Estimation of Slip Ratios for
Pressure Drop Calculations in
Geothermal wells

Péra Hlin Périsdottir

Faculty of Industrial Engineering, Mechanical Engineering and

Computer Science
University of Iceland
2013







ESTIMATION OF SLIP RATIOS FOR PRESSURE
DROP CALCULATIONS IN GEOTHERMAL
WELLS

Péra Hlin Périsdottir

30 ECTS thesis submitted in partial fulfillment of a
Magister Scientiarum degree in Mechanical Engineering

Advisors
Halldér Palsson
Magnas Pér Jénsson

Faculty Representative
Einar Jén Asbjérnsson

Faculty of Industrial Engineering, Mechanical Engineering and Computer
Science
School of Engineering and Natural Sciences
University of Iceland
Reykjavik, January 2013



Estimation of Slip Ratios for Pressure Drop Calculations in Geothermal wells

Pressure Drop Calculations in Geothermal Wells

30 ECTS thesis submitted in partial fulfillment of a M.Sc. degree in Mechanical Engi-
neering

Copyright (© 2013 Poéra Hlin Périsdéttir
All rights reserved

Faculty of Industrial Engineering, Mechanical Engineering and Computer Science
School of Engineering and Natural Sciences

University of Iceland

VRII, Hjardarhaga 2-7

107, Reykjavik, Reykjavik

Iceland

Telephone: 525 4000

Bibliographic information:

Péra Hlin Périsdéttir, 2013, Estimation of Slip Ratios for Pressure Drop Calculations in
Geothermal wells, M.Sc. thesis, Faculty of Industrial Engineering, Mechanical Engineer-
ing and Computer Science, University of Iceland.

Printing: Haskélaprent, Falkagata 2, 107 Reykjavik
Reykjavik, Iceland, January 2013



Abstract

The goal of this project is to estimate a correlation of slip ratio between gas- and
liquid velocity in a two phase flow in a geothermal well. Initially, a model which
calculates pressure drop from the bottom to the well top in a geothermal well was
developed in Matlab. Then measured data of pressure and depth, which was pro-
vided by Orkuveita Reykjavikur and HS Energy was used to evaluate the models
accuracy and use to make a correlation of the slip ratio. In addition 6 previously
known void fraction models were tested to see how they fitted according to the mea-
surement data. The result was that due insufficient accuracy of the measurements,
a new model could not be developed. However this thesis concludes that a model
that assumes no difference in velocity between the liquid and gas phase, is the best
for this application until better measured data can be obtained. Based on these
conclusions it can be recommended that more accuracy should be introduced in
the measurement process, such as gathering all the data at the same time. Better
measuring equipment and techniques could contribute to the development of better
correlations which could be used to better predict pressure drop more accurately.

Utdrattur

Tilgangurinn med verkefninu er ad bua til reynsluformilu fyrir hradahlutfall gass-
og vokvafasa i tvifasafleedi i jardhitaborholum. Byrjad var & pvi ad bua til likan
sem reiknar prystifall { borholum 1 Matlab. Gogn tGr borholumealingum eru fengin
hja Orkuveitu Reykjavikur og HS orku. Gognin atti ad nota til ad meta nakvaemni
likansins og nyta nidurstéournar til ad bua til reynsluformulu fyrir hradahlutfallio.
Ad auki voru 6 pekktar reynsluformulur fyrir ramhlutfall gufu athugadar til pess aod
skera ir um hvort a0 pser myndu skila betri nidurst6doum. Sia var ekki raunin en
ein af nidurstéoum pessarar athugunar er ad maelt er med ad likanid sem gerir rad
fyrir sama hrada vatns og gufu (e. no slip model) sé notad par sem pad gaf minnsta
skekkju midad vio gognin. Maelt er med pvi a0 ndkvaemni sé aukin 1 meeliferlinu
sjalfu, t.d. ad taka allar meelingar 4 sama tima og jafnvel uppfeera buinadinn sem
notadur er til verksins, a0 60rum kosti verour ekki haegt ad gera betrumbaetur &
peim likbnum sem notud eru til a0 reikna prystifall i jarohitaborholum.
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1 Introduction

Geothermal energy is generated and stored in the Earth. Its utilization is divided
into two groups: direct use and electricity production. Direct use includes all areas
where the heat in the geothermal fluid can be used directly for example house
heating, fish farming and kelp drying. Utilization of geothermal energy in Iceland
reaches back to the 10th century where people used water from hot springs to wash
and bathe [Haraldsson and Ketilsson, 2010|. High temperature geothermal fluid can
be used for electricity production. In such cases the steam is gathered from wells
and then expanded in a turbine that provides shaft power to a generator, which
converts mechanical energy to electrical energy. In 2009 the electricity production in
Iceland from geothermal energy was 4.6 GWh or 27.2% of countries total electricity
production [Eggertsson et al, 2010).

Electricity production from geothermal energy can be cost effective compared to
other options (coal, gas etc). However the geothermal power plant development has
a substantial start up cost where about 30-40% of the cost is involved in well drilling
[Ingason and Matthiasson, 2006|. Unfortunately, the drilling cost has increased sig-
nificantly in the recent years due to an increase in material costs, increased number
of directionally drilled wells and drilling under more challenging conditions where
the diameters are larger and the wells deeper. This has raised interest in developing
more cost effective methods to counter these increases| Thorhallsson, 2008|.

The risk in geothermal development is very diverse. The most notable part of it
is the financial part. Preliminary investigations on possible geothermal areas are
both costly and time consuming and don’t always deliver positive results, making
investors reluctant to participate in further projects. Another risk aspect is the
potential of steam blow outs, distribution of corrosive chemicals and human safety
at the locations, which often have surface activity such as upstream of gases such
as C'O, and H,S. Since the risk in utilization is so high it is important to have
good understanding of the main aspects concerning the wells, in this case the flow.
Better understanding of the flow can be used to select more appropriate diameters
for the wells. By carefully choosing a diameter the drilling cost can be lowered since
slim wells are more cost effective than wider wells. Increased knowledge on the flow
can be used to predict pressure drop more accurately in the well and give better
predictions if changes were to occur on mass flow or pressure in the well.



1 Introduction

The flow in the wells usually consist of two phase flow. The existence of the two
phases is a challenge which make computer modeling complicated due to co-existence
of turbulence effects and moving boundaries between different phases. The inter-
action of fluid and gas state can be described with different flow patterns. There
are many different methods for evaluating the flow patterns but they depend on
transport properties of the two phases, pipe roughness, mass and volume fractions
in the pipe and velocity ratio between the two phases. Flow maps are used to indi-
cate which pattern is present. Another factor that makes two phase pressure drop
modeling difficult is the fact that gas tends to have greater velocity than the liquid
in a gas-liquid flow. his is referred to as a slip ratio, or slippage. The slippage
effect makes the mixing fluid properties dependent on the flowing conditions and
pipe geometry [Zhao, 2005].

The objective of this thesis is two folded.

1. Make a model that calculates pressure drop in a two phase region in a vertical
pipe. Assuming there is no slippage between the phases.

2. Improve the model and comparing them to real measurements from geothermal
wells by calculating new slip ratios. Compare the slip ratios corresponding to
the measurements in effort to estimate a formula for the slip ratio that could be
used to model pressure drop for two phase flow in Icelandic high temperature
two phase wells within a suitable error margin.



2 Geothermal Wells and Two
Phase Flow

Geothermal wells are usually categorized into low temperature or high temperature
wells. The definition of low temperature reaches up to a temperature of 150° C and
the high temperature wells are where the temperature exceeds 200° C [Thorhallsson,
2008].

A typical depth of a high temperature well is 1500-3000 meters. Some are straight,
others are directionally drilled. The directional drilling is performed to aim better
at fault zones, where fluid is more likely to be found and also for environmental
purposes. The straight drilling is cheaper but directional drilling can yield better
results if targeting faults is a problem and to minimize the visibility of the wells,
this concludes that there are many things to be considered beforehand. In the well
design process certain steps must be taken to ensure safe drilling and preparation
for production of geothermal fluid. The wells are narrow and are lined with 2-5
different casings. The purpose of these casings is to seal out unwanted aquifers,
prevent collapse and provide a conduit for the well production. Cement slurry is
used to fill the space between each of the casings and the rock. The wells are
drilled in steps which are sometimes refereed to as casing programs. After each
step a casing is cemented in the well. The casing program are designed for each
well and are dependent on its characterization. The most common casing programs
are surface casing, anchor casing, production casing and slotted liner. A schematic
drawing of a typical casing program can be seen on figure 2.1.
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Connectionto permanent wellhead assembly

— I /
AN

Intermediate casing (not always necessary)

Surface casing

Anchor casing

N\

Production casing 750-1500 m

\ Slotted liner

Figure 2.1: Casing program for a typical geothermal well.

2.1 Two Phase Flow

Geothermal wells have to be able to transport energy. In geothermal wells, such
as those that are utilized in Iceland, water or brine is the fluid involved in that
process. For the purpose of electricity production it is optimal to have dry steam
wells however it is more common to have two phase flow where the phases have
to be separated to liquid and dry steam before the steam can enter the turbine,
any droplets in the steam can cause damage to the equipment. In most two phase
geothermal wells the fluid goes through phase change on its way up the well when
the liquid starts to boil. This happens due to a drop in pressure on the way up the
hole. The area in the well where this change begins is called the flashing zone or
flashing horizon [Dipippo, 2009].



2.2 Two Phase Flow Modeling

2.2 Two Phase Flow Modeling

Two phase flow models are divided into two categories; homogenous flow models
and separate flow models. The homogenous models are simpler assuming that the
liquid and gas phases move at the same velocity. In the separate flow models it is
assumed that different equations are valid for each phase, indicating the different
velocity of the two phases. These equations are one form of empirical correlations.
The separate flow models are considered to give a more reliable result in the pressure
drop calculations. However the empirical correlations are usually correlated inside
laboratories at a small scales compared to the size of geothermal wells and do not
necessarily give an accurate result when used in well bore simulations.

Pressure drop in a vertical wells is comprised of three factors:
1. Gravity: Pressure changes due to difference in height.

2. Momentum: The different phases do not have the same velocity which causes
a change in momentum and thus the pressure.

3. Friction: The friction between the two phases and between the phases and the
well walls.

There are three different approaches used to model pressure drop in two phase
flow: semi-analytical models, numerical models and empirical models. One of many
obstacles in two phase flow modeling is limited knowledge of the subject, therefore
all the multi phase flow models depend on empirical correlations up to some extent.
The two phase models are usually categorized as:

1. Empirical models are simplified relationships based on a series of experiments.
However, two phase flow is very sensitive to changes in properties which makes
these models only reliable within the range they were correlated on, meaning
they where carried out with lab experiments under controlled circumstances
|Zhao, 2005].

2. Semi-analytical methods or mechanistic methods approximate a physical phe-
nomenon by taking into consideration the most important processes and ne-
glecting other less important effects that add to uncertainty |Zhao, 2005].
These models are made and then fitted to the data and a method of extrapo-
lation is introduced to model other wells.

3. Numerical method is the the third form. More details can be drived from
numerical analysis methods than any other, such as distribution of the phases,
dynamic flow regime transition and turbulence effects. |Zhao, 2005]. In this
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case numerical integration is used to solve equations 3.22 and 3.5 over the
production casings length.

This model is a mixture of the first two types. Some of the input values used in the
models are from empirical correlations and the model is fitted to measured data by
using the semi-analytic method.



3 Modeling Method

The purpose of this work is to make a model that can be used to predict pressure
drop in a two phase region of high temperature geothermal wells in Iceland. The
first step is to make a model which treats the two phases having equal velocities,
or no slippage. That model is chosen since it is the most simple one. The second
step is to compare the model with actual data and calculate the slip ratio which is
the ratio between the velocities of the gas and liquid. Compare results of the slip
ratio calculations and estimate a correlation that can be used in the improved model.

Two phase flow follows all of the basic laws of fluid mechanics. However the equa-
tions are more complicated than for single phase flow since the phases have different
properties. One of the aspects of evaluating an empirical model of the well is to
have access to accurate data.
Information on well properties:

e Length of production casing

e Inner diameter of production casing

e Fluid properties; enthalpy, temperature, pressure.
For the purpose of this project which is complicated to measure such as wall rough-
ness. In the model it is assumed that walls are smooth.
Other factors which are calculated or estimated from empirical correlations are:

e Flow velocity, fluid and liquid velocity

e Density of both phases

e Dynamic viscosity of both phases
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e Surface tension
e Steam quality
e [riction factor

The numerical approaches used in model are introduced in this chapter for both
the single- and two phase regions. The method used to simulate flow of water and
steam in a vertical circular pipe with a constant diameter. Steady state conditions
apply and thus time dependent variations are neglected. It is assumed that the
fluid is pure water with well known thermodynamic and transport properties. The
equations form a coupled first order set of ordinary differential equations that can
be solved either by finite difference methods or integrated from the bottom to the
top. The modeling starts at the bottom of the production casing and it is necessary
to implement both single-and two-phase equations and correlations in the model
since flashing can occur within the casing. The governing equations are expressed
as proposed by [Pélsson, 2011a].

3.1 Thermodynamic properties

Thermodynamic properties of the fluid are calculated using The International As-
sociation for the Properties of Water and Steam (IAPWS) standards. The interpo-
lations are carried out in REFPROP. These primary parameters include saturation
properties for both water and steam state; enthalpy and density. The two transport
properties are the dynamic viscosity and the surface tension which has been previ-
ously implemented in MATLAB and is explained further in chapter 2.1.6 [Palsson,
2011a).

3.2 Single Phase Flow

Single phase flow occurs when only one phase is present at a particular point in the
well. In this case it can be either liquid or dry steam. The model calculates the mass
fraction of steam at each point it chooses and converts to two phase flow simulation
if the flow quality is between 0 and 1. The variables needed for the single phase
simulation are u, P, h and the parameter p which can be derived from P and h.



3.2 Single Phase Flow

3.2.1 The continuity equation

The continuity equation describes the transport of conserved quantity, in this case
conservation of mass.

L) =0 (3.1)

In this model the diameter of the pipe is assumed to be constant,thus allowing
equation (3.1) to be written in terms of density, cross sectional area of the pipe and
the fluid velocity as

3.2.2 The energy equation

The energy equation is derived from the first law of thermodynamics. The equation
is divided into four parts, in the same order as listed below:

1. Kinetic part
2. Change in enthalpy per unit length
3. Gravitational potential energy

4. Heat loss per unit length

3.2.3 The momentum equation

The momentum equation is divided into four parts divided in the same order as
listed below:

1. Change in inertia per unit length
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2. Pressure changes per unit length
3. Hydrostatic pressure gradient

4. Head loss

du dp pf
e et LS = 4
pudz+dz+pg+2d\u|u 0 (3.4)

3.2.4 A system of equations

The equations in the last three subsections can be assembled in a matrix form. The
matrix can be solved by using numerical integration which is explained later in this
chapter.

P ug—g u% 4 | 0 0

mu 0 | o= |p| A+ | g +Q | = |0 (3.5)
dz pf

pu 1 0 h pg + &5 |ulu 0

3.3 Two Phase Flow

As stated earlier in this chapter the two phase flow simulation obeys the same laws
of physics as a single phase flow. However the three main equations continuity,
momentum and energy will have to take both phases into consideration. The addi-
tional parameters are void fraction and mass fraction. There are now two velocities
present, steam and liquid velocity. The liquid velocity is defined as

my
U = —— 3.6
' pA (3.6)
The gas, or steam velocity is defined as
My
Uy = —— 3.7
g9 pgAg ( )

x is the quality or mass fraction of the gas in the mixture and is expressed in equation

10
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3.8

(3.8)

3.3.1 The continuity equation

For the case of two phase flow the continuity equation will consist of both phases,
water and vapor.

In this model the diameter of the pipe is constant and the equation can be written
as

d . . d
0= 7 (my +my) = = (P AL+ pyugAy) (3.9)

Where « is the liquid/gas hold up or void fraction. This model assumes constant
diameter so the continuity equation can be written as 3.10 [Palsson, 2011a]

d
o (o1 (1 — o) + pgugar) =0 (3.10)
A
o= 7«" (3.11)

In the final equation u is introduced in place of the actual velocities

d% (o (1 = 2)u+ pru) =0 (3.12)

< (o) = (3.13)

where u is defined in equation 3.14

(3.14)

m
u=—"
pLA
3.3.2 The energy equation
The energy equation for two phase flow can be written as

4 (0 u—?+ Z+h ) +m u—?+ Z4h, | +Q) =0 (3.15)
= "M\ Y ! s\ 79 g N '

11
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Next, the factor ~ is introduced

(1—=)®  pfa’
= 1
and finally the equation becomes
du  u?Oydp u? v\ dh Q
—t ———— 14+ —— | — — =0 3.17
dz+28pdz+( 26h)dz+g+m (3:17)

3.3.3 Momentum equation

The momentum equation for two phase flow is considerably more complicated than
single phase flow equation. The equation has to account for the different phase
velocities for the inertia part, the gravity part has to be an averaged value with
respect to the void fraction

Pa = (1 —a) pi+ apg (3.18)

Thus, the momentum equation for two phase flow becomes

dp

A
Do a)ptap)ed+ @0 319)

d . )
— (Mg + mgyu,) + A 5

dz

Where @ is a correction factor for frictional pressure loss and f is the friction factor
that will be described later in this chapter. To simplify the momentum equations
parameter 7 is introduced

(-2, pa®

= 3.20
g 1 -« J e ( )
And finally the momentum equation can be written as 3.21
du on dp\ dp on dh D%p f
“@Wwo(q 201 2001\ ap 20MaAN g 2 _
npzudz+< + pru 9 + nu o -t o dz+(( @) pi+ apgg)+ g U
(3.21)

3.3.4 A system of equations

As for the single phase flow, the three governing equation can be assembled to matrix
form that can be solved either by finite difference method or numerical integration
from well bottom to the top.

12
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2 u%—’; 0 Y
VU et O %%)fip
, . , dz
npwe (14 pud 0+ )  ped) h
0 0
+ g+ 9 = o] (3.22)
(1= a)p+ apyg) —i—%u? 0

3.4 Slip ratio and void fraction correlations

Many different correlations for void fractions have been proposed. These correlations
are derived from series of experiments, however they are most often limited to the
experimental conditions they were carried out at. Equation 3.23 is a general equation
of the void fraction, . The no slip model (NS) is the most simple of void fraction
models. It assumes that the water and steam move at the same velocity, hence the
ratio of velocities, S is equal to one.

Pg
I ey (3.23)
wtn?
The slip ratio is defined as
u
S=-2 3.24
- (324)

Where u, and u; are the velocities of gas and liquid.

Lockhart Martinelli (1949) is one of the most widely used model today.

1 o 06 0.36 0.077 1
1+0.28 ( ) <@> (ﬂ) (3.25)
x Pl Hg

In order of age, void fraction models tested in the model process are listed here
below.

o =

Zivi(1964)

-1

T e

13

o =
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Thom(1964)
T—a\ /p\" /O -1
o= [1 () () () ] (3.27)
T P Hg
Baroczy (1966)
1\ 0™ 0.65 01371
o= [1 (50 () () ] (3.25)
z Pl Mg
Smith(1969)

1 —1
o= [1 + Ags ( I) (ﬁ)] (3.29)
xr Pl
Where A,,, is

Ay = 0.4+O.6\/[% 104 (1;”)} / {1 104 (1;75” (3.30)

Chisholm(1973)

-1

A DR

3.5 Friction factor

o =

There are multiple methods of evaluating the friction factor. In this case both
Colebrooke-White and Blasius where tested. The Colebrooke-White was assumed
to be too sensitive to wall roughness so it was decided to use the Blasius method.
It assumes that the walls are smooth, however it is very difficult to measure wall
roughness in geothermal wells due to scaling. The friction factor, f is defined in
equation 3.32 [Wallis, 1969

~0.316

f=Tpon (3.32)

14



3.6 Friction correction factors

3.6 Friction correction factors

Friedel correction approximation is used to estimate the friction correction factor.
The approximation includes both the gravity effect by the Froude number and the
effect of surface tension addressed in the Weber number.

3.24FH

2 _
% =E + [r0-0451]/ £0.035

(3.33)

201 o
pg fl

fi and f, are two alternative friction factors based on the Reynolds number of each
phase.

E=(1-2*+z (3.34)

0.316
f=— (3.35)
Rell/4
and 0.316
fo = Re—;/“ (3.36)
F =2 (1-2?)" (3.37)
0.91 v 0.19 0.7
@ e
Pg v Pl
2,,2
Pr= 20 (3.39)
gpmd
2,,2
d
We =25 (3.40)
TPz,

where the surface tension is defined as

T 1.256 T
o = 0.2358 (1 - T) (1 —0.625 (1 - T)) (3.41)

15
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The mean density, p,, is defined in equation 3.42

1 T 11—z

. (3.42)
Pm Pg Pl
d
Re, = 2% (3.43)
Hg
d
Re, = P4 (3.44)
H

3.7 Numerical Integration

As said before numerical integration is used to solve equations 3.22 and 3.5 over
the production casings length. The equation is solved in MATLAB using a built
in function called ode23. This function is an implementation of an explicit Runge
Kutta (2,3) pair of Bogacki and Shampine method [Mathworks, 2012|. The function
evaluates pressure, enthalpy and change in velocity at given locations along the well
casing.

16



4 Measured data

For a data fitting analysis to be accurate it is necessary to have access to a reliable
set of data. Insufficient data can have negative impact on the results.

Measurements Icelandic Geosurvey performs well measurements for the Icelandic
energy companies. Icelandic Geosurvey (ISOR-Islenskar orkurannsoknir)is a state
owned company which possesses a team of expert and necessary measuring equip-
ment. Measurement are carried out when the well is open and flowing. Measure-
ments are not performed on wells when they are connected to the production plant.
In this report it is assumed that the well has been open long enough to reach equi-
librium.

Pressure and temperature Pressure measurements are performed with the K10
geothermal logging tool. This equipment which is manufactured by Kluster Com-
pany can operate downhole for up to 6 hours at 300°C. The battery equipment
in the tool is protected inside a pressure housing. The pressure transducers sense
the well pressure through a capillary tube and the temperature with an external
fast response resistive temperature device made of platinum. The tool has a built in
memory that logs data to a flash memory object [Kluster, 2012]. The tool is lowered
into the well on a string, however the string elongates in the high temperature thus
increasing the uncertainty in the measurements.

4.0.1 Mass Flow

It is complicated or to get a accurate mass flow measurement in a geothermal well.
Up until today there have been two methods or approaches that are most widely
used. The Russell James method and tracer flow testing (TFT).
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4 Measured data

Russell James method

This method can be used on two phase and dry steam wells. The method is based
on reaching critical pressure by making the flow reach sonic velocity. This is also
known as choking, hence choked flow when the mass flow cannot me increased. The
critical pressure is measured and flow of water from the silencer is also measured in
a V-notch. From these two values it is possible to calculate, total flow and quality
of the steam in the well [Gunnlaugsson, 2007]. The estimation formula is described
in equation 4.1

Pm
i = KA (4.1)

Where P, is the critical pressure in bar-a, A is the radius and and m=0.96, n=1.102
and K=1835000 are constants.

Tracer flow testing

Tracer flow testing (T'FT') is more accurate method than the Russell James. It is
however more time consuming and requires a lab, however it can be used without
disconnecting the hole from production [Gunnlaugsson, 2007]. It requires accurately
measured rates of liquid and vapor-phase tracers that are injected into the two phase
stream. After that, samples are collected from separators downstream to ensure that
the tracers are equally distributed in each phase. The samples are analyzed in a lab
where tracer content is measured. The mass flow rate of each phase is calculated
based on injection rate of each tracer and measured concentration from the samples.
The mass rate of liquid @; and Q) is written as in equation 4.2 [Hirtz et al, 2001].

. mr
mpes = — 4.2
b= (4.2)

where

my, s are mass flow rate of liquid and steam repspecitvely
mr is the tracer injection mass rate kg/s

Cr is the tracer concentration by weight
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4.1 Data source

In the measurement process there are a few factors mentioned that should be kept
in mind during the process

1. Measurements should be carried out when the well is flowing.
2. Pressure, temperature and mass flow should all be measured at the same time.

3. Report with the measurements should state if the measurement was carried
down hole or up.

4. The measurement tools should be calibrated before and uncertainty of the
equipment should be stated with the data analysis.

5. The measurement tools are lowered in to the well on a string. The tool string
should be measured before and after since it will elongate in the well due to high
temperature to be able to evaluate the uncertainty in the depth measurement.

6. Well profile, casing program and direction of the drilling should be mentioned
in the reports which accompany the data.

4.1 Data source

The energy companies which granted access to data for this project are HS Energy
and Reykjavik Energy.

Einar Gunnlaugsson and Gunnar Gunnarsson department manager and specialist
at Reykjavik Energy provided data for the author used in this modeling. The first
set of data which did not include the actual measurement results where gathered
in September 2011, more data was aquired in May 2012. The measurements come
from wells at the Hellisheidi area which is located in the southern part of the Hengill
geothermal area. At Hellisheidi, Reykjavik Energy operates electricity and district
heating plant with a capacity of 303M W, and 133MWy,. Hellisheioi is located 25
km from the capital, Reykjavik.

Albert Albertsson, Geir Porolfsson vice president and project manager at HS Energy
granted access to both areas it operates at, Reykjanes and Svartsengi. The data
was gathered in September 2012. At Reykjanes, HS Energy operates 100M W,
power plant and 75 MW, at Svartsengi. Reykjanes and Svartsengi are two separated
geothermal reservoirs at the Reykjanes peninsula.
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4 Measured data

4.2 Data

All measurement data used in this assignment where collected when the wells were
open and flowing. There were more wells that were tested but the measurements and
other data around it proved to be unsatisfactory due to lack of adequate information
on the well profile or inconsistency in measurements.

Wells from Reykjavik Energy

HE-5 HE-20 HE-44 HE-48
Depth of production casing [m] 791 687 836 829
Wellhead Pressure [baral 19 12.5 15.3 14.5
Pressure at production casing bottom [bara] 47.5 30.14  30.17  36.48
Mass flow [kg/s] 49.0 3333 33 30.2
Enthalpy [kJ/ke] 1194 1053 1084 1072
Inner diameter [m] 0.22  0.22 0.315 0.315

Wells from HS Energy

RN-11 RN-12 SV-21
Depth of production casing [m] 689 687 839
Wellhead Pressure [baral 41 40.5 14.5
Pressure at production casing bottom [bara] 59.9 58 39
Mass flow [kg/s] 50 49 70
Enthalpy [kJ /ke] 1300 1300 1030
Inner diameter [m] 0.300  0.300  0.315
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5 Results

In the introduction chapter it was stated that the purpose of this model was to use
a previously known no slip model for calculating pressure drop in a two phase flow
and compare the results with measured data from a geothermal well by calculating
the actual slip ratios present in the well. The following chapter reveals the results
from modeling work based on previous chapters.

5.1 Comparison of different flow models for each
well

In this section the no slip model and six other void fraction models are compared
to the measured data. The pressure drop models show a relatively wide spread in
their predictions. The absolute error was evaluated as referred in equation 5.1.

Absolute Error =| predicted value - measured value | (5.1)

The results are shown in the tables and figures to follow. First the well head pressure
which each model yielded and then the absolute error from measured well head
pressure with a calculated average error. Figures 5.1 through 5.4 show the results
from the modeling and the measured values on graphs where the pressure is plotted
versus depth to the production casing.
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5 Results

Wellhead pressure bar-a.

HE-5 HE-20 HE-44 HE-48 RN-11 RN-12 SV-21
Measured wellhead pressure 19 11.5 15.3 14.5 39.5 40.0 13.5
NS 16.58 15.3 14.2 13.7 43.8 46.2 14.9
Thom (1964) 8.00 11.14 9.10 9.6 35.3 41.3 9.6
Lockhart Martinelli (1949) 8.03 84 9.08 13.3 41.8 47.8 9.9
Smith 6.578 10.21 8.0 11.4 35.3 42.3 8.3
Baroczy 19.1 7.0 7.0 10.2 34 41.2 6.8
Chisholm 11.50 8.06 7.5 6.0 35.8 42.7 8.3
Zivi 18.28 14 16.3 20.2 38.7 50.8 17.3
Absolute Error in Wellhead pressure bar-a.
HE-5 HE-20 HE-44 HE-48 RN-11 RN-12 SV-21
NS 2.42 3.80 1.10 0.80 4.30 6.20 1.40
Thom 11.10 0.36 6.20 4.90 4.20 1.30 3.90
Lockhart Martinelli 10.99 3.10 6.20 1.20 2.30 7.80 3.60
Smith 12.42 1.29 7.30 3.10 4.20 2.30 5.20
Baroczy 0.10 4.50 8.30 4.30 5.50 1.20 6.70
Chisholm 7.50 3.44 7.80 8.50 3.70 2.70 5.20
Zivi 0.72 2.50 1.00 5.70 0.80 10.80  3.80
He20
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Figure 5.1: Simulations of wells HE-5 (left)and HE-20 (right) from the bottom of
the production casing to the well top.

On the left side of figure 5.1 the results of modeling for well HE-5 are presented.
The Lockhart-Martinelli model yielded the best result with an absolute error of 0.67
bar and the Baroczy model the worst with 12.75 bar from the measured value. Al-
though there were two sets of data available for this well, they both yield a similarly
bad result with only 4 measurement points down to the production casing bottom
indicating that the quality of the measurement process can be questioned.
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5.1 Comparison of different flow models for each well

Results from well HE-20 modeling are presented on the right side of figure 5.1. The
sample data for this well consisted of 138 measurement points. The well is liquid
dominated with an estimated enthalpy of 1053 kJ/kg. The well depth was corrected
for the directional drilling, however the no slip model delivered the worst results with
an error of 3.80 bar and Thom the best at 0.36 bar.
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Figure 5.2: Simulations of wells HE-44 (left) and HE-48 (right) from the bottom of
the production casing to the well top.

On the left side of figure 5.2 the results from simulation of well HE-44 are presented.
HE-44 is a directionally drilled liquid dominates well with an estimated enthalpy of
1084 kJ/kg. There are 87 measurement points to the production casing bottom.
The Zivi model gave the best result with an absolute error of 1.03 bar making the
no slip model the runner up with an error of 1.08 bar. Chisholm model gave the
worst result with an error of 7.20 kJ/kg from measured well head pressure.

Results from simulation of well HE-48 are presented on the right side. Well HE-48 is
a liquid dominated well with and enthalpy of 1072 kJ/kg and directionally drilled.
There were 87 measuring points in the data set. The no slip model delivered results
that were closest to the measured value with an error of 0.82 bar. Chisholm model
gave the worst results with and absolute error of 8.46 bar.
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5 Results

Rn11 Rn12

: : : +  Well Data

RTi 1] S [P L TP PRI L MS

: " Tharn

+_;_+ ......... — M
: : Srnith

+  Data reading Error

Wyell Data

200k IR N

A0k e .......... I T ......... .

Depth [m]
Depth [m]

0 SR [ETI LTy
-600

SO0

S ] AR ......... ......... T ......... ........

-a00 i . i i r i i i i ; ;
30 35 a0 45 50 55 B0 BE 30 34 40 45 a0 55 B0 65
Pressure [bar] Prassure [bar]

Figure 5.3: Simulations of wells Rn-11 (left) and Rn-12 (right) from the bottom of
the production casing to the well top. In addition to the simulation results and
measurement a data reading error was evaluated due to data reading accuracy on
the graphs provided by HS energy. The error was estimated as +/- 1 bar and + /-

10 m

For the two wells shown on figure 5.3 the measured well head pressure has a data
reading error due to lack of access to the original numerical data. The error was
estimated as +/ — 1 bar and +/ — 10m

Simulations for well RN-11 is on the left side of figure 5.3. The well has an estimated
enthalpy of 1300 kJ/kg. Zivi model gave the best result with an error of 2.11 bar
from the measured value with the no slip model at 2.79 bar.

Modeling of well RN-12 is shown on the right side of figure 5.3. The well has an
estimated value of 1300 kJ/kg. Zivi and the no slip model gave a similar result with
1.6 bar error

On figure 5.4 results from simulation of well SV-21 is presented. The well is a liquid
dominated with an estimated well enthalpy of 1030 kJ/kg. The well has 8 mea-
surement points down to the production casing . No slip model delivered the best
results for this well with an error of 0.2 bar.

For all the wells combined, the no slip model returned the best results with an
average absolute error of 1.82 bar. The Lockhart Martinelli model was the runner
up with an average error of 3.12 bar.
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5.2 Well head pressure and its sensitivity to changes on slip ratio
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Figure 5.4: Simulations of wells SV-21 from the bottom of the production casing to
the well top. In addition to the simulation results and measurement a data reading
error was evaluated due to data reading accuracy on the graphs provided by HS
energy. The error was estimated as +/- 1 bar and +/- 10 m

5.2 Well head pressure and its sensitivity to
changes on slip ratio

It is interesting to take a look at what changes on slip ratio will have on the well
head pressure. The results are introduced in figures 5.5 to 5.8. For each 10% change
in slip ratio the calculated well head pressure lowers by 3 — 4%.

In figure 5.5 the measured values of well HE-5 on the left do not cross with the
simulation results. However for well HE-20 on the right side of the figure 7 of the
total of 11 points are within the measurement error region. The data for HE-20 are
considered more reliable due to amount of measurement points compared to well
HE-5 which had very few.

For both the wells in figure 5.6 this analysis delivered 6 different slip ratios within
the measurement error margin. These two wells had relatively reliable data com-
pared to well HE-5.

Wells RN-11 and RN-12 have higher enthalpy than other wells. The model seem
not perform as well on well with higher steam content. All of the simulated points
are outside the measurement error margin.
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Well SV-21 is a liquid dominated well. The slip ratio for this well is closest to the
no slip model.
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pressure and the blue dotted lines represent the measurement uncertainty evaluated
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5 Results

5.3 Slip ratio calculation on different depths in the
well

One aspect to this project was to map the distribution of slip ratio at different depths
in the wells. The slip ratio is defined as in equation (3.24). Instead of using known
void fraction correlations to calculate the pressure drop, the model was given the
pressure drop according to the data. The model then calculated the corresponding
slip ratio to that particular pressure value at depth each hundred meters. Note that
there is no slip ratio available below the flashing zone due to the flow being only
liquid.

The result can be seen on figure (5.9).
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Figure 5.9: Calculations of slip ratio at known locations in the wells where the well
head pressure is known.

It is a recognized fact that the steam will move at the same velocity or faster than
liquid when the pressure decreases. However, figure 5.9 points otherwise. For wells
RN-11, RN-12 and SV-21 the slip ratio increases with depth, hence the velocity
of the steam will decrease with declining pressure, which is not possible. The slip
ratios for well HE-44 are always below 1, indicating that the liquid phase is moving
faster at all the sample points in the well, HE-44 is similar with two sample points
near the wellhead where the slip ratio is a little over 1, but below 1 on all other
locations in the sample points. Wells HE-5 and HE-20 are the only two with the
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5.3 Slip ratio calculation on different depths in the well

slip ratio distribution that points in the right direction, excluding one anomaly at
300 m depth in well HE-5.

From this results of backward calculations it has been confirmed that the measure-
ment data used in this modeling procedure is not accurate enough to be used to
improve pressure drop models for geothermal wells.

It is a very challenging subject to measure pressure and mass flow in geothermal
wells. The measurement technique was described in details in chapter 4.2. It has
been mentioned earlier that the mass flow measurement are not carried out at the
same time as the pressure/temperature measurements and that the enthalpy is an
estimated parameter. Hence, the next step was to do a sensitivity analysis on how
mass flow measurement affects the calculated well head pressure and demonstrate
the importance of carrying measurements out carefully and preferably at the same
time.

Calculated Well Head Pressure, har-a

I i I i | I i T
a 20 40 G0 80 100 1200 1400 1600 180 200
Percentage Change on Mass Flow, %

Figure 5.10: The figure illustrates the effects the measured input value of mass flow
on well head pressure calculations on well SV-21. When the mass flow changes
by 10%, the well head pressure changes by 1-2%.

Figure (5.10) shows the connection between the mass flow measurement input and
the result of wellhead pressure calculations from the model. If the mass flow is
decreased the wellhead pressure increases. For all the wells, excluding well HE-20
the mass flow might have been measured to low, also the enthalpy estimate can
effect the results, lower enthalpy will yield lower well head pressure.
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6 Conclusions

The main objective of this project was to conduct a model which simulated two
phase flow in geothermal wells from the bottom to the top. Then use that model to
adjust slip ratio values in order to fit measured data. The initial idea was to figure
out some kind of optimal slip ratio or correlation that would give better results than
existing models. Previous models have been estimated from experiments that have
been carried out under well defined circumstances that may not apply to geothermal
wells due their much larger dimensions.

Orkuveita Reykjavikur and HS Orka provided measured data for the the author
which is used in the analysis. The slip ratio analysis revealed that the data used for
comparison is not accurate enough to use for this purpose. A possible reason may
be the fact that the pressure and mass flow measurements are not carried out at the
same time and sometimes with weeks in between measuring times. Furthermore the
mass flow fluctuates quite a bit which adds to the problem. Other reasons why this
analysis did not go as initially planned is that the mass flow is considered constant,
heat losses are neglected and the well walls are considered smooth. The roughness
of walls is almost impossible to measure due to conditions in the well. The well walls
are considered smooth in the model and also all heat losses to the surrounding rock
are neglected.

Since the slip ratio analysis did not go as planned and due to the uncertainty regard-
ing the data it was decided to take a look at well known void fraction correlations
and compare them to the data set and assess their performance against the simple
no slip model. The error in the measurement was estimated to be at least +/ — 1bar
and 10m in depth. That analysis concluded that the no slip model was an accept-
able choice, with 1.40 bar error compared to the runner up, Lockhart Martinelli
model showing a 3.60 bar average error. In addition, compared to more complicated
correlations, the no slip model had the shortest execution time.

To be able to improve this type of modeling it is important to figure out new void
fraction correlations that can be applied to geothermal wells. These correlation will
require a wide range of data from many different wells over a long period of time.
This is an expensive procedure and would require cooperative between many differ-
ent parties, the energy companies, measurement experts and the universities. Such
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6 Conclusions

data collection would pay off in the long haul since these pressure drop models can
assist in the selection of diameters of geothermal wells, thus potentially decrease cost
of drilling. There are a few things that should be introduced in the measurement
process, that is to measure the pressure, temperature and mass flow at the same time
and increase the number of measurement points since there is lack of that in many
data sets. Also, easier access to data could also bring great progress to geothermal
well modeling since lack of quality data is hindering progress in that area of expertise.
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