feedzone increases and as it finally disap-

pears, the wellhead pressure declines with increased flowrate, as is generally observed.
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TABLE 7.1 Calculated productivity indexes for well KJ-11. p = 850 kg/m3 and

p = 0.0012kg/m/s.

Input data
My, Piop Py Py AH
(kg/s) (bars) (bars) (bars) (m)
14.9 6.6 32.1 82.1 1600
- - - 115.6 2000
23.8 5.6 _ 27.1 771 1600
- - - - 110.6 2000

Calculated Pl-indexes, AH == 1600 m

P, PI, PI,
(bars) (m®) (m?)
76.5 1.3 x 10712 2.9 x 10712
71.5 1.6 x 10712 2.6 x 10712
66.5 1.9 x 10712 2.3 x 10712

Calculated Pl-indexes, AH = 2000 m

P, PI, PI,
(bars) (m3) (m3)
110 1.3 x 10712 2.9 x 10712
105 1.6 x 10712 2.6 x 10712
100 1.9 x 10712 2.3 x 10712
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Figure 7.11 shows the same type of wellhead output curves as in Figure 7.10, but with
the lower feedzone at 2000 m depth. Two reservoir pressures at the lower feedzone are
either 105 bars or 110 bars (see Table 7.2 for the corresponding Pl-indices). Maximum
wellhead pressures are now much higher than previously and the calculated Wellhead

enthalpies are somewhat higher than measured.

7.5.3 Some General Comments on the Results

Well KJ-11 was never able to discharge at a higher wellhead pressure'than 10-15 bars
in the high enthalpy mode. On the other hand, the calculated output curves shown in
Figures 7.10 and 7.11 predict flowing wellhead pressures far higher than measured.

This inconsistency may be caused by one or more of the following reasons:
(1) Low permeability of the formation.

(2) The high steam saturation at the deeper feed causes a factor of 1 or 2 increase in
volumetric flowrates compared to the case where the same mass is flowing as
single-phase liquid. This causes turbulent or even choked flow at the feedzone

and reduces maximum flowrates from what is shown in Figures 7.10 and 7.11.

(3) The productivity index of the lower feedzone depends on the flow direction in the
well. The low enthalpy fluid coming from above cools and causes thermal con-
traction of the reservoir rock, hence an increase in fracture width. As the flow
direction is changed the fluid channels in the reservoir warm up again and con-
tract. These changes in the geometry of the fluid channels cause some transients

in the productivity index of the feedzone.

(4) Although the wellbore simulator HOLA calculates a range of steady state solu-
tions at a flowing wellhead, no judgement is made on the dynamic stability of

these solutions, or if they can ever show up in the wellhead measurements.

By using the above arguments we can conclude that the simulator HOLA is not capa-

ble of predicting the high enthalpy flow characteristics of well KJ-11. The data and
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the flow characteristics of the well are probably too transient for the work. However,
the low enthalpy discharge studies may be correct and can serve as a future guide for
estimating feedzone properties of geothermal wells, given that the fluid flow in the
feedzones follows the linear assumptions discussed in Chapter 7.2. A lack of field data

prevents further study on this aspect.
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8.0 CONCLUSIONS

The purpose of this study was to examine the effects of two or more feedzones on
downhole flow conditions in geothermal wells. A wellbore simulator was developed to
solve numerically the steady-state nonlinear equations that describe single or two

phase flow in a vertical pipeline.

The simulator was validated by comparing computed pressures and temperatures to
actual results from ten, single feedzone wells. Most of the measured data were
matched reasonably well, but some of the wells necessitated the introduction of scaling
in the wellbore. It was also seen that transient effects inherent in some of the wellbore

data yields inconsistent results that cannot be analyzed by a steady state simulator.

Experience, gained by using the simulator, showed that 25 m grid spacinvg was ade-
quate for most calculations. It also showed that the pipe roughness is of the order
0.2-2 mxﬁ which is common for cast iron. Phase velocities are always predicted by the
method of Armand coefficients, which gives more continuous derivatives in the

Newton-Raphson iteration subroutine of the code.

The simulator was used to match flowing profiles in wells which showed effects of two
or more feedzones. Flowrates and enthalpies of individual feedzones were estimated
and gave important information on reservoir aquifers. The results are found to be
rather non-unique and show that the interpretation needs support from independent
field data. The results are also found to be sensitive to the accuracy of the measured

wellhead data.

The concept of wellhead output curves was introduced. The wellbore simulator was
then coupled to the reservoir by using productivity indices at the feedzones and by
specifying the reservoir pressure and fluid enthalpy for each feedzone. The wellhead
flow conditions were then calculated by varying the initial bottomhole pressure of vari-

ous fields.

The calculation of wellhead output curves depends on many problem parameters.



-58-

Because of this high number of dependent variables a limited scoping study was con-
ducted for the special case of wells which have low fluid enthalpy at the intermediate
feedzone and high enthalpy at the bottom. The results showed that these wells
discharge in two different output modes, depending on which feedzone is governing the
flow. These two output modes were defined as low- and high enthalpy discharge
ranges. The discharge ranges showed to be sensitive to variations in the feedzone pres-
sures. A systematic study of different feedzone pressures led to the introduction of low
and high enthalpy stagnation points. The high enthalpy stagnation point was shown
to give the maximum pressure difference between the two feedzones, required to

discharge the lower feedzone.

Variations in the productivity indices of the two feedzones changed the maximum
drawdown boundaries of the high enthalpy range. No effects were on the other hand
seen on the shape of the low enthalpy discharge range, indicating that the wellbore

geometry controls the output behavior of the well.

Field application was made to well KJ-11 in Krafla, Iceland. It was shown that the
two different output modes of the well compared to the definition of high and low
enthalpy discharge ranges. Measured data in the low enthalpy mode was used to esti-
mate the productivity indices of the two major feedzones in the well. These parame-
ters were then used to calculate output curves for the well. The predicted wellhead
pressures were much higher than ever measured, but this inconsistency is assumed to
be a consequence of low feedzone permeability, flow transients, choked flow at the
deeper feedzone and not least because of unknown dypamic stability of the calculated

profiles.
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Steam

A simpliﬁed sketch of a geothermal well with two feed-

zones and related surface equipment.

Figure 1.1
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The flow regimes in vertical gas-liquid flow. From Ork-

iszewski, 1967.
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Figure 4.1
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A feedzone in the grid. The imaginary node £ is infinitely
close to node j, where the feedzone is.
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Figure 4.2

The six possible flow cases at a feedzone in the well £is
an lmagmary node defined in Figure 4.1.
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Figure 4.3 A flow diagram for the main routine HOLA.
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Figure 4.4 Flow diagram for the subroutine VINNA1

-69-



- 0
,.\\\
2004 ‘\, .......................................................................... - 200
Y
'y
400 ‘\ ............................................................... - 400
o
6004 ‘\ ................... e - 600
—~~ . .
E ‘.
S—r N
£ 800 .“.\ ............................................... - 800
o R '
o L}
10004 - .................................. ’\\; .................................. - 1000
o
1200 - .\\,\,,.., .................... - 1200
LN
LI
® -
14004 L e @ s - 1400
Pressure PAN
calculated o
® measured Q\
1600 T T T T Y 1600
60 70 80 90 100 10 120
Pressure (bars)
CERRO PRIETD, Well M-51
Wel lbore calculations during discharge
Measurements from feb-20-1978
Wel lhead pressure ( bar abs. ) :» 67.00
Wel lhead temperature ( C ) 282.84
Wel lhead dryness 0.222
Wellhead enthalpy ( kJ/kg ) 1590.00
Wel lhead total flow ( kg/s ) 33.00
Feedzone no: Depth (m) Flow (kg/s) Enthalpy (kJ/kg)
1 1600.0 33.00 1622.8

Figure 5.1
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Calculated and measured preSsures in well M-51, Cerro
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CERRO PRIETO, Well M-90
Wellbore calculations during discharge
Measurements from FEB-28-1976 '
Wel lhead pressure ( bar abs. ) 38.00
Wel lhead temperature ( C ) 247 .31
Wel lhead dryness 0.160
Wellhead enthalpy ( kJ/kg ) 1350.00
Wellhead total flow ( kg/s ) 40.00
Feedzone no:  Depth (m) Flow (kg/s) Enthalpy (kJ/kg)
1 1400.0 40.00 1374.7

Figure 5.2
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Calculated and measured pressures in well M-90, Cerro
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CERRO PRIETQ, Well M-91
Wel lbore calculations during discharge ° .
Measurements from FEB-8-1976
Wellhead pressure ( bar abs. ) 57.00
Wellhead temperature ( C ) 272.22
Wel lhead dryness 0.115
Welthead enthalpy ( kJ/kg ) 1380.00
Wel lhead total flow ( kg/s ). 34.00

Figure 5.3
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CERRO PRIETO, Well M-39
Wellbore calculations during discharge
Measurements from apr-26-1976
Wel lhead pressure ( bar abs. ) 13.00
Wellhead temperature ( C ) 191.61
Wel thead dryness 0.287
Wellhead enthalpy ( kJ/kg ) 1380.00
Wel lhead total flow ( kg/s ) 45.00

Feedzone no:

Depth tm) Flow (kg/s) Enthalpy (kJ/kg

1 1300.0 45.00 1402.4

¢

XBL 874-1969

Calculated and measured pressures in well M-39, Cerro

Prieto.
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Mesa, Well 6-1
Wellbore calculations during discharge
Measurements from jan 1973
Wellhead pressure ( bar abs. ) : 1.50
Wellhead temperature { C ) 111.37
Wellhead dryness 0.159
Wel lhead enthalpy ( kJ/kg ) 820.00
Wel lhead total flow ( kg/s ) 15.80
Feedzone no:  Depth (m) Flow (kg/s) Enthaipy (kJ/kg)
1 2500.0 15.80 850.4
Figure 5.5
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Krafla , well 2
Pressure and enthalpy during discharge
30-jul-1978
Wel lhead pressure ( bar abs. ) : 4.40
We!lhead temperature ( C') : 147.09
Wellhead dryness : 0.085
Wel lhead enthalpy ( kd/kg ) : 800.00
Wel lhead total flow ( kg/s ) : 25.00
Feedzone no: Depth (m) Flow (kg/s) Enthalpy (kJ/kg)
1 1200.0 25.00 820.5
Figure 5.6

Krafla.

Calculated and measured downhole profiles in well KW-2,
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Figure 5.7

Krafla.
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Calculated and measured downhole profiles in well KJ-7,
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Krafla , weli 9
Pressure and enthalpy during discharge, scaling tap at 275-350 m
10-feb-1977
Welthead pressure ( bar abs. ) 6.00
Wellhead temperature ( C ) 158.84
Wel lhead dryness 0.101
Wel lhead enthalpy ( kJ/kg ) 880.00
Wellhead total flow ( kg/s ) 16.40
Feedzone no:  Depth (m) Flow (kg/s) Enthalpy (kJ/kg)
1 1100.0 16.40 902.2

Figure 5.8
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Calculated and measured downhole profiles in well KJ-9,
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Nesjavellir, well NJ-14
Pressure and enthalpy during discharge
30-may-1986
Wel lhead pressure ( bar abs. ) 16.00
Wel lhead temperature ( C ) 201.37
Wellhead dryness 0.249
Wellhead enthalpy ( kJ/kg ) 1340.00
Wellhead total flow ( kg/s ) 24 .00
Feedzone no:  Depth (m) Flow (kg/s) Enthalpy (kJ/kg)
1 1300.0 24.00 1362.9
XBL 874-1964
Figure 5.9 Calculated and measured downhole profiles in well NJ-14,

Nesjavellir. Solid lines in between data points at each
depth indicate the range of measured pressures, dashed

lines are for the range in measured temperatures.
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Svartsengi, vell 4
Wel Ibore calculations during discharge
Measurements from dec-1976
Wel lhead pressure ( bar abs. ) 17.00
Wel lhead temperature ( C ) 204 .31
Wel lhead dryness 0.082
We!lhead enthalpy ( kJ/kg ) 1030.00
Wellhead total flow ( kg/s ) 30.00

Figure 5.10

Feedzone no:  Depth (m) Flow (kg/s) Enthalpy (kJ/kg)
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Calculated and measured pressure in well no. 4, Svartsengi.
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Nesjavellir, well NJ-7
Pressure and .enthaipy during discharge
6-feb-1986
We!lhead pressure ( bar-abs. ) : 20.00
Wel lhead temperature ( C ) : 212.37
Wel lhead dryness : 0.239
Welthead enthalpy ( kJ/kg ) : 1360.00
Wel lhead total flow ( kg/s ) : 23.00
Feedzone no: Depth (m) Flow (kg/s) Enthalpy (kJ/kg)
1 1000.0 14.50 1500.0
2 1550.0 8.40 1150.6
3 2000.0 0.10 1526.2
Figure 6.1 Calculated and measured downhole profiles in well NJ-7,

Nesjavellir.
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Wellbore calculations during discharge
Measurements from FEB-16£&17-1977

Wellhead pressure ( bar abs. )

Wel lhead temperature ( C )
Wel lhead dryness

Wel thead enthalpy ( kJ/kg )
Wel fhead total flow ( kg/s )

Feedzone no:

Depth (m} Flow (kg/s)
1 1000.0 40.0000
2 1750.0 -1.8000
3 2200.0 -0.2000

Figure 6.2

the well.
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38.00
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XBL 874-1957

Calculated and measured downhole profiles in well KJ-11,
Krafla. Negative flowrates are present in the lower part of
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We!lbore calculations during discharge
Measurements from FEB-16&17-1977
Wel lhead pressure ( bar abs. ) : 3.00
Wel lhead temperature ( C) : 133.54
Wel lhead dryness : 0.143
We! lhead enthalpy ( kJ/kg ) : 870.00
Wel thead total flow ( kgfs ) : 30.00

Feedzone no: Depth (m) Flow (kg/s) Enthalpy (kJ/kg)

1 850.0 7.80 670.0
2 1775.0 21.00 951.0
3 2200.0 1.20 1340.6

XBL 874-1960

Figure 6.3 Calculated and measured downhole profiles in well KJ-11,

Krafla. Positive flowrates are found in the well and the
feedzones.
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Otkaria, well OW-201
Wel lbore calculations during discharge
Measurements from 22-oct-1984

Wellhead pressure ( bar abs. ) : 3.00
Wellhead temperature ( C ) : 133.54
Wellhead dryness : 0.332°
Wellhead enthalpy ( kJ/kg ) : 1280.00
Wellhead total flow ( kg/s ) : 35.50

Feedzone no: Depth (m) = Flow (kg/s) Enthalpy (kJ/kg)

1 850.0 33.0000 1330.0
2 1650.0 2.8000 901.6
3 2000.0 -0.3000 827.7

Figure 6.4 Calc_ulated and measured downhole profiles in well OW-
201, Olkaria.
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Olkaria, well OW-15

Wellbore calculations during discharge
Measurements from 22-oct-1984

Wellhead pressure ( bar abs. )
Wellhead temperature ( C )

26.50
227.06
Wellhead dryness 0.670
Wellhead enthalpy ( kJ/kg ) 2200.00
Wellhead total flow ( kg/s ) 4.70
Feedzone no:  Depth (m) Flow (kg/s) Enthalpy (kJ/kg)
1 700.0 3.8460 2400.0
2 1200.0 0.8540 1341.8

Calculated and measured downhole profiles in well OW-15

Olkaria. Two feedzones are assumed for the well.
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Figure 6.6
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Calculated and measured dOV\th.ole‘ profiles in well OW-15

Olkaria. Single feedzone is assumed for the well.
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Figure 7.1

Wellhead output curves for (a) well 2 in the Loz Azufres

field, Mexico and (b) from well 1 in the Miravalles field,

Costa Rica (from Gudmundsson, 1986.)
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Figure 7.2 “Wellhead delivery curves for ‘wells inA the Svartsengi (SG-
4,5G-10) and Krafla (KG-10) fields (from Palmason 1983,
Parlaktuna 1985, and Sigurdsson 1985).
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pressure for the standard well discussed in text. Wellhead
pressure is indicated by dotted line, wellhead enthalpy by
solid line and wellhead flowrate by dashed line.
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Figure 7.5 Discharge ranges for the standard well. The reservoir pres-

sure at the upper feedzone is 80 bars. Dashed lines indi-
cate solution boundaries for 1 x 1072 m? feedzone produc-
tivity indices, whereas the solid lines are for 5 x 10713 m®
productivity indices.
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SIMPLIFIED MODEL OF THE KRAFLA GEOTHERMAL FIELD

FLOW PATTERN . _ TEMPERATURE PROFILE
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Figure 7.6 . A simplified model of the Krafla reservoir (from Stefansson,
1981).
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Well Radius (cm)
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Figure 7.7 Estimated reservoir temperatures and pressures in the

vicinity of well KJ-11. The geometry of the well and loca-
tion of feedzones for the well are also shown (from

Steingrimsson, 1986, personal communication).
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Measured wellhead output curves from well KJ-11 (from.
Stefansson and Steingrimsson, 1980).
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30
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Calculated downhole pressures in well KJ-11, using the

measured wellhead data in Figure 7.8. Case A represents
5.0 bars wellhead pressure and 34 kg/s flowrate, Case B is
for 5.6-bars and 23.8 kg/s and Case C is for 6.6 bars and
cases.

14.9 kg/s. The wellhead enthalpy is 915 kJ/kg for all
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Measured and calculated wellhead output curves for well
KJ-11. The lower feedzone is at 1600 m depth. See Table
7.1 for the feedzone parameters.
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Figure 7.11  Measured and calculated wellhead output curves for well
KJ-11. The lower feedzone is at 2000 m depth. See Table -
7.1 for the feedzone parameters. A
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" TABLE Al An example of input file for HOLA, if one wants to calculate wellbore condtions for given

wellhead parameters and given flowrate and enthalpy at every feedzone except the lowest

one. The number of grid nodes is the only limit to the number of feedzones. Uses

VINNA1FOR.
Block Numerical values Explanation Format
Textline AB0

l ”n ”»

3. E+05 Wellthead pressure, Pa F15.0

2 150. Wellhead temperature (not used in 2ph flow), kg/s K
30. Wellhead total mass flow, kg/s "
900.E+03 Wellhead total enthalpy, J/kg "
2000. Total length of well, m »

0. Thermal conductivity, W/m/° C ”

3 2800. Rock density, kg/m? ”
1000. Heat capacity, J/kg/ C ”
1.E+05 Time from initial discharge »
100. Output at x-m intervals ”
800., 0.11, 0.0001, 25. 1st section of well: length, radius, roughness, Az (m) 4F10.0

1., 0.09, 0.0001, 1. - 2nd section ” " " ” " " ?

4 24., 0.09, 0.0001, 24. 3rd section " ” " " ” ” ”
1175., 0.09, 0.0001, 25. 4th section ” ” i " " » ”

0. Empty line 4f10.0
3 Number of reservoir temperature data points I3

5 0, 10. Depth (m), temperature ( ° C) 2F12.0
1000., 200. » " » »
2000., 300. ” " ” »

0. VELT, Armand coefficients used for phase velocities =  F15.0
1. ANS, No Pl-indexes, feedzone flow and enthalpy given 4

6 3 Number of feedzones; below are feedzone properties I3
850, 7.8, 700.E+03 Depth m, Flowrate kg/s, Enthalpy J/kg 5F14.0
2000, 21., 950.E+03 Depth m, Flowrate kg/s, Enthalpy I/kg "
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TABLE A2 An example of input file for HOLA, if one wants to find flow conditions in a multi-feedzone

well for a required wellhead pressure. Only positive flowrates but feedzones allowed at every

node -except the top-one. Uses ITHEAD FOR. The zero value for the initial bottomhole

pressure will used the default initial pressure, which occurs if the well is filled with 10°C

column of water.

Block Numerical values Explanation Format
Textline A80

1 » »
0.E-+05 Initial wellbottom pressure, Pa F150

2 0E+05 Required wellhead pressure, Pa ”
01 Allowed fractional error in wellhead pressure ”
10.E-+05 Step size in wellbottom iteratioﬁs, Pa ”
2000. Total length of well, m »

0. Thermal conductivity, W/m/* C »

3 2800. Rock density, kg/m? "
1000. Heat capacity, J/kg/° C "
1.E+05 Time from initial discharge - "
100. Qutput at x-m intervals ”
750., 0.11, 0.0001, 25. 1st section of well: length, radius, roughness, Az (m) 4F10.0

1., 0.09, 0.0001, 1. ond section ” " " " » » »

4 24, 0.09, 0.0001, 24. 3rd sectién 7 " 7 » » » »
125., 0.09, 0.0001, 25. 4th section ” " Y " 7 7 ”
1100., 0.09, 0.0001, 50, 5th section ” " ” ” ” ” »

0. Empty line 410.0
3 Number of reservoir temperature data points I3

5 0, 10 Depth (m), temperature ( ° C) 2F12.0
1000., 200 7 ” ” ”
2000., 300 ” » » ”

0. VELT, Armand goefficients used for phase velocities F15.0
0. - ANS, then Pl-indexes, nnodes feeds and posit. or zero flow 7

6 1 Number of feedzones; beléw ‘are feedzone properties I3

2000,110.E+05,2000.E+03,2.9E-12 Depth m, Pres. Pa, Enthalpy J/kg, Pl-index m® 5F14.0
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TABLE A3 An example of input file for HOLA, if one wants to calculate all possible flow conditions in a

two-feedzone well, with either positive or negative flowrates in feedzones and the well. The

zero value for the initial bottomhole pressure, will use the default initial pressure which oc-
curs at the bottom of the well if it is filled with 10° C water. Uses ITHEAD2.FOR. .

Block Numerical values Explanation Format
Textline A80

1 » .
0.E+05 Initial wellbottom pressure, Pa F15.0

2  0.E+05 Required wellhead pressure, Pa ”
0.1 Allowed fractional error in wellhead pressure »
10.E+05 Step size in wellbottom iterations, Pa "
2000. Total length of well, m ”

0. Thermal conductivity, W/m/°C ”
3 2800. Rock density, kg/m? »
1000. Heat capacity, J/kg/° C "
1.E+05 Time from initial discharge ?
100. Output at x-m intervals ”
750., 0.11, 0.0001, 25. 1st section of well: length, radius, roughness, Az (m) 4F10.0
1, 0.09, 0.0001, 1. 2nd section ” " " " " " "
4 24., 0.09, 0.0001, 24. 3rd section ¥ *  ” » » » »
125., 0.09, 0.0001, 25. 4th section ” 7 » Y " » "
1100, 0.09, 0.0001, 50. 5th section ” " " » " » »

0. Empty line 4F'10.0
3 Number of reservoir temperature data points 13

5 0, 10 Depth (m), temperature (° C) 2F12.0
" 1000., 200. » " " »
2000., 300. " ” " 7

0. VELT, Armand coefficients used for phase velocities F15.0
-1. ANS, then Pl-indexes, 2 feeds in the well and + flow »

6 2 Number of feedzones; below are feedzone properties - 13
1000, 70.E+05, 925 E+03,1.3E-12 Depth m, Pres. Pa, Enthalpy J/kg, Pl-index m® 5F14.0
2000,110.E+05,2000.E+03,2.9E-12 Depth m, Pres. Pa, Enthalpy J/kg, Pl-index m3 5F14.0
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TABLE A4 An example of input file for HOLA, if one wants to find wellbore condtions at a given, posi-
tive wellhead flowrate. Only two-feedzones possible and positive or zero flowrates in the well

and in the feedzones. Uses ITHEAD3.FOR.

Block Numerical values Explanation ' Format
Textline A80

1 » »
57 E+05 Initial wellbottom pressure, Pa F15.0

2 20 ' Required wellhead flowrate, kg/s »
0.1 Allowed fractional error in wellhead flow ”
5.E+05 Step size in wellbottom iterations, Pa ”
2000. Total length of well, m ”

0. : Thermal conductivity, W/m/* C »

3 2800. Rock density, kg/m® "
1000. Heat capacity, J/kg/* C "
1.E+05 Time from initial discharge »
100. Output at x-m intervals ' "
800., 0.11, 0.0001, 25. 1st section of well: length, radius, roughness, Az (m) 4F10.0

1., 0.09, 0.0001, 1. 2nd section "-k " ” ” » ” "

4 24, 0.09, 0.0001, 24. 3rd section " " " oo " K
1175., 0.09, 0.0001, 25. 4th section ” 7 ” » » » »

0. ' Empty line 4F10.0
3 Number of reservoir temperature data points I3

5 0, 10 Depth (m), temperature (° C) 2F12.0
1000., 200. ? 7 ” "
2000., 300. ” " ” N ”

0. VELT, Armand coefficients used for phase velocities F15.0
4. ANS, then Pl-indexes and required pos. wellhd flow »

6 2 Number of feedzones; below are feedzone properties I3
1000, 70.E+05, 925.E+03,1.3E-12 Depth m, Pres. Pa, Enthalpy J/kg, Pl-index m® 5F14.0
2000,110 E+-05,2000 E+03,29E-12 Depth m, Pres. Pa, Enthalpy J/kg, Pl-index m3 5F14.0
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TABLE A5 An example of input file for HOLA, if one wants to find feedzone flowrates when single-phase

fluid is injected at the wellhead at a given flowrate. Only two-feedzones possible and nega-

tive or zero flowrates in the well and in the feedzones. Uses ITHEAD4 FOR.

Block Numerical values ~ Explanation Format
Textline A80

1 » b
5.E+05 Step size in wellbottom iterations, Pa F15.0

2 01 Allowed fractional error in wellhead flowrate "
80.E+03 Wellhead enthalpy, J/kg »
-20. Required wellhead flowrate, kg/s ”

~2000. Total length of well, m »
2.5. Thermal conductivity, W/m/° C ”

3 2800 Rock density, kg/m® "
1000. Heat capacity, J/kg/° C : "
1.E+05 Time from initial discharge ”
100. Output at x-m intervals "

800., 0.11, 0.0001,100.
1., 0.09, 0.0001, 1.
4 99., 0.09, 0.0001, 99.

1st section of well: length, radius, roughness, Az (m) 4F10.0
2nd section " ” » » » » ”

»n » ” ” ] »

3rd section

1100., 0.09, 0.0001,100. 4th section ” 7 7 » ” » »
0. Empty line 4F10.0
3 Number of reservoir temperature data points 13

5 0., 10 Depth (m), terﬁperature (°C) 2F12.0
1000., 200. » » .
2000., 300. ” " ” b
0. VELT, Armand coefficients used for phase velocities F15.0
5. ANS, then Pl-indexes and required neg. wellhd flow . 7

6 2 Number of feedzones; below are feedzone properties I3
1000, 70 E+4-05, 925.E4+03,1.3E-12 Depth m, Pres. Pa, Enthalpy J/kg, Pl-index m® 5F14.0

2000,110. E+05,2000 E+03,2.9E-12 Depth m, Pres. vPa, Enthalpy J/kg, Pl-index m3 5F14.0
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