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INTRODUCTION
1.1 Background

Geothermal resources can be classified as
hydrothermal convective (i.e., hot-water, two-
phase, or dry-steam), geopressured, hot rock, or
magma systems [1]. With the present technology,
only the hydrothermal convective systems are
economically viable for power generation. To esti-
mate the power production of a geothermal well
during field development and exploitation, it is
important to know the wellhead discharge charac-
teristics such as the flow rate, sbtagnation en-
thalpy, and steam quality. If a single-phase flow
(hot-water or dry steam) exists at the wellhead,
its flow rate can be measured accurately by means
of an orifice. It is known, however, that using
the same device for the measurements of two-phase
flow may lead to serious errors [2].

One of the most simple and accurate methods
for the determination of flashing geothermal well-
bore discharge characteristics is the so-called
James' method [3,4]. The method is based on the
observation that the flashing geothermal fluid
discharging from the wellhead usually attain sonic
speeds at the exit because of the lower pressure
at the exit cross section. Figure 1 shows a typ-
ical set up on a geothermal well site for deter-
mining the discharge characteristics based on the
James' method [5]. The flashing geothermal fluid
from the wellhead is discharged through a hori-
zontal tube into the twin-tower stacks where steam
and liquid-water are separated. If the static
pressure (p) at the exit of the horizontal tube
(where the discharge fluid attains sonic speeds
at the exit) and the liquid-water flow rate (w)
discharges from the stacks (as measured by a con-
ventional weir) are measured, the stagnation
enthalpy (ho) can then be determined from a plot
of hg versus w/p0-96 as shown in Fig. 2 where ho
is in Btu/lbp, w in lbm/sec—ftg, and p in psia.
The data presented in Fig. 2 was empirically . ;
determined by James. The %total mass flow rate is
determined from the following empirical formula
O.?6/hol.102 s (1.1)

Gy = 11,%00 p

where GM is the total mass flow rate per unit
area in 1bm/sec—ft2, p is the lip pressure and

he is the stagnation enthalpy. Equation (1.1) was
empirically determined by James [3,4] for steam-
liquid water mixtures with discharge pressures up
to 64 psia and for pipe diameters of 3", 6", and
8" with stagnation enthalpy ranging from 270
Btu/lby to 1,200 Btu/lbn.

The exit steam quality can then be deter-
mined by using the following equation

X = (GM - w)/GM . (1.2)

It should be noted that Eq. (1.1) is not valid if
the discharged fluid contains a substantial
amount of dissolved solids and/or other non-
condensible gases, both of which may be presert
in geothermal wellbores.

1.2 Objectives
The objectives of this study are:

1. To evaluate the accuracy of Jemes!
method for the determination of flow
rate, stagnation enthalpy and steam
quality in the wellbore by comparing
results based on the one-component
two-phase critical models by Fauske
[6,7], Moody [8] and Levy [9,10].

2. To investigate the effects of non-
condensible gases and dissolved solids
on the wellbore discharge characteris-
tics by extending the one-component
two-phase critical flow methods to
include these extra components.

3. To determine the effects of lip pres-
sure tapping position and pipe diame-
ters on the accuracy of lip pressure
measurements, by studying theoret-
ically, the pressure gradients in the
approach regicn to the critical flow.

APPLICATIONS OF ONE-COMPONENT TWO-PHASE CRITICAL
FLOW MODELS

2.1 Background

It is well known that if the velocity of the
two-phase flow is high enough [6], an annular or
separated flow pattern will be established in the
pipe (see Fig. 3). Such is usually the case for
the two-phase flow in the horizontal discharga
pipe in Fig. 1. In this chapter, the two-phase
one-component critical flow models developed by
Fauske [6,7], Moody [8], and Levy [9,10] will be
briefly reviewed, the methods of computing the
critical flow rate, stagnation enthalpy, and
steam quality based on these models will be dis-
cussed, and the results will be presented in an
eagy-to-use form suitable for geothermal well
testing purposes. Finally, a comparison of re-
sults based on James' method and those predicted
by theoretical models will also be made.




The common assumptions employed in these one-
component two-phase critical models are:

1. An ammular flow pattern is assumed.
Each phase is represented by "lump"
nature and assumed to be flowing with
a single mean velocity in the direction
of the flow (see Fig. 4).

2. Velocity slip occurs between the two
phases.

3. The flow is adiabatic and one-
dimensional.

4. Static pressure at any cross section is
the same for both phases and is uniform
along the cross section.

5. Both phases are assumed in local equili-
brium with each other. This assumption
is supported by several experimental
studies on the duration of non-
equilibrium states [10]. As a result
the analysis is considerably simplified
because considerations for interfacial
heat and mass transfer are not
necessary.

6. The flow is steady. The implications
of this assumption was discussed by
Moody [11] who shows that this assump-
tion together with the critical flow
condition, dG/dp = 0 (where G is the
mass flow rate per unit area and p is
the static pressure) would lead to the
satisfaction of sonic flow at the crit-
ical conditions.

With these assumptions, the.continuity equa-
tions for the vapor and liquid phases are

m_= xGA , (2.1a)

=
{]

(1 - x)ea , (2.1b)

vhere ﬁg and mf are the mass flow rate of vapor
and liquid respectively, x is the steam quality,

A the cross sectional area, and G the total mass
flow rate per unit area. It follows from Eq. (2.1)
that the velocity of the vapor phase (ug) and that
of the liquid phase (uy) are given by

u, = vag/u , (2.2a)

up = a(1 - x)vf/(l -a) , (2.2b)

where Vg and vy are the specific volume of the
vapor and the liquid, and a is the void fraction
defined as a = Ag/A and consequently 1 - o = Af/A,
with Ag and Af denoting the areas occupying by the
vapor and liquid water respectively. Elimination
of G between Eq. (2.2a) and Eq. (2.2b), gives

o=t (2.3)
14 k(l-x) 'f
X v
g

where k is the slip ratio defined as

k = ug/uf (2.4%)

The momentum equation for the liquid phase is

d(mau,) u.dm
°f £f _

~Apdp - dF, - — t =0, (2.5a)

c c

while that of the vapor phase is
gy a
-A dp - dF_ - —=5- =0, 2.

P~ Ve T, Tl (2.50)

where g, = 32.2 lbm—ft/lbf—se02 (for the British
Engineering system), dFs and ng are the frictional
force applied to the liquid and vapor phases re-
spectively. Adding Egs. (2.5a) and (2.5b) and
noting that dmf = -dmg, we have the following
momentum equation for the mixture

-Adp - —g—l— a( (2.5¢)

+mu) -df =0,
A g

Dele

where dF = dFy + dF,, = (fG2Av/2gCD)dz is the total
frictional force ovér dz, with v denoting some
specific volume for the mixture, D the diameter
of the pipe and f the friction coefficient.

The energy equation for the adiabatic one-
dimensional annular two-phase flow is

2 2
h, = x hg + Eéff + (1 - x)(hf + EEZT) , (2.6a)

where hy is the stagnation enthalpy, he and hy are
the enthalpy of the liquid and water vapor ang J
is the conversion factor (J = 778 ft-lbp/Btu).
With the aid of Eqs. (2.2), the above equation
can be rewritten as

2
_ G
by = [he(1-x) + hgx] + %7 [E], (2.6b)
I;3v 2 (1 - x)3vf2
where E = 2g + 51 (2.6b)
Lo (1 - o) '

Equations (2.1)-(2.6) are the governing equations
for one-component two-phase flow based on the
annular flow pattern.

2.2 Fauske's Model

The first step in Fauske's analysis [6,7]
is the identification of the specific volume v
in the annular two-phase flow. This can be
achieved by substituting Egs. (2.1) and (2.2)
into Eq. (2.5c) to given

2 2
2( [x°v (1-x)v
g_{&f' g . f] fvdz} +dp=0

g, [ Ta |t = (2.7a)

Fauske compared Eq. (2.7a) with the single-phase
equation

2
G [&v' +
€

(2.7b)




and noted that these equations are identical in
form if the specific volume v for the two-phase
flow is defined as

2 2
(1-x)%v x“v
f g
(l—OL) + a . (2.8)

v =

Substituting Eq. (2.8) into Eq. (2.7a), it can
be shown that the pressure gradient at a given
location is a function of G, x, and k. For the
annular two-phase flow, Fauske [6] proposed that
at the critical flow condition the absolute value
of the pressure gradient at a given location is
maximum and finite for a given flow rate and
quality, i.e.,

<EE> = maximum and finite . (2.9)
z G,x

It follows from Eq. (2.9) that the critical condi-
tion occurs if

3 (dp _
5E’<dz>G =0 . (2.10)

Substituting Eq. (2.8) into Eq. (2.7a) and per-

forming the differentiation with respect to k as
indicated by Eq. (2.10) leads to

gf[g_%? L Ly ﬁgg] o, e
which implies

& =0, (2.12a)

& =0, (2.12b)

Equation (2.12b) was experimentally verified by
Fauske [5] with the interpretation that f goes
through a maximum at the critical flow cross
section. Equations (2.12a) and (2.8) lead to the
following expression for k at the critical flow
cross section

v
kM = ;f . (2.13)

Substituting Eq. (2.13) into Eq. (2.3), Fauske
obtains the following expression for void fraction
at the critical flow cross section

Oy = 1 . (2.14)

M [1 . L:E(IE)I-QJ
X \Ve/

Integrating Eq. (2.7a) between P, and P, differen-
tiating the resulting equation with respect to p,
and then imposing the critical flow condition
dG/dp = 0, Fauske obtains the following expression
for the critical flow rate

8k

In arriving at the expression given by Eq. (2.15),
the term dve/dp has been neglected in comparison
with the term dv_/dp which is valid for pressures
up to 400 psia. ~To evaluate the term dx/dp in
Eq. (2.15), Fauske [5] assumed that the flow is
at constant enthalpy, i.e., dh = 0 where

h=h

+ xh (2.16a)

£ fg °

Differentiating Eq. (2.16a) with respect to p and
noting dh = 0, we have

'dh dh
de_ 1, _fg] (2.16b)
dp hfg dp dp

Thus, for given values of lip pressure and
steam quality, Eq. (2.15) together with Eq.
(2.16b) can be used to compute the critical
flow rate with the aid of a steam table. After
the critical flow rate has been obtained, the
welr flow rate can be computed according to Eq.
(2.1b) which gives

W= ﬁf/A = (1-x)G,, , (2.17)

while the stagnation enthalpy can be computed
according to Eg. (2.6b) with the aid of Eq. (2.1k).
Computations for the critical mass flow rate,

weir flow rate, and stagnation enthalpy were car-
ried out for lip pressure in the range of 14.7
psia to 150 psia with saturated properties given
by a steam table [12]. Results are presented

in Figs. 5 and 6.

For geothermal well tests, the weir flow rate
and lip pressure can be measured. Thus, steam
quality and stagnation enthalpy can be determined
from Figs. 5 and 6. The total mass flow rate
can be computed according to

W
Oy = T30 - (2.18)
2.3 Moody's Model

Using the continuity equations (2.1a), the
energy equation, Eq. (2.6a), and with the aid of
Eq. (2.4), Moody [8] obtains the following expres-
sion for the mass flow rate per unit area

dv
dp

_ (2ggI (R xhp - (1-x)he] 172
G = (2.19)
[xv_ + (1-x)kv ]2(x s X
g f k
If an isentropic process is assumed, then
SO =g = sf + xsfg s (2.20)
85"8¢ 5,-8,
from which x = S and 1-x = 5 .
fa fg
1/2
{2.15)

& [Qxsiqux] + v (Le2g-2x) 1 vilg [2x(1-kgy) + (lg-2)]




Substitution of Eq. (2.20) into Eq. (2.19), Moody
{8] obtains

E{& 1/2
2gcJ[ho - hf o (so—sfﬂ
G 5 g ,  (2.21)
[A]°([B]
k(s -s )v (s -s.)v
where A = % o £ + g f' g ’
: fg fg
s -8 s -8
B = o f + g o] ,
Seg ks
g fg

which clearly shows that G is a function of k and
p when hy and so are known. It follows that G is
a maximum when

3Gy _
5 b= 0, (2.22a)
Gy _
(5)k =0 . (2.22b)

Imposing condition (2.22a) on Eq. (2.21) leads to

o, - <§E> 1/3’

f

(2.23)

which shows that k depends only on p at the maximum
flow rate. Equations (2.21) and (2.22) with the
well known thermodynamic relationships lead to the
following expression for the maximum flow rate

per unit area in terms of the local properties

- g c
Oy =8 T7 oTad 750 - (2.242)

with

a = ko + X (v - ko)

the continuity equations (2.2) into the momentum
equation for the mixture, Eq. (2.5¢c) with the
frictional force neglected, leads to

av 1/2
G = l:-gc/(gﬁ} s

where v is given by Eq. (2.8). The above equation
for G will be maximum when the process is isen-
tropic, i.e.,

(2.25)

4 1/2
= av
Gy = [_gc/(dp s] (2.26)
To evaluate (%%)s’ Levy [9] noted that
v = vip,x) , (2.27a)
av =0 dp + (D) & (2.27b)
op’'x oX'p ? .
so that
&\ | Yy, (B (&
(B, = e+ GRp@s - (2270)
. . s v v
To obtain the partial derivatives (Bp x and (ax p’

Levy used the relationship between x and o which
he obtained as follows. Dividing Eqs. (2.5a) and
(2.5b) by Ar and Ag respectively and subtracting
the resulting equations from each other yields
2 2 -

d[pgAgug + pfuf] - Appugdu, =0 . (2.28)
With the aid of Egs. (2.2), Eq. (2.28) can be
rewritten as

b= l/kM2 + XM(l - l/kMQ) s
= (2.24D)
¢ = ~(Vey + XyVea)
— 2 2
s! s! (s, k) (s, k°)' s q
- |l _ £ __f¢g fg _ _fe
i S Ste  k's T T Seglu
|~ “fg fg M
[ kv \' kv v v_\! kv, \!'
_ f f g g f
e =18 — ] +[—=]s! - [—&—]s! - —_—
£ < ) < >s < >s + s ( s s
L. g ng sfg g sfg £ M XM fg sfg fg sfg M
where ky is determined from Eq. (2.23), J'=J/1h}4
and primes denote derivatives with respect to p. a (- )2 2 P 4 (1-x)
With Gy thus obtained, the stagnation enthalpy was Ei'zitzj_'+ x °f E___:E_E. =0 , (2.29)
obtained by substituting Gy into Eq. (2.21) and o o Py (1-0)
the weir flow rate is obtained from Eq. (2.18).
The results of the computations for lip pressure which can be integrated to give
from 14.7 to 150 psia are presented in Figs. 7-8. 5 5 5
(1x)° xPr 1 (=) (2.30)

2.4 Levy's Model

Levy [9,10] assumed that frictional force is
negligible in his analysis. The substitution of



where the condition that ¢ = 0 at x = 0 has been
imposed. From Eq. (2.30), Levy [10] cobtained a
relation between o and x as

2 Vg 2
a(l-2a) + o 4/(1-2a)° + af2 - (1-0)° + a(l-2a)
f

X = V (2.31)
2
s )(1 a) a(1-20)
The partial derivatives ( ) and Ca! in Eq.
(2.27¢) can now be obtalned by dlfferentlatlng
Egs. (2.8) and 2.31) to give v
_ 5 2(1-x)vf 2xvf (1—x)vf
[ve (1-2)7) |71 o 5 v (1-x)
( - _ (l-a) f (2 32)
x’p ~ I 3 - 5 .
2 X 2 (1-a)
3 (1-x) (1-x)
(1-a) Ve 5 - - Ve 3
(1-a) (1-a)
[v Qex ij [& (32) - (?Yg)]
vy _ Lf @ Ve \dp dp 1 (% (1-x)°
05—)X = 5 5 \3 1+ (2.33)
P 2 xv 2 = \dp (1-a)
(1-0)3|v =" " g _, (x)
£ (l-OL)2 o f (l—a)3
Finally, the partial derivative (%%)s in Eq. finite for a given flow rate and quality. The
. . criterion is given by Eq. (2.9) which led to the
(2.27¢) can be cbtained as follows. Slncel slip ratio given by Eq. (2.13). On the other
_ - s A hand, Moody [8] used the continuity and energy
s = s(x,p) Sf(l x) +x Sg ? (2.31) equations and assumed that the slip ratio at the
exit to be an independent variable to maximize
and for an isentropic process the flow rate with respect to both k and p. This
" _ criterion is given in Eq. (2.22) which led to
ds = (ap)x dp + Ei)p &x =0, - (2.39) the slip ratio given by Eq. (2.23).
so that . Levy [10] departed from the two models in
s dsf determining the slip ratio k. He used his
ix Erﬁx (1-x) )+ x(==) method of momentum exchange to obtain a relation
(FHls = - Bg = - s s (2.36) between void fraction and steam quality as given
P : (Si)p _ g~ °f by Eq. (2.31). Thus, while Fauske and Moody found

Thus, for given values of p-and-a, the steam
quality can be computed according to Eq. .(2.31) -

while ‘the mass flow rate. can:be computed-according

to Ba. (2.26), together with-Eqd: (2.27¢),-(2.32),
(2.33) and (2.36) and with steam properties.given
by a steam table [12]." Computations were-carried
out for lip pressures from 1%, 7 to 150 psia: and--
the results are plotted 1n Flgures 9 ‘and 10 -

4 ST

2.5 Results and Dlscu551on T I T

¢ ot - froae

The three theoretlcal models ‘for “the- computa—
tions of critical mass flow raterdiffer. fr¥om one"
another in essentially :three aspects: -(i)-assump-
tions employed, (ii) governing equations -used; and
(iii) the criterion for two-phase critical:flow .
to occur: The last assumption: leads to different
expressions for slip ratio at the critical
condition.

Using the continuity and momentum equations,
Fauske [6] proposed that at the critical flow
condition the pressure gradient is maximum and

that the exit slip ratios as given by Egs. (2.13)
and (2.23) are independent of the steam quality
X, Levy found'that the slip ratio increases with
steam quality.. Levy [10] also found that the
predicted crltical flow rate agrees better with
experlments if the stagnation emthalpy is computed
accordlng to the homogeneous model, i.e.

Lho'_ h (l—x) + hgx + G vH/QgCJ, (2.37)

xvg,+ (1 x)v

A comparison of results based on. the three
crltlcal flow models to those of James' empirical
method are shown in Table 1. Note that although
the James' formulae were obtained for lip pressure
‘below 64 psia, it is shown - that they are in good
agreement with the results based on theoretical
predictions even above 64 psia. In fact, results
based on James' method are within 8% deviation
with the results based on the three theoretical
models for the whole range of lip pressure
considered.

where VH




Table 1

COMPARISON OF RESULTS OBTAINED BASED ON JAMES' METHOD
AND OTHER THEORETICAL MODELS

Case # p W h

(psia) __lbm
ftz-sec

1 4.7 40

2 25.0 85.5

3 60.0 226.0

4 100.0 105.0

5 150.0 53.0

It is important to note while Moody [8] and
Levy [10) assumed isentropic flow in their models,
this assumption was not being made in Fauske's
model [6,7]. For this reason, Fauske's model cen
be used to determine the pressure gradient
behavior in the approach region to the critical
flow as will be discussed in Chapter V.

THE EFFECT OF NON-CONDENSIBLE GASES ON THE
WELLBORE DISCHARGE CHARACTERISTICS

3.1 Background

In a hot water geothermal area, the presence
of gases (such as COs) in the discharge from the
wells or fumaroles has been found quite common,
e.g., the Wairakei geothermal field in New Zealand
and the Larderello geothermal field, in Italy.
These non-condensible gases in the steam have an
influence on the designed condenser pressure and
therefore on the power output [13,14]. The pres-
ence of non-condensible gases affects the critical
discharge pressure of steam due to the partial
pressure of gases present in the gaseous phase of
the two-phase flow. James [14] altered his empir-
ical method [4] in order to take into account the
change of steam pressure as follows: The measured
1lip pressure p is amended to a smaller value
according to an empirical formula

p' = p(l-y/3.2) , (3.1)
where p' 1s the amended pressure psia, and
weight of 002 present in steam phase
y= .(3.2)

weight of steam

tu

&

800.
736.
749.
745.

750.
698.
711.
72k4.

715.
697.
709.
734,

985.
1004 .
1005.
101k4.

1130.
1148.
1149,
1151.

OO VUVIUVITO OO0 PDHYJO FOVO

GM X Method
1bm )
ft2-sec
95.1 0.58 James (J)
88.4 0.5% Fauske (F)
89.9 0.55 Moody (M)
91.8 0.54 Levy (L)
170.0 0.50 J
164.5 0.48 F
167.9 0.4%9 M
171.2 0.50 L
415.4 0.46 J
403.3 0.4h F
412.0 0.45 M
423.9 0.48 L
476 .6 0.78 J
419.8 0.75 F
425.2 0.75 M
432.6 0.76 L
590.0 0.90 J
523.% 0.90 F
528.9 0.90 M
538.6 0.90 L

The usual procedure for the determination of G
and hy are followed with the new value of p' and
the measured weir flow rate.

In order to evaluate this modified method,
Fauske's model [6] will now be extended to include
effects of the extra components in gaseous phase
of the two-phase flow. A comparison of the re-
sults with James'! modified method will aso be
made later in this chapter.

3.2 The Extension of Fauske's Model

In this section, we shall extend Fauske's
one-component two-phase model to include the
presence of the non-condensible gases. From the
gas solubility charts given by Ellis [15], it can
be concluded that the mass distribution of all
the non-condensible gases present in the geo-
thermal fluid lie mainly in the vapor phase.
Moreover, as water starts flashing in the well-
bore, most of the gases dissolved in the fluid
are liberated into vapor phases. In the fol-
lowing we shall assume that the fraction of COp
gas present in the steam-water mixture is con-
stant in the wellbore. As in the Fauske's orig-
inal two-phase flow model, an annular flow pat-
tern will be assumed where COo gas and the steam
will be moving with the velocity ug while that
of the liquid is uf (see Fig. 11). 1If o is the
fraction of the CO2 gas present with respect to
unit mass of steam and water, it follows that

meo
2, (3.2a)

Q
1
.
+
=]
s

(3.2b)
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with ﬁCOg, ﬁg, and ﬁf>denoting the mass flow rate

of €Oy, vapor and liquid respectively. With the
aid of the continuity equation C

GA = mgg, + m, + mp (3.3)
It can be shown from Eas. (3.2) that

I;1002 = _(%y s (3-)'}3-)
- _  x0A ‘
Ly = Tito) (3.4b)
« _ (1-x)GA
mf = —(m)— . (3.140)

The momentum equation for the two-component,
two-phase mixture is
9}3‘151_[' ; -]gF_z
Tt e, dz (mgo, + mg)ug + maue | + g = 0. (3.5)

From Eqs. (3.4), it can be shown that

(x+o)va
ug = W s . (3.6a)
(l—x)Gvf
Ur T (o) (T-a) ° (3.60)
where
v, F VgVCOQ/(Vg+ Ycoe) - (3.7

Eliminating G from Egs. (3.6a) and (3.6b) and
solving for o, we have - :

(x+0)vm
o= (1—x)vfk + Tx+o)vm

(3.8)

Substituting Egs. (3.4), (3.6) and (3.8) into
Eq. (3.5) leads to .

2 N
dp _ Gjdv  fv :
a“rzl— __Ezl:‘i?+—éﬁ] s | (3.9a)

where
(1-x)[(x+0)vm + k(l—x)vf]

v:
(l+o)2k

(x+c)[(x+0)vm + k(l—x)vf]

+

(3.9b)
(l+o)2

It follows from Egs. (3.9) that %% is a function
of G, x, o and k. Fauske proposed that %% is

maximum for the critical flow occur. Thus, for
fixed values of G, x, and o, the critical condi-
tion is therefore

dp, .
(&

Tk ‘dz’G,x,0 0. (3.10)

Differentiating Eq. (3.9a) with respect to k
according to Eg. (3.10) leads to Egs. (2.11),
(2.12a) and (2.12b). The condition of Eq. (2.12a)

gives
m
k.M= ';; H (311)

Integrating Eq. (3.9) and making use of the crit-

ical condition %% = 0 yields

GM = (l+o)[—gc/(a+b ) (3.12)

where

8 = %{[-2(1-;:) + k(1-2x-0) Jv,

+ [(1-2x—o)/k+2(x+o)]vm} s

dv

b an [ (1-x) (x+0) /k+ (x40)2] .

' dv
Note that since_agg-is small in comparison with

dvy dve .
& the term Tl has been neglected in Eq. (3.12).

The stagnation enthalpy hg can be calculated
based on the homogeneous flow model as follows.

2

Gv.
hy = | Bp(1-%) + hegy 0 + Bx + %S | (3.13)
where vy = {Vf(l—x) + vm(x+o)}/(l+0) . (3.14)
The weir flow rate w is expressed as,
w = Gy(1-x)/(1+0) . (3.15)

For the special case of o = 0, Egs. (3.2)-(3.15)
reduces to Fauske's model discussed in section 2.2.

The enthalpy of the liquid and steam phases
can be calculated using the subprogram WASP [16],
whereas the enthalpy of COs can be calculated by
integrating the specific heat correlation [187,
i.e.,

oo, = fcpmduv , (3.16)

3 6
with o = 16.2 - £:2300)° | LMQA0)" = (3.17)
p T‘ T2
where cp‘as in BTU/mole—°F-ahd T in degree
Rankine. : _

Tﬁe partial préssure (in lbf/ft2) of COo
according -to the ideal gas law is,

STy
o0 = TR0, - (3.18)

where vg and T are respectively the specific
volume %ft3/lbm) and saturation temperature cor-
responding to Pg- The partial pressures of COgand




steam phase are added up to give the pressure p of
the liquid phase, as

_ _ 35.11
P-%%+Pg‘ﬁw:ﬂ+Pg-

g

(3.19)

For given values of p_. and y, the lip pressure
p can be calculated according to Eq. (3.19). We
now attempt to find a relationship between py and
p in a form similar to Eq. (3.1). To this end,
we shall assume the functional relationship between
pg and p as

P, = p(l-y/m) , (3.20)
which can be solved for m to give
- _PY .
m = .21
= (3.21)

For prescribed values of y and Pg, P can be found
from Eq. (3.19) while m is determined from Eq.
(3.21). The computed results for m versus p for
selected values of y are presented in Fig. 12. It
is noted from the figure that the value of m can
be fitted by two straight lines as

m= (2.4 - 9.6(107) (p-14.7) + ¥1 ,
for 14.7 < p < 100 psia (3.22)
and _y
m = [2.378 - 7.7(10" ')(p-100.0) + y] ,
for 100 < p < 200 psia. (3.23)

For the 1lip pressures in the range of 14,7 psia

to 150 psia and at different values of y, pg can
be computed according to Eq. (3.20) while Gy, hg,
and w can be computed according to Egs. (3.12),
(3.13) and (3.15). The results of the computations
are presented in Figs. 13-18, where the steam
pressure pg is used as one of the variables in

the plots.

3.3 Results and Discussion

For a given set of values of lip pressure
and weir flow rate, Table II shows that the effects
of the presence of COp» gas are:

1. The total mass flow rate G decreases.

2. The vapor pressure is smaller in mag-
nitude than that of the lip pressure
because of the partial pressure of COo
gas.

3. The specific enthalpy of the vapor
phase is smaller due to the reduced
. vapor pressure as well as the reduction
of steam content as a result of the
presence of the non-condensible gas.

A comparison of results Based on the modi-
fied James' method to the theoretical predictions
based on the present work is presented in Table
III. It is shown that the modified James' method
gives a higher critical flow rate than that of the
theoretical predictions based on the extension of
Fauske's model. Since it was found in Chapter II
that the critical flow rates given by the three
models do agree within 8% with each other, no

effort will be made for the extension of other
models for the investigation of the effects of
non-condensible gases.

THE EFFECT OF DISSOLVED SOLIDS ON THE WELLBORE
DISCHARGE CHARACTERISTICS

4.1 Background

In a hot water geothermal area, the presence
of dissolved solids in the discharge of the wells
has also been found of common occurrence, e.g. as
much as 30% in the Salten Sea geothermal fields.
Since all three two-phase critical models give
the critical mass flow rates within 8% with each
other, only Fauske's model [6] will be used to
investigate the effects of dissolved solids on
wellbore flow characteristics in this chapter.

As sodium chloride proportion is quite large in
the portion of dissolved solids, it introduces
little error to assume that sodium chloride is

the only solid dissolved in the wellbore discharge
water.

4 2 An Extension of Fauske's Model

Fauske's model as described in section 2.2
will now be extended to include dissolved salts.
The governing equations are the same as those in
section 2.2 except that instead of a steam table,
properties of saturated brine will be used for
computation. The saturation properties of brine
solution are calculated using the simple method
given by Dittman [19] with the aid of a WASP
subprogram [16]. It is assumed that the dissolved
salt does not precipitate in the wellbore. The
mass flow rate G, weir flow rate w (which contains
dissolved salt), and stagnation enthalpy hy of the
brine solution were computed for a range of lip
pressures from 14%.7 psia to 150 psia. The results
are plotted in Figs. 19-28 for various weight
percentages of the salt in the brine solution.

4.3 Results and Discussion

For a set of readings of lip pressure (p)
and, weir flow rate (w), and salt content (by
weight percentage) in the discharge (as determined
from a chemical analysis), the corresponding mass
flow rate, the stagnation enthalpy, and steanm
quality can be determined from Figs. 19-28. Note
that the precipitation of the salt in the steam
separator may result in weir flow of less salt
content. Thus, the weir flow rate readings must
be corrected before using Figs. 19-28, which are
computed for the particular salt content at the
critical flow cross section.

The effects of dissolved salt on the flow
rate, steam quality, and weir flow rate for the
same lip pressure and stagnation temperature are
reported in Table IV. It is shown that with the
increase of salt content, both the total flow
rate and the weir flow rate increase while the
exit steam quality decreases. For a geothermal
field such as the Imperial Valley where 30%
dissolved salt exists in the wellbore, its effect
on the total mass flow rate and exit steam quality
is quite significant, as is shown in Table IV.



Table II
EFFECTS OF CO» ON THE WELLBORE DISCHARGE CHARACTERISTICS

Pe w ' y GM pg hg
(psia) lbm 1bm (psia) (ggg)

£t°-sec ££°- sec CE Lbm
15.0 107.5 0.0 153.9 15.0 1150.9
g 0.05 153.6 14.7 1150.5
2.0 - 30.0 0.0 116.6 26.0 1161.5
' 0.1 112.4 25.0 1160.7
16.0 40.0 0.0 92.6 16.0 1152.1
0.2 89.5 4.7 1150.5
4.0 100.0 0.0 $270.2 54.0 1175.6
0.2 258.3 50.0 117%.1
156.0 670 0.0 1090.0 156.0 119%.7
0.1 1084.3 150.0 119%.1

Table III

COMPARISON OF RESULTS BASED ON THE MODIFIED JAMES' METHOD
AND THE MODIFIED  FAUSKE'S MODEL FOR WELLBORE DISCHARGE WITH COp

W P y GM Method
1bm . 1bm
<2—> (psia) <2——>
ft"+sec ft~-sec
50:16 15.01 0.05 89.42 Modified James'
‘ Method (MJ)
79.68 Modified Fauske's
’ . Model (MF)
255.66 54,21 - 0.2 46,0 MT
413.71 MF
Table IV

EFFECTS OF DISSOLVED SALTS ON THE WELLBORE DISCHARGE CHARACTERISTICS

P Ty Salt % Gy W X

(psia) (F°) by Weight 1bm 1bm )
ft2-sec ft2-sec

60.00 . s00 . o 659 507 0.23

o 5. . 663 570 0.23

2100 - - 737 ~ 589 0.20

.15 799 655 0.18

200 860 720 0.16

25 915 (CH 0.15

OO0 OOOOOO

.30

LT4
.71
.57
.51
.63
.57

.36




THE EFFECTS OF LIP PRESSURE TAPPING POSITION
AND PIPE DIAMETER

5.1 Background

The accurate lip pressure measurements are
of crucial importance for the determination of
wellbore discharge characteristics in James'
method. Since it is impossible to measure lip
pressure precisely at the critical flow at the
exit, James suggested to take the lip pressure
measurements exactly 1/4" away from the exit in
order to make the method consistent for use.

In order to investigate the effects of the pres-
sure tapping position and the diameter of the
horizontal pipe on the lip pressure measurements,
it is important to know the pressure drop behavior
especially in the approach region to the critical
flow.

It should be noted that the pressure drop
behavior is due to friction and momentum losses.
Thus, Moody's and Levy's models cannot be used for
analysis because they assumed the isentropic flow
behavior. This assumption was not made in
Fauske's model, thus allowing the prediction of
the pressure drop behavior in the approach region
to critical flow.

The procedures employed by Fauske for the
investigation of pressure gradients in a pipe is
as follows. First, the critical mass flow rate
is computed according to Section 2.2. Equations
(2.7a) and (2.8) are then integrated numerically
with the void fraction and steam quality given
by Eq. (2.14). The friction factor for Eq. (2.7a)
was obtained by Fauske based on his own experi-
mental data for the approach region to the two-
phase critical flow. Fauske's approach has been
subjected to criticism for the following reasons
[20]: (1) Fauske's friction factor correlation
is a function of quality only and hence is prob-
ably restricted to pipe geometries and conditiomns
employed in the test apparatus, (2) the void
fraction and steam quality relation given by
Eq. (2.14) is only valid in the region close to
the critical flow cross section, and (3) no cor-
relation for friction factor is provided for
further upstream region.

An improved method has been suggested by
Nahavandi and Von Hollen [20] who employed the
modified -Armand void fraction

o = [0.833 + 0.167_:_{] —_
xvg + il—xivf g

(5.1)

when performing the numerical integration of Eq.
(2.7a). The method uses an iterative procedure
for the numerical integration of the governing
equations to determine the critical mass flow
rate while finding the pressure and local steam
quality in the process. As an input to the
method, the knowledge of upstream conditions is
required in order to calculate the pressure drop
behavior and the critical mass flow rate.

In the present work we would like to study
the pressure gradient behavior for exit pressures
in the range of 14%.7 psia to 150 psia with pipe
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diameters of 3", 6" and 8" (which were the pipe
diameters used in James' experiments). To perform
the analysis, Nahavandi and Von Hollen's method
will be combined with Fauske's, thus allowing

the accurate calculations of pressure gradients in
terms of exit pressures.

5.2 Analysis of Pressure Drop Behavior

The governing equations adopted will be the
same as Fauske's i.e., Eqs. (2.7)-(2.18). How-
ever, when Eq. (2.7a) is integrated numericaly,
the void fraction is not given by Eq. (2.1%) but
by Eq. (5.1) while the friction factor is deter-
nined from the standard plot [21] where the fric- |
tion factor is a function of pipe roughness and
the two-phase Reynolds number defined as

Np = GD[x/ug + (1-x)/upl (5.2)

where u, and up are the dynamic viscosity of vapor
and liquid respectively. For given values of lip
pressure and steam quality at the exit (i.e.,

at z'=0), the numerical integration of Eq. (2.7a)
will be proceeded as follows: (i) calculate the
mass flow rate using Fauske's model as described
in Section 2.2; (ii) calculate hy from Eq. (2.6b),
and (iii) for a given pressure greater than the
lip pressure, the corresponding distance Az from
the critical flow cross section upstream can be
computed by integrating Eq. (2.7a) with void frac-
tion given by Eq. (5.1), if the local steam quality
upstream is known. To determine the upstream
steam quality, an iterative process will be used
to solve the following equation:

2
_ -bxV b -lac
. _ Al 2
with a = GM(vg—vf) /2gcJ s
_ 2 2
b = hfg + GM(vf)(vg—vf) /2gcJ ,
¢c=-h +h, + G2/2g 7(v.2)
o) f M ®Sc™'fF ’

where the right-hand side of Eq. (5.3) can be
evaluated if a trial value for the steam quality
is assumed. An imporved value for x is then given
by Eq. (5.3), which is the energy equation based
on the homogeneous model. The simple homogeneous
model for the computations of the stagnation
enthalpy is adopted here because it is known that
it compares better with experiments [10]. Note
that choosing small pressure steps would lead to
a better answer as the frictional drop term was
approximated by the mean value for Np and the v
for the particular step. For geothermal applica-
tions, it is estimated that the friction factor
is approximately equal to 0.015 from the chart
given by Moody [21]. Computations for pressure
distribution were obtained for exit pressures from
14.7 psia to 150 psia and with pipe diameters of
3" and 6", Results are presented in Tables V
and VI, Pressure distribution for cases 1 and 4
in Table V and VI are plotted in Figs. 29 and 30
for comparison.



Table V

PRESSURE DISTRIBUTION IN THE APPROACH REGION
TO CRITICAL FLOW IN A 3" PIPE

Case X hs) Cogt

(psia) (£t)

i 0.2 4.7 0
16.1 0.98
16.9 1.58
17.6 2.49

ii 0.8 28.0 0
27.5 1.17
30.0 2.27
31.2 2.98

iii 0.4 40.0 0
4y .0 1.11
46.0 1.71
48.0 2.37

iv 0.4 100.0 0
105.0 0.31
110.0 0.73
115.0 1.36
120.0 2.06

Table VI

PRESSURE GRADIENT BEHAVIOR IN THE APPROACH

REGION TO CRITICAL FLOW IN A 6" PIPE
Case X P z!
(psia) (ft)
i 0.2 1.7 0

16.1 1.97

16.9 3.16

_ 17.6 4.98

ii 0.8 25.0 0.0
27.5 2.35

30.0 L4, 5h

31.2 5.96

iii 0.4 40.0 0.0
44 .0 2.22

46.0 3.42

48.0 b7y

iv 0.4 100.0 0.0
105.0 0.624

110.0 1.46

115.0 2.73

120.0 4,12

5.3 Results and_ Discussion

Figures 29 and 30 show that for the same
lip pressure and exit steam quality, the pressure
gradient at the exit is steeper for smaller dia-
meter pipes. It can be concluded from these
figures that if the pipe diameter is larger than
6", the lip pressure measured at 1/4" from the exit
would not be significantly higher than that at
the exit, thus will not affect the determination
of the critical flow rate. However, significant
errors in lip pressure measurements will be intro-
duced if the pipe diameter is smaller than 6"; the
errors increase as the lip pressure is increased.
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CONCLUDING REMARKS

A theoretical study based on two-phase crit-
ical flow models has been performed to evaluate
James' empirical method for the determination of
geothermal wellbore discharge characteristics.
The following conclusions are obtained:

1. The James' empirical method for the
determination of stagnation enthalpy,
steam quality, and total flow rate are
within 8% from results predicted from
one-component two-phase critical flow
models of Fauske, Moody, and Levy.

When the wellbore discharge contains a
substantial amount of CO,, the determina-
tion of discharge characteristics based
on the modified James' method agree with
those predicted based on a modification
of Fauske'!s model to the same degree of
accuracy.

3. An extension of Fauske's theory shows
that if a large amount of dissolved salts
exist in the discharge, the straight-
forward application of James' method for
the determination of discharge charac-
teristics will lead to serious errors.

4. VWhen the lip pressure is low and the
discharge pipe diameter is equal to or
larger than 6-inches in diameter, the
pressure gradient in the approach region
of the critical flow is small such that
the lip pressure measurements taken
within 1/4-inch from the exit would not
affect the accuracy of the determination
of the critical flow rate.
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