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CHAPTER 1.

INTRODUCTION.

The work presented here is my dissertation thesis for
the degree of civil engineer at Danmarks Tekniske Hgskole.
The work has been carried out at the Department of Natural
Heat at the National Energy Authority in Iceland. At the
NEA there is a great interest in a model of two phase flow 1n
blowing geothermal wells. With such a model one could cal-
culate pressure drop in blowing wells and discharge flowrate
against wellhead pressure relationships. Amodel makes it
possible to find out what effect different parameters have
on the borehole characteristics. For example, what effect
does deposition in the boreholes have on the discharge-
pressure relationship? Does the borenole yield increase
much 1f the borehole is made wider? How does the pressure-
discharge relationship change when the pressure in the aquifer
decreases (because of drainate wme)? These questions and
others about the pressure-discharge relation of boreholes
is difficult to answer unless a model of the borenole dis-
charge.

Professor Jénas Eliasson has been my supervisor in this
work and that I thank him very much for.

The work is divided into three pérts. The first i1is a
literature study; the second model buﬁlding for two phase
flow and writing of a computer program; the third is a
comparison of measurements of pressure and discharge relations
by some models. Based on this comparison the best model
is chosen.

The work started with a literatﬁre study of two phase
flow in general. Two phasé-flcw has been studied in the oil
industry. 1In some o0il wells oil and gas flow together and
this has resulted in studies of two phase flow of 01l and

gas. In atomlc power station water has been used for cooling



In the circulation the water boils and circulation becomes

a two phase flow of water and steam. A great deal of material
has been published in this field and I have used much of this
literature to model flow in blowing geothermal wells.

T did not find in the literture any theoretical equations
to describe frictional pressure gradient and void fraction or
slip ratio but thwre were many empirical equations to determine
these factors. 1In appendix IT and III some of these empirical
equations can be found.

Nicholas Hall who worked at NEA has written a computer
progfam to describe flow in a blowing geothermal well. I
have used this program and improved 1t. The program calculates
the pressure drop in a flowing well and the pressure-dixcharge
relation. The program can be found in appendix V and an
example of the printout. 1In the program there¢are two sub-
routines. One is used to calculate frictional pressure
gradient and the other to calculate void fraction. It 1is
easy to change these subroutines and use different empirical
equations to calculate pressure drop and void fraction. 1In
this way 1t can be studied how calculated pressure-discharge
relations change when different models are used.

The next step was to go through measured pressure-disz
charge relations and compare them to calculated relations
using differhigt empirical formular. In chapter © a comparison
is made between measurements in boreholes and calculations
by different models.

I have/gxgl%g%Serature and pressure measurement in a
blowing borehole. This measurement is very good because it
shows how temperature and pressure vary with depth in the
borehole. and makes 1t easier to choose between the models.

In chapter 6 the models are compared and that the model
which fits the data best from the measurements is selected.

It is necessary to develop these models further. With
a precise comparison of new measurements and computations it
well be possible to improve the model. The work is therefore
only the firs step in the direction to the making of a good



usable model to calculate pressure-discharge relationships
in blowing geothermal wells.

A number of symboles has been used in the literature to
signify the various parameteré in two phase flow. I have made
a list in appendix I of all symbols that I use in these work
but I will not decribe each symbol as 1t appears in equations

in the text.



CHAPTER 2

Two phase. $low in wellS

In a blowing geothermal well the pressure fﬁlls as we go upwards
and this causes boiling. Boiling means that the water is
continuously changing to steam. The quality at the steam increase-
upwards and its watercontent will be reduced but the sum of the

masses of water and steam 18§ constant. In fig 1 there is a simplified
model of a Boiling well, or of two-phage flow in a well.

We will write down and later use equations for cons@rvation of mass

2
e
momentum and &nergy between section 1 and section 2 in the model.

Between section 1 and 2 in fig 1 we can use following equations

about consetvation of mass, momentum and energy.

Conservation of mass

W+ W =W 2.1
aw_ = - aw, 2.2
Wy = AgtPo tu =W X 2.3
We = A pp-u =W F1—X) 2.4
d%(A‘Dg ug)zw-% 2.5
dg'(Af'pf'uf):'w'% “0

Conservation of momentum

- A . — - -1 i . . .
dp ng de g sinb dz (Af Pe + Ag pg) 2.7

= d(wf- uf + Wg . ug) 2.8



Change of pressure because of petential

dp - q- si . A9 . Af |
- (dz Z) = g- sin® [A pg + 2 pf] 2.9

=g - sin® '[a-pg+ (1-a) -pf] 2.10

Change of pressure because of acceleration

dp 1 d
(dz a) = O az (wg ug + W, uf) 2.11
2 v 2 Y -
24 x - g (I-x)~ - £
= s +
¢ @2 U3 1-a ) 2.12

vg = vg » ; Ve = Ve (P) ; o =0a (X,P)

Put this in equation 2.12 and differentiate

&g - (2-vaé __2U-x) -”?) . 9X
dz ? o = dz
2 WV 2 v 2.V 2 Vv
vyt X, 4%, =" d f x g da  (U=)7- 'f  da, dp
a dp 1-o dp o2 dp (1-0) 2 dp ' dz
2V 2 Vv
s (U, £ da X - g da X
(1-o) dax az dx dz
San 2.13
Conservation of energy
wg Lo W g
Wedi + 4 [-Z > g & > ] + W.g-sinf.dz = 0 2.14

€4l
In most cases in wells iff sinQéqual to one. Put sinf equal one into

equation 2.14 and divide by W and get,
. 2
M

u
- ¥g (1-x) -"'f
2 * 2

ai + a (X } + g-dz = 0 2.15



)L Section |

Simplified model for two-phase
flow in wells.

Fig.



Flow Patterns.

Bubble flow. Here there-is a dispe¥sion’of bubbles in a
continuum of liquid.

Slug flow. When the concentration of bubbles in bubble flow

becomes high bubble coalesence occurs and progresiively
When

the bubble diameter approaches that of the tube. ©nee this

occurs the slug-flow regime is entered with the character-

istic bullet-shaped bubbles as illustarted in figure 2.

Anrmilar flow. Here the liquid flows on the wall of the tubes

as a film and the gas phase flows in the centre. Usual%} some
of the liquid phase is entrained as small droplets in the gas
core.

Wispy annular flow-8&rop flow. As the liquid flow rate is

increased the droplet concentration in the gas core of
annular flow increases and ultimately droplet coalescence
occurs leading to large lumps or streaks or “wisps’of liquid
occuring in the gas core. This regime 1s characteristic of

high mass velocity flows.

Flow-pattern maps.

~In these maps we can see flow-pattern by plotting
velocities flow rates and densities. For vertical two-phase
Flow as in wells we can use the flow-pattern map by Griffith =
and Wallis (1961) Fig 3 or by Herwitt and Roberts (1969) Fig 4.
In the map by Griffith and wallis we plot gas phase

. . . @

volumetric flow frection ﬁ3‘ 1/ ~-against

. @1 . o }
velocity parameter = 64) /3~0 . - From this map we
can read three flow patterns that is bubbly/ slug and
annular.

The map by Herwitt and Roberts is more complicated. We

2

plot Ehe parameter -S%'(ﬁ; against the parameter
§}(AA . In the map are five flow patterns. That is

bubble plag chyurn annular and wispy annular. In my
computation I have used the map by Griffith and wallis to

determine the flow pattern.
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Fig 2 Flow Patterns in a Vertical Evaporator Tube



10 T T H T

L ERLLIIR

”' [l[l' ¥ V177177
0-8H . —
Slug and Eiolh Mist and annular

o

o} 06 —
+
Q
g
O‘J

04 -

Bubbly
L1 Lt RIS EEIT RN ERET
0 02 04 06 08 10 2 4 6

|
810 20 40 60 100 200

Fig 3 Flow pattern diagram suggested by Griffith and Wallis (1961) for vertical
upwards flow.

104
Annular
10° - Wispy annular
"; IOI\
N
£
ol .
- Bubble flow with
R developing
?:? structure
& 10
1
01 i e L 1 i '
1 10 102 10® 104 10% j‘
()Y kg mg? .
Fig 4

Map of Hewitt and Roberts (1969) for vertical two- ]
phase flow. _ "f



Chapter 3. FRICTION FACTOR AND PRESSURE GRADIENT IN TWO PHASE FLOW

Friction factor for single phase flow

In turbulent flow the pressure drop is proportional to the velocity
squared '

Ap = c-v2
Pressure drop in pipes is often calculated by Daicy-Weisbach equation

which is

N G | -
L D 2 7 dz :

where f is a friction factor. The friction f is a function of the

Reynolds number

R = G:D . V'D'p
€ H H

, and relative rongness g-.

In the Moody diagram in Fig. 5 the friction factor f is plotted as a
K

function of Reynolds number R, and relative roughness o

In the table | there are some emperical equation to cumpute friction

factor as a function of relative roughness.
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Equation to calculate friction factor
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f = 0,0056 + E20'32
f= £ n = 1 laminer
Ren n = 0 turbulence
£ o 0,198
T Rg0,202

Laminar flow
Re < 2000

Collier

Colebroock and
White

Dukler and Mitarb

Blasius

K.M. Becker
et.al.

Table 1. Some equations to calculate friction

phase flow.

factor f, in single

Pressure drop in two-phase flow

~

The homogeneous flow model is a common simplified model of

two-phase flow. In this model it is assumed that the two phases are

flowing as a homogeneous mixture where the gas and liquid are at the

same velocity and are in thermodynamic

equlibrium.

In this model we can use the following equations.

Continuity: W = A-J-u

Momentum: - A'dp—dF—A'ﬁ'g'sinG‘dZ = w+'dua

3.3



_2

Enerqgy: di+d<§—> +g°sin -dz = 0O 3.4

In the homogeneous model we can use an equation which is similar

to Dalkcy-Weisbach equation (3,1) for single phase flow.
cmant )
dp fTP p-a fpp G .
az ") ="Dp2 “ZDb :

where fpp is friction factor in homogeneous two phase flow. Equation

3.5 describes pressure gradient because of friction-loss. But total
pressure gradient is friction term plus accereation plus gra¥itation.

The following equation #® describes accereration

dap w . d@@ d () .
—< ) “a dz G dz 3.6

But @ = G*¥V , and put that into eg. 3.6

_{dp _ .2 4®)
(dz ) =G az 3.7

¥V is specific volume for the homogenecus mixture.
=2 _(y-vo+(i-x) v 3.8
W griioAl vt )

differentiate his equation

— Sv
av _ 8x Svg _ Sx . vy e b
dz = 8z *VotXT5, T 5z Vet 5 3.9
But &v Sv
£ f . &p
3z = Sp Bz A~ 0 3.10

eg. 3.9 + 3.10

v _ X: _9+8X ., -
dz ~ Sz 8z (Vg Ve) = 3.11



Sz Sp § £ fg
a5 _y- Ovg . 8p +v, -8x
dz * Sp Oz 932 3.12

Put together equations 3.7 and 3.12 and get
Sv
-(dp e .5X ._9.8%p
(dz .a> = G <vfg e + X 3p s 3.13

We have now an equation to compute pressure gradient becouse of
acceleration. Now we shall take the potential term, and get the

following equation.
- .d_E. - B -sinG - w_{i 3.14
dz *) < ? g - T '
Now we can compute the total pressure gradient
dp =/ dp dp dp
- = == . + [ == .1
dz (dz F) * ( dz a dz 2 ? >

pressure gradient = friction + acceleration + potential.

We now add equations 3.5., 3.13 and 3.14 together and get total pressure

gradient.
hid 2 . av .
-{dp \= TP'G -V 2 . 6x g dp g-sinf 3
(dz) 75 ° \ Veg 5z X & az )t T % -16
or
dv £ Gz'V
- & _2.x.._9-8=_T0 2, 6,6 gsinb 3.17
ag dp dz 2-D fg 6z \Y
: v
But ¢ = X+ v +(1-X) " v_ - = v + _fa , and put this into
1+Y
g f £ Ve

equation 317.



- v 3.18
2-D £ § :
g 0= vf.(1+x-(Jfg) )
Ve
. 2 dp
Divide eq. 3.18 by [1+G - ¥ - 32
v
2
5 £ L G5y §X_+ g+sinb
2P fg 6z v 1+~ Ve
e ((E)
_ 4 = Vs 3.19
dz dp
1+G -x- S
This eguation gives total pressure gradient (g%) as a function of

other parameters.

Friction factor in homogeneous twc phase-flow

Equation 3.5 describes pressure gradient because of friction loss.

i *2 vf
i 2 f__ -G v | 1+X u~i)
f G TP b v
- <~—-dp F) L £ 3.20
dz D 2-D.p 2-D B

where fTP is friction factor in homogeneous two phase flow. We have
discussed how the friction factor in single phase flow, is a function
of Reynolds number Re. Similar we can write pr
number for the mixture in the two phase flow.

G-D

R = -
e H

where [I is dynamic viscosity for the mixture.

as a funktion of Reynolds



Mc Adams et al 1942 define-viscosity of the mixture as following:

T v

- X, X 3.22
My g \

Combine equations 3.21 and 3.22

- c.pl X 1- .
R, =G D(u + —EX) 3.23
g f
d )
D .[x. Pt ) G-D< fg )
R = = = 1y )= == 1y (=2 3.24
e Mg ( \Hy X He X( Ug)

We can use Blasius equation to compute friction factor as a function

of Reynolds number.

f = —— 3.25

-Nn u
- c- &2 . . .ES_)
frp = C < uf) (1+x ( v ) 3.26

fTP = £ - (1+X'(E§§)) ' 3.27

where ffo is friction factor if total flow is assumed liquid. Combine
eq. 3.20 and 3.27° ’
£ 2 ' -n
fo-G*-v v u
() o i (£5)) (1ax (£2))
(dz F) = 5D 1+¥ - 1+) 0 ) 3.28
£ g
-n

-(ggp) - 4_(%“"‘2).0(“)( (%—“—))(ux (P‘Eg‘)) 3.29



d . . L oee
wher€;<a§'F> is friction pressure gradient if total flow is assumed
fo

liguid. The two-phase frictional pressure giadient is usually correlated
in terms of factors which multiply single-phase gradients.

For example, we have

(%F) - 07 -(%r*) . 3.30
z TP £o fo

d . . -
where (ag F) is frictional pressure gradient for two-phase flow,
TP

and (—%-F) is frictional pressure gradient if total flow is assumed
B fo '

liguid. 1In eq. 3.29 this multiplyer was

-n

o = ((2)) & (s ) 531

Pressure gradient in two-phase separated flow

We have found egquations to compute the pressure gradient in homogeneocus
two-phase flow, actually the two-phase flow is not homogeneous. The
velocity of the gas is greater than the velocity of the liquid. Therefore
we have to find new equations to comput pressure gradient. We can use

equation 3.15 for pressure gradient.

@) (=)=

Total friction acceleration petential

pressure = term + term . - + term
gradient

We can use eq. 2.10 to compute the potential term

d .
—(ég z) = g-*sinf- <CF:pg+ (1*¥d'pf> 2.10



We can use eq. 2.12 to complte the acceléﬂfé'tion term.

2 2
(o). 2 (ke w0t 2.12
dz - dz X< 1< )

It is helpful to use correlating parameters to compute the friction

term. MarBinetts- Nelson (1948) introduced multipliers which are defined

dap _ 32 dp . )
(dz F) - q)L or G <dz F) 3.32

TP L or G

where <—g—§ I‘) is the two-phase frictional pressure gradient, and
TP

(% F) and (g% F) are the frictional pressure gradient
for L G

for the liquid or gas respectively if they are flowing alone in the

same. tube. The multipliers @i and fbé are determinal empirically

Other coxxelating parameters have been defined if the total mass was

flowing with the physical properties of one of the phases.

dp [ 2
( dz F) - <I>LO or GO ( dz F 3.33
TP LO or GO
where QQ_ F and de F are the pressure gradients
dz 1O dz co

for the total flow of fluid having the liquid or gas physical properties

2
respectively, and (Pio amd (DGO are the corresponding multipliers.



In Fig. 6 are plots of @L and 1-9< vensﬁs the parameter X, but

X is defined in eq. 6.5 and APPENDIX IIL In Fig. 7 is a plot of @io

as a function of mass vapour quality X and pressure. Fig. 6 and 7 are

by Madinelli-Nelson (1948).
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In APPENDIX II there are some emperical equations to comput the

multipliers @2,




CHAPTER 4

Computation of blowing well and flow diagram.

We compute stepwise trom the pressure in the aquifer to the wellhead

pressure.
Part 1:
From aquifer to the well , Input data is pressure in the aquifef.

From the aquifer to tée well there may be pressure loss, if it is

turbulence flow. See fig 8.

PA = PAA - C * W 4.1
Where

PAA : Pressure in the aquifer (bar).

W : Mass rate flow (Kg/s).

2
Turbulent pressure loss (bar/(kg/s) ).

PA : Pressure in the well (bar).
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PART 2:

a ur\cef greaéff
From eguatier level in well to flaséinq point.When PA is *ess than

flashing pressure, we shall compute flashing point level. We compéite

the pressure gradient in the water.

~ 8 _ _4drp, _ %L _ AR
(dz) = (dz’Z) (dz F) (dz a) \ 4.2
Where
dap
s Z) = p-g 4.3
2
dp ¥£-G
dz F) = 2.D-p 4.4
dp . . i
~(3s a) = 0, if diameter is constant.
2
dp F.G
_(dz) p-g + 5D 4.5

Flashing pressure is noted by P_., and distanse from equifer to

£
3*
flashing point is Z , see fig 8.

2
- pA - (p-g+ EC ¥
Pe = PA - (p7g + Sop5) 2 4.6
or

Z* PA -~ Pf !

p-g+ ¥G 4.7
2.D-p -
We can now compute flashing point level, see fig 8.

3*

ZA - Z - 4.8

Zflasb = .

ZA: Aquifer level

Z¢lash: Flasbing point level



PART 3

From flashing point to wellhead. We have to compute stepwise from

flashing point toc wellhead. 1In each step the total energy per
unit mass is constant. In each section we have to compute pressure,
. pressure gradient, enthalpy of water and steam, mass vapour quality,

void fraction, and density of water and steam.

First we use equation which describes contant energy per unit mass

in- each section.

D

+ Z-g + L. . 2 + 1{1— ). 2 4
E = X-hg + (1-x)- Pf 9% g XUy U e .

E: Total energy per unit mass, constant.
X: Mass vapéur quality.

h : Enthalpy of steam.

g
hf: Entghalpy of water.
Z-g: Potential energy.
1 2 . . £
E«x- ug : Kinetic energy of steam.

1 2 .
—2-(1—)()-1,[\f : Kinetic energy of water.
We can use following equations to compute pressure gradient in each

section.

- (8p _8p _ gp _ dp 4.10
(dz = (dz 2) (dz F) (dz a) )

Total pressure gradient = potential term + friction term + acceleration

term.

~CR 2y - g - p_ + (1-a)* p) 4.11
dz g £
dp dp 2 -F-Gz 2 )

- (SR — . = F5 4.12
(dz F)TP - (dz F)LO ¢ LO 2-D-of ¢ LO



dp g2 4 x ,_(Ux

. ) = 4.13
dz a pg (1 q)wof

Enthalpy and density of water and steam will we get from steam tables.

s 2
‘The multiplier ¢~ are computed by epmperical equations, which are

described in APPENDIX II.

Void fraction O is computed by emperical equations, which are

described in APPENDIX III.

We have to use itaration method to compute all parameters in each

section.
WELL |
' | Z. P, X )
L _ - A ) Section i+1: i+t itl o, i+l i+l
‘ o . P, u . u
+1 Fit+1, , ,
! | gi+l, fi+1 gi+l Fitl
I Zl ) Pi , Xi , al
— _<§_ . Section 1i:
Pgi , Pri , Ygi , Mgy
! Zict, Pior, X1, %4
Lo §_ —_ . - - Section i-1:
s ' Pgi-1, Pri-1, ¥Hgi-1, FHgioa
w v

The following flowdiagram describes this iteration method.

The index "i" is the number of the section, ahd,the index "3}

is the number of iteration in each section.
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CHAPTER 5

Mass flow from wells against wellhead pressure, comparison of

measurement and computation.

In this chapter some measurements of mass flow as a function of

wellhead pressure in some high temperature wells are discussed.

I will compare these measurements to my computations.in chapter 6.

: . . C g T A2
In my model I need one @mperical equation to compute multiplier ¢,
and another emperical eguation to determine void fraction qo.

2 .
APPENDIX II are some equations to compure € and in APPENDIX III

there are equations to determine void fraction a.

I used the following models.

d
I: MODELS TO DETERMINE -~ (Eg F)

Becker model

2 . X,0.96
D= 1+ 2547 - (D)

A
o ., _ F -G X, 0,96
(G Dap = 355, - (172547 - )

)

Hh

Chisholm model

1

C is determained by J. Thom equation.

X/Qf .
C = 1+ -
X/Og + (l—x)/pf

X is defined in APPENDIX II

In

In my compatations



e
II: Models to deyrtmine void fraction, a.

Armand and Treahcher model + Kowalézewski model.

Named ATK - model.

Armand and Treahcher model:

_ 0.833+0,05-1cg P

e 12X P9 5.7
Of ' -
Kowalezewski: model

P . V2 -0.045

a=8-o0,71-8 (182> - (1-
crit
In fig 26 measurements and equations to compute void fraction are
compared. It seems that Armakdand Threahcher model fit the data
best when X is less than 0,02, but for greater Y Kowalezewski model
fits better. In my ATK- model, I use equation §.7 to compute Q. if

X is less than 0,02, and I use eq. £.8 if X is greater than 0,02.

Mocdy - model

S
The void fraction is afunction of the velocity ratio-slip ratio K

pf. X
(1-X) P KHX P 5.9

o =

One emperical equation which gives slip ratio K is named Moogly-model,

see APPENDIX III.

This equation 1is,

Put eq. 5.9 and 5.10 together

X-'p;
e (1—x)-oJT(._‘?£‘>;S’+x-p .
g [¢] f

g

This is Moody-model to compute void fraction .



"Input data for. each well and notation

)
¢
ZA
distance
to
aquifer

+« Well

@

D(1)

Z(1)

g

FLAM (1)

water +
steam

diameter
D(2)

Z(2)

FLAM
fricion factor

EERS

water

— N

Flash-point level

Fig. 9

D(3)
FLAM(3)




In following pages are data for 9 geothermaé wells in Iceland,
and in figs 10-19 are plotsof measufed and comparped mass flow
agains wellhead pressure in th@sewells. By compagition of

T wald
computation of some models, ¥EBM try to find the best one.

DATA

WELL KW - 2 KRAFLA

plot on fig 10.

T
measure t

194°C - P_ = 13,69 bar

£ =
T.. PR

5102 = 220°C ~ Pf = 23,20 bar
ZA = 1.000 m
PAA = 77,8 bar
Z(1) = 296 m , D(1) = 8 3/4 "
Z(2) = 1138 m , D(2) = 7 3/8 "

WELL KJ - 6
plot on fig 11
Data '

Theasuret 270°C  + P_ = 55,1 - H_ = 1185 KJ/Kg

f T
Th‘ = 3407¢ - Pf = 146 bar « Hmeasureg T 1595 KJ/Kg
ZA = 1400 m '
PAA = 73,1 Kg/sm2 -
Z(1) = 142 m D(1) = 13 3/8 "
Z2(2) = 491 m D(2) = 95/8 "
Z(3) = 2000 m ‘ D(3) = 7 5/8 "



KJ - 7 KRAFLA

plot on fig 12

Data

Tmeasuret = 342°C - Pp = 149,8 bar - Ht = 1610 KJ/Kg
Measuret enthalpy is 1592 - 2263 KJ/Kg

ZA = 19500 m

PAA = 152 bar

Z2(1) = 276 m D(1) = 13 3/8 "
Z(2) = 716 m D(2) = 25/8 "
Z(3) =2101 m D(3) = 7 5/8 "

KG - 8 KRAFLA

plot on fig 13

Data

T = 206°C +~ Pf - 17,6 bar <+ H = 880 KJ/Kg
2A = 1200 m

PAR = 94,3 bar

z(1) = 142 m : D(1) = 13 3/8 ©
z(2) = 517 m D(2) = 9 5/8 "
z(3) =1646 m D(3) = 75/8"



KJ - 9.1 KRAFLA

Measureﬁent in the blowing wéll} Q = 18 Kg/s
Plot on fig 14 and 15 i

T = 195°C +> P, = 14 bar <> H = 830 KJ/Kg

- ZA = 400 m

PAA = 22,3 bar
Z(1) = 275 m D(1) =
z(2) =1101 m D(2) =

KJ - 9,2 KRAFLA

Plot on fig 16

T = 276°C <> P_ 60,4 bar ++ H = 1215 KJ/Kg

£
ZA = 1225 m
PAA = 95 bar
Z{(1) = 252 m

2(2) = 1094 m

Z(3) 1259 m

WELL NO 3, SVARTSENGI

Plot on fig 17

Data

Tmeasuret = 229°C +> Pf = 27,0;bar
T5102 = 232 - 242°C <> P_ = 29-35 bar
ZA = 358 m ‘

pAA = 27,5 bar
Z(1) = 480 m

D(1)
D(2)
D(3)

13 3/8 "
7 5/8 "

n

D(1) =

In theswell, the flash-point is below aquifer level.

of water and steam came to the well from the aquifer.

model, the flash-point have to be inside the well

1

6

3 3/8 "
8 5/8 "
7 5/8 "

That meens mixture

But in my computer-—



WELL NO 4, SVARTSENGI

Plot on fig 18

T = 242 - 244°C + Pp = 34,7 - 35,9 bar
ZA = 1024 m

" PAA = 88 bar
Z(1) = 350 D(1) =« 9 5/8 "
Z{(2) =1650 D(2) = 7 5/8 ¢

WELL NO 8, REYKJANES

Plot on fig 19

T = 287 - 291°C *+Pp = 71,3 - 75,5 bar

ZA = 1300 m

PAA = 74-90 bar

Z(1) = 88,5 m D(1) = 13 3/8 "
Z(2) = 260 n D(2) = 9 5/8 ™"
Z(3) =1752 m D(3) = 7 5/8 "
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CHAPTER 6.

CONCLUSIONS.

The. main conclusicn is that the Becker-Moody model for
computing pressure drop and slip ratio confirms well to
pressure-discharge measurements of boreholes. Friction factor
in single phase flow f is selected in éuch a way that calculations
and measurements confirm.

In my calculations friction fagtor £ ranges from o.007 to
0.03 when Becker-Moody model is used. The Chisholm model for 52
seems not to fit as well as the Becker model. It 1s very clear
that the Homogeneous model 1s no gcod. One cannot expect water
and steam to flow with the same velocity. 1In two of the boreholes
from which I have measurements of pressure and discharge deposi-
tion occurs. This has the effect that the borehole diameter
becomes smaller in certain parts. I have taken this into account
in the calculations on boreholes XJ-7 and XJ-6. In borehole
KJ-7 I expected the deposition to be at 700-8co m depth and the
physical real diameter to be 7.2 cm. The measurements of press-
ure and discharge confirm well to calculations when the deposition
was taken into account but not if other models are used as can
be seen in figure 12. 1In borehole KJ-6 I have two measurements
of pressure and discharge that do not councide in time. These
two measurements were done with about 55 days interval and it is
known that deposition was taking place during that time. 1In
the calculations I use the Becker-Moody model and expect de-
position at 491-6o0o m depth. I assume the physical diameter
to be 13.8 cm for the first measurement,-on september 2 to 3
1976. 1In figure 11, measurements and calculations are compared.
I expect that the deposition has increased when the later measure-
ment 1s done 20 oct.-4.nov. 1976. 1In the calculations I use
the same fundamental data as for the measurement for 2-3 sept.
1976 expect the borehole diameter is now 10 cm at 491-600 m
depth. Calculation and measurements fit well as can be séen in
figure 11.

Flash pressure and aquifer pressure are measured. But

somtime these parameters can vary within a certain range. 1In



well KW-2 is flash pressure of the r;néé 13,69—23,é bar.
In well Reykjanes no. 8 the aquifer pressure is of the range
79-90 bar. The turbulence factor.C is,zéro for all wells

other than XG-8 where C= 0.011 bar/(K$/s)2. If we use
Becker-Moody model the friction factor f ranges between
0.007-0.03 except when there is deposition in the borehole.

We can say that the friction factor is rather small. 1In

Fig 5 is a plot of fricton factor f foy each well as a function

of Reynolds number Re.



KJ-6
Fig 11

and a score for goodness of fit to.measurements.

In the following table are given values of the
parameters used in the models for computations

Goodnes

MODEL PARAMETERS S
Plot no. Friction Turbulence Flash Aquifer fgf
' factor factor = pressure pressure -
£ C bar/(kg P PAA
Becker-Moody 0.008 0 15.5 77.8 ++t+t
Plot no 5
Becker—-ATK 0.011 0 13.69 77.8 1ttt
Plot no 2
Becker-Moody
Plot no 3 0.005 O 13.69 77 . 8- +
Becker-slip 1 0.011 0 - 13.69 77.8 -
Becker-Moody ; . , 4
Deposition 0.05 O 55.1 /3.1 e
491-600 m
Diameter 13.8cm
2 Sept 1976
Plot no 1
Becker-Moody
Deposition
491-600 m 0005 0 55.1 73.1 + + 4
Diameter 10 sm
20 Oct 1976
Plot no 2
Becker—-ATK '
Plot no 3 0.1 0 55.1 73.1 (3)
Becker-ATK
Plot no 4 0.01 0.2 55.1 73.1 +
Becker-Moody :
Chisholm-Moody 0.1 0 55.1 73.1 -
- Plot no 6 '
Becker-slip 1 0.1 0 55.1 73.1 =%
Plot no 7

Chisholm-slip 1 0.1 0 55.1 73.1 .



WELL MODEL PARAMETERS ' Goodnes.
Fig no . Plot no Friction Turbulence Flash - Aquifer of Ffit
| factor factor ===  pressure pressure .
i £ - C : ___‘PF - . PAA
I i .
KJ-7 ' Becker-ATK ! - ' ' f 'L
: Plot no 1 0.5 O 149.8 152 |
Fig 12 :
. Becker-Moody S
' Plot no2 0.05 E 0 149.8 152 7
' Chisholm-Moody R
Plot no 3 0.05 0 149.8 152 |
' Chisholm-slip 0.05 | O 149.8 152 T
Plot no 4 : !
. Becker-slip 0.05 : 0 149.8 153 i% -~ -
| Plot no 5 ; ’ . f
| Becker-Moody % ‘ §+4f+4
' Deposition ~0.05 0 149.8 152 |
. 700-800 m | | ; |
- i Diameter 7. zcm , : %
| Plot no 6 ! | i
XG-8 | Becker—Moody § 0.07 0 17.6 94.3 § + t++
. Plot no 2 ; ; ;
Fig 13 . Becker-Moody | 0.03 :0.011 17.6 - 94.3 et
: Plot no 3 | : ‘
¥ R e é
Fig 14andl5 Becker-Moody | 0.02 : 0 14 $22.3 t+t bt
" Plot no 4 | - | i
Becker—-ATK -~ 0.02 0 14 L 22.3 v+t
Plot no 5 ‘ i : ‘
Becker-slip | 0.02 5 0 14 1 22.3 P T
KJ-9.2 .~ Becker-Moody ' 0.03 0 60.4 L 95 t+Af
Fig 16 - Plot no Q.03 ‘
. Becker-Moody = 0.025 . 0 . 60.4 95 Tt
Plot no 3 ; ? : :
Becker-ARK . 0.05 i 0 . 60.4 - 95 P T
Plot no4 [ _ e e
SvartJengl “Well no 3: I have no model for this well.Flash point | ‘
‘ ‘below aquifer level : |
Svartsengl Becker—Moody % 0.004 ; 0 36 - 88 Lo
+ =Moody,Plot 3{ ) | 5 ;
 Becker-ATK | 0.0055| O 36 - 88 Lt
Plot no 4 ; ' : o
SRS : . ui et 2mme s e e s ,: - : P . ,3..,“..,.“ Y
Reykjanes Becker—Moody ! 0.0048 0 - 75 L 79 Lt
‘Well 8 . Plot no 2 ! : ; %
Fig 19 Becker-Moody | 0.007 | 0 75 - 90 P

Plot no 3
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APPENDIX 1
LIST OF-

Flow area occupied by gaséous phase

Flow area occupied by'liquid phase

Flow area

Parameter used in Chisholm correlation

Constant in Blasius equation

Parameter used in Chisholm correlation

Pipe diameter

Dissipation of mechanical energy into heat

Frictional factor for the ligquid flowing along in the pipe

Two-phase friction factor

Force exerted by vapour phase in overcoming friction

Force exerted by liquid phase in overcoming friction

Froude - number

. W
Mass velocity = Y

Reference mass velocity in Chisholm correlation

Enthalpy

Enthalpy of fluid

Slip ratio, ) .
Mackggingeﬂ;giisféé‘ L?(’”
Index in Blasius equation

Wetted perimeter '

Static pressure

Pressure in well in aquifer level

Pressure in the aquifer

Critical pressure = 221.2 bar

Volumetric rate of flow
Volumetric rate of liquid phase
Volumetric rate of gas phase

Heat absorbed from surroundings

N/m2
bar
bar
bar
bar

m3/s
m3/s
m /s

J/kg

(bar)



G
Reynolds number = I

Ratio AI/A2
Temperature
Actual velocity of liquid phase
Actual velocity of gaséus phase

A¥e£;ge velocity
a - 1-a
pg ( )p

f

1
P

Specific volume of liquid

Specific volume of gas =

]

L
Pt
Diffference in specific volumes of saturated liquid and

vapour = Vg - Vf

=V average specific volume of homogenous fluid
Work deone on surroundings

Gas—-phase mass flow rate

Mass rate of flow of liquid phase

Mass rate flow

dp . dp
( = F)L / (dz F)G

Axial co-ordinate

Deapth to aquifer

Void fraction = é%

0
X - Yg - =g

Gas phase volumetric flow fraction = -
Ry &
index Go total flow assumed gas
" Lo " " " liquid
Pipe roughness
Parameter used in thsholm cgkrelation
Viscosity
Viscosity of liquid
Viscosity of gas
Difference in viscosity between liquid and gas phases

Homogeneous density - 1 - ¥ + 13X

pM Dg Pe

X - vg + (1—x)-vf Q

Ns/m
Ns/m

Ns/m

BONNN

Ns/m

kg/m3



. 3
Py Gas density , kg/m
. . ] 3
Pe Liquid density kg/m
. 2
o Surface tension ‘ kg/s” = N/m
T Wall shear stress N/m2
w
, 15
@i Two~-phase frictional multiplier, if the liquid age flowing
alone in the pipe . -
=
@é Two-phase frictional multiplier, if the gas are flowing
alone in the pipe -
@2
f Two-phase frictional multipler based on pressure gradient for
o
total flow assumed liquid -
2
® 2
LO = (Df _
92 2
GO = @q Two—-phase fricticnal multipler based on pressure
© gradient for total flow assumed gas -
X Mass vapour quality = Wg/w -
9 . Angle to horizontal plane deg
2
(gga) Pressure gradient due to acceleration N/m m
dp . . 2
(EEZ) Pressure gradient due to static head N/m m
dp_, . . . 2
(a;r) Pressure gradient due to friction N/m m

dp
——F
(dz %o Frictional pressure gradient assuming total flow to be liguid N/mz'm

() 1S
dz 'L Frictional pressure gradient, if the liquid are- flowing
alone in the pipe N/m2m
d o . . S ,
(EEF)G Frictional pressure gradient, if the gas are flowing

alone in the pipe N/mzm



APPENDIX II

Emperical equations to determine pressure gradient in two-phase flow.

Martinelli and Nelson (1948) introduced multipliers to determine

pressure gradient in two-phase flow. This ﬁultipliers are

dP dP
—_— = 2 L] —— N
(do F)TP ®L og G (dz F)L og G A.1
d
where (EB F)be is the two-phase frictional pressure gradient, and
Z
d
(aEvF)G are the frictional pressure gradient for the liquid or gas

regpectively if they are flowing alone in the same tube.

Lockhart and Martinelli (1949) introduced a graph to determine the

multipliers @L and @G as a function of the parameter X

dP dP
2:: — —_—
X (d F)L (d F)G A.2
z z
d d
where (-é-E-F)L and (E?-F)G are the frictional pressure gradient if
z

the liquid or gas are ﬁﬁowing alone in the same tube

£ = G o (1-Y)2

F) = A.3
L 2 *D Pe

£ .
L is friction factor for the liquid

2
ka' fG e g2 . X
-G Pg = 3 _— A.4
z g

fG is friction factor. for the gas.

Put together eq. A.2, A.3 and A.4

£
L 1-y) 2 p
Xz = £ . —(—~§)———-—- . —-g A.5

G X Pe
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TABLE 2

. Independent variables used in frictional pressure-
gradient and void-fraction correlations.

x2 r2
dp dp dp dp
F F F F
Full PR YA P ‘3z Y co’ Gz 1o
definition
Lockhart and thsholm and
Martinelli (1949) Sutherland (1369-70)
£« pe” °6 1-x, 7 Mun L Y n
in both s
in bo cases pL UG pG “L
n=1 3§.(}~3§ (Ezq 3&.(E_q
in both cases pL uG pG i
n=0-2 D_Ci(l X)l'B (.L)O 2 g}_(U_G)O-Z
in both cases QL X uG pG UL
Riciprocal of this
parameter introduced
by Baroczy (1966)
n=20 E_G. (.1_—_5.)2 E)_L.
in both phases PL x DG

I fablé

varia bltf

pa vyap e ler

2 1S shown how the

Xt clepencls en the

n In B(a.s/c’(_g e?uaéi'dﬂ
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Fig 22, Comparison of empirical and theoretical pressure -
gradient relationships: A, Lockhart and Martinelli (1949); B,
homogeneous eqn (4.31); C, Chisholm and Sutherland (1969-70)
with ¢ = 21; D, separate oylinders, eqn (4.39) with n = 0-02;
E, critical pressure, eqn (4.42) with n = 0-2.
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APPENDIX III

Some equations to compute slip ratio and void fraction.

Slip ratio K is velocity ratio of gas and liquid.

u
K = u——g
£ .
Where
ug = velocity of the gas (steam).
Uf = velocity of the ligquid (water).

A.35

Void fraction is the ratio between the areal of the gas in a section

and the total area.

Ag
¢ =7

A.36

There is a strong relation between slip ratic and void fraction.

We can get this relation by following equations.

W
G=T:u-9



Hh

£ U-x)-W _1-X L .
=g a " 1ma 0 © 7 UePe A 39

e

" From eq. A.38 and A.39 we get.

. X-G (1Y) -G = ‘ A.4)
Dg = G'Dg A.40 and uf = (1—&)-pf

Put eqg. A.40 and A.41 into eq. A.35

U _ P
K = —2 = 1>f laa .t A.42
o or
a = £-X
(1=X) =P =K + poX A.43
Slip ratio correlation.
Ryley (1952), Zivi (1964), Moody (1965).
p
X = (——f—)l/3 Moody-model A.44
p
g
Prenoli, Francesco and Prina (1971)
whith correlation to memsurements they got
. T W : 1
K = l+a - -.-/.,.q{ -by
J/ Yy t+b Y A.45
+b-¥Y .
where
P
ya X ._* A.46
1-x p
g
-0.19
= 1.578 R .22
@ © CE/p,)° A.47



-0.51

b = 0.9273 - We - Rep, : (pg/p'F)O.OB A.48
Rep, = G- D A.49
o !JL
2
We = ‘Ci“-——']z A.50
g -Pg,

S. Levy (1960) used following equation.

v )

K - _u_i - o 72
: ‘fo L r
£ £ - V2o = (= ) (2. ‘()2 A.51
o, [

Void fraction - correlation

intredaced
Martinell, and Nelson (1948) 4intexrdiet a graph, which show void

fraction @, as a function of mass ¥apour quality X and the

pressure, see fig 24.
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D. Chisholm and L.A. Sutherland

Introduced fcllowing equation to determine void fraction a.

o = 1-
(1+ S+ L) 1/ A.52
X 2
X
Where
- 1.8 - 2.5 - 107° i
r? (x + ®Qoe) B33
1
C= = + 0.5 A.54
r .
X and T are defined in table 2, and in eqg. A.2 and A.17
N. Zuber and Findlag (1964)
got following equation, for the relation between o and B.
B = 1,13 + 0.435 ( F )79 A.55
a
where
p 1 v Pe
r - g.d’ pf—p . A.56
g
%
¢ by Xy L Py A.57
X 0.
bt
Baker used following emperical equation of the relation
between the quality X and void fraction a.
X _gfr( Yl/z—l) + o
Y - a'(Y~Y1/3) _ A.58
Where
p
f 0.68
Y = 0.021 (—) - G 686 A.59
pg

This equation can be used when 7,5 <¥< 300 and G<950 &y/mzs
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In f@g 25 are compared measurments and some emperical

equations of void fraction e+, when the pressure is 40
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In fig 26 are compared measurments and void fraction «
#

when the pressure is 1.85 bar
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APPENDIX IV

Pressure change through enlargement and effect of deposition in wells

In most wells, there are some enlargements, as we can see in Fig. 9.
Therefore we need some equations to compute pressure change of two-

phase flow through enlargement.

'Following emperical equations are to comput this pressure change
o
D) T

Qe
e ’ ! . -y
! “2,0 7

A @ P B A

Le —a ! -
{‘ { AL .

S, L ‘ £,

7

Fig. 27. Enlargement in a pipe.

D. Butterworth introduced following equation to compute pressure

change through enlargement.

- ——625\—1-V —il—-v A.60
P17Py = 51 a Vs, 1™ & a,? .
2 2
where
2 2
_ X (1-x)
Va Tap + (l_a).pf | A.ol

F. Romie wused following equation

PymPy = &y £\\ =90 "\v¢ /< (1-s5) Ve ) :

where s

il

ho=]
~
>

A-63

put

1"
o4
1
Q



and we get e
/ %
G2 s(1-s) .v il:.’fl.z_ ¥ YS_ .- x

PPy =™ Ve\ Ty T\v,/) o A 64

For homogeneous flow this equation reduces to

v
2 fw
- ~ cs (1~ — ] . .65
p,~py = G1 s(1 s)vf<1+( v, ) x) . A.65
2 v -
= Gors(l-s)-v | 14x-| =2 -1 A.66
1 £ Ve )

Chisholm method to compute pressure change through enlargement.

b = Gos(l-s)v. (1-x)2 [ 1+ £+ L A.67
PymPy = &¢78 Veli=® T X x’; :

C is defined in eq. A.31, and we can use I.Thom equation A.34 for

determine C. The effect of deposition in well, to the pressure

gradient., If it is deposition in well, then it will reduce the diameter
of the casing. A change of diameter will have very great effect on

the pressure drop. We can use eq. 5.12 to determine frictions pressure

drop.
2
dp . _f-G Y
(dz ) T 2Dp, %o 5-12
TP
or
2 2
dp f w f-w <8 1 2
F = — | =1 ¢ = : — A.68
(dz )’I‘P 2Dy (A) Lo 0 .7 I} Lo
£

. . , -5
Therefore frictional pressure gradient is propotional to D and f.
But the effect of deposition is that it will reduce the diameter and
increase roughness and the friction factor f. The effect of deposition

on frictions pressure gradient is therefore very powerful.
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