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ABSTRACT 

Simulation of two-phase flow in wellbores requires use of 
empirical correlations for liquid holdup. Use of currently avail- 
able holdup correlations often yields widely differing results for 
geothermal wells. This paper reports results of an ongoing effort 
to develop new holdup correlations for geothermal applications 
using high-quality discharge and downhole data from flowing 
geothermal wells. The latter data set encompasses a wide range 
of discharge rates and flowing enthalpies. Development of a pre- 
liminary holdup correlation for the cased section of geothermal 
boreholes is described. 

Introduction 

The ability to predict both the quantity of fluid that can be 
produced and its thermodynamic state (pressure, temperature, 
enthalpy, gas content, salinity, etc.) is essential for estimating the 
total usable energy of a geothermal resource. Numerical reservoir 
simulators can be utilized to calculate the thermodynamic state of 
the fluid at the underground feedzone(s) at which the fluid enters 
the wellbore. The computation of the wellhead fluid properties 
from a given underground state (or vice-versa) requires the use of 
a wellbore simulator. The fluid flow in the wellbore is not ame- 
nable to strict analytical treatment. Existing methods for treating 
two-phase flow in a wellbore require use of empirical correlations 
for liquid hold-up (Because of slip between the gas and liquid 
phases, the flowing gas quality QI is generally different from the 
in situ gas quality Qs. The liquid hold-up correlation provides a 
relationship between QI and Qs.) and friction factor. Almost all 
of the existing holdup correlations (see e .g ,  Ansari et al., 1994; 
Aziz et al., 1972; Beggs and Brill, 1973; Duns and Rosy 1963; 
Hagedorn and Brown, 1965; Hadgu, 1989; Hughmark, 1962; 
Hughmark and Pressburg, 1961; Orkiszewski, 1967) are based 

on flow in two-phase petroleum (oil and gas) systems. At present, 
there does not exist a sufficient basis for selecting one or another 
of these correlations to simulate two-phase flow in geothermal 
wellbores. Utilization of different correlations very often yields 
widely differing results (see e.g., Finger et al., 1999). 

Recent availability of high-quality downhole pressure/ 
temperature/spinner logs from flowing geothermal wells suggests 
that it may be worth taking a fresh look at the empirical correla- 
tions for liquid hold-up. The present research effort is designed 
to develop new hold-up correlations for geothermal applications 
using data from flowing geothermal wells. As a result of a detailed 
examination of well data made available by Unocal and various 
Japanese developers, Garg and Pritchett (2001) identified 32 wells 
with high-quality discharge (mass discharge rate and enthalpy) 
and downhole pressure and temperature data. The data set en- 
compasses’ a wide range of discharge enthalpies ( i e . ,  moderate 
enthalpy wells producing from liquid feedzones, and wells with 
enthalpies approaching the enthalpy of saturated steam), and cas- 
ing diameters (ID’S ranging from 100 mm to 384 mm). As far as 
fluid composition is concerned, the data set is less comprehensive. 
The salinity and non-condensable gas content of most of the wells 
in the data set are less than 1.5% and 1% (mass fraction of the 
produced fluid), respectively. In any event, the present data set is 
eminently suitable for developing a new empirical liquid hold-up 
correlation for geothermal wells. 

To make the problem tractable, it was decided to at first con- 
sider only the cased section of geothermal wells. Obviously, the 
fluid flow in the cased section is much simpler than in the open 
hole/slotted and blank liner section. With the exception of the work 
by Hadgu (1989), all of the published papers treat two-phase flow 
in a pipe (i.e. , the cased section). The present paper is in the nature 
of a progress report. Our methodology for developing a hold-up 
correlation consists of using an existing wellbore simulator with 
an adjustable holdup correlation to match the downhole pressure 
profiles in flowing wells. These simulation results are employed 
to generate a multi-parameter (i.e., flowing and in situ qualities, 
in situ liquid and gas fractions, etc.) data set. The latter data set 
was then used to formulate a relationship between the in situ and 
flowing steam qualities. 
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Measured Vertical 
Depth Depth 

253.0 253.0 

(meters) (meters) 

Simulation of Fluid Flow 

Angle with Internal 
Vertical Diameter 

0.000 384 

(Degrees) (mm) 

rates, liquid salinity, gas content of steam) are (1) flowing enthalpy, 
salinity and gas content at the bottom of the cased interval, (2) 
holdup parameter, q and (3) interior roughness factor, E. 

To illustrate the computational procedure, it is useful to con- 
sider Unocal well A- 1. This well is cased and cemented to a depth 
of 793.1 mTVD (TVD: total vertical depth). The following well 
geometry is assumed for the cased section of well A-1: 

809.8 

The downhole pressure and temperature profiles in the cased 
portion of flowing wells were simulated using a specially modified 
version (see below) of the wellbore computer simulation program 
WELBOR (Pritchett, 1985). The WELBOR code treats the steady 
flow of liquid water and steam up a borehole. The user provides 
parameters describing the well geometry (inside diameter and 
angle of deviation with respect to the vertical along the hole 
length), a stable formation temperature distribution with depth, 
and an “effective thermal conductivity” as a function of depth 
representing the effects of conductive heat transfer between the 
fluid in the wellbore and the surrounding formation. For bore- 
holes with two-phase flow at the bottom of the cased portion, the 
fluid state is prescribed by specifying flowing pressure, flowing 
enthalpy, salinity, and gas content. 

In two-phase waterkteam flow, pressure and temperature are 
not independent of each other. For any reasonable value of effec- 
tive thermal conductivity K,,, the downhole flowing enthalpy may 
be adjusted to yield the appropriate pressure, and hence tempera- 
ture, distribution in the wellbore, and flowing wellhead enthalpy. 
Matching the pressure/temperature distribution in the wellbore 
and flowing wellhead enthalpy does not constrain the heat loss 
and downhole (e.g., at the bottom of the cased section) enthalpy. 
Since the flowing downhole enthalpy is not a measured quantity, 
it is not possible to determine a unique value for the heat loss in 
the presence of two-phase flow. It is, therefore, appropriate to 
eliminate effective thermal conductivity as a free parameter, and 
use a constant value for &. For almost all of the cases considered 
herein, K,n was assumed to be 4 W/m-”C. 

In WELBOR, the frictional pressure gradient is computed 
using the Dukler I (or Dukler 11) correlation (Dukler et ul., 
1964), and a user prescribed roughness factor, E. The Dukler IJ 
correlation gives a much larger pressure drop than the Dukler I 
correlation. Numerical experiments (Garg and Combs, 2002; also 
present study) have shown that it is usually necessary to use the 
Dukler I correlation in order to match the reported discharge rate 
and enthalpy data from geothermal boreholes. It was, therefore, 
decided to use the Dukler I correlation for the present study. The 
roughness factor, E, may vary with depth. For most of the pressure 
profiles considered herein, the roughness factor was assumed to 
be zero. In a few cases, it was found necessary to use a non-zero 
value for E. 

The relative slip between the liquid and gas phases is treated 
in WELBOR using a modified version of the Hughmark liquid 
holdup correlation (Hughmark, 1962). The slippage rate may vary 
between the value given by the Hughmark correlation and no 
slip at all, according to the value of a user specified parameter, q, 
which varies between zero (no slip) and unity (Hughmark). For 
the present application, the WELBOR code was modified so as 
to allow 77 to vary as a function of depth. For all of the pressure 
profiles considered herein, it was found that at most two values 
of q (and a small transition zone in between) were required to 
produce a satisfactory match between the measured and computed 
pressures. 

The principal parameters that may be varied to match the mea- 
sured conditions along the wellbore (pressure and temperature) 
and at the wellhead (pressure, temperature, steam and liquid flow 

793.1 14.068 315 

Vertical Depth 
(meters) 

Temperature 
(Degrees Celsius) 

I 0 I 26.67 I 

606 

793.1 

I 305 I 87.3 I 
201.7 

228.7 

The best match to the downhole pressure profile and wellhead 
fluid state (pressure, enthalpy, salinity, gas content) was obtained 
using the following values for the unknown model parameters: 

Flowing enthalpy at 793.1 mTVD 

Fluid (liquid + steam) salinity at 793.1 mTVD 

Fluid (liquid + steam) gas content at 793.1 mTVD 

Hughmark parameter, q 

= 1105 kJkg 

= 0.0115 kgkg 

= 0.00 18 kg/kg 

= 0.1 1 for depths < 400 m 
= 0.1 I + 0.0044 (depth - 400) for 

= 0.33 for depths > 450 m 
400 m < depth < 450 m 

Roughness factor, E 
= 0.00 mm for all depths 

The computed pressure profile is compared w the measure- 
ments in Figure 1; the agreement is excellent. The computed fluid 
state at the wellhead (fluid enthalpy: 1,093 kJ/kg, liquid-phase 
salinity: 13,990 ppm; steam phase gas content: 1.005 %) is very 
close to the measurements. 
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Figure 1. Pressure profile (triangles) recorded in discharging well A-1 . 
The squares indicate the saturation pressure corresponding to the local 
measured temperature. The solid line is  the computed pressure profile. 

An essentially identical procedure was used to fit the down- 
hole pressure and wellhead fluid state measurements for all of 
the thirty-two wells with high-quality downhole and wellhead 
data (Garg and Pritchett, 2001). The results of these computations 
were used to define the fluid state and associated quantities (e.g., 
liquid and gas velocities) in the cased section of all the wells in 
the data set. Somewhat arbitrarily, it was decided to use 21 equally 
spaced points along each downhole profile to create a data set for 
formulating a new holdup correlation. 

H o I d u p Cor re I at i o n Parameters 

Duns and Ros (1963) suggest that the various flow regimes 
that accompany two-phase flow in wells can be divided into three 
main regions depending on the gas throughput (Figure 2). The 
axis in Figure 2 denote the non-dimensional liquid, (NJ and gas 
velocity (N,) numbers: 

0.25 

Liquid velocity number, Nl = vlSl (z) 
Gas velocity number, Ng =.vgSg (;;)”” - 

Here vl (v,) is the liquid (gas) velocity, p[(pg) is the liquid (gas) 
density, SI (S,) is the in situ liquid (gas) volume fraction, g is the 
acceleration due to gravity, and a is the surface tension. Region I 
has a continuous liquid phase, and contains bubble flow, plug flow 
and part of froth-flow regimes. Liquid and gas phases alternate in 
region IT: covering the slug flow and remainder of the froth-flow 
regimes. Region 111 is characterized by a continuous gas phase, 
and contains the mist-flow regime. 

Data from two-phase geothermal wells are shown as dia- 
monds in Figure 2. Although the geothermal data lie in all the 
three regions, the bulk of these data are contained in Region 11. 
It is apparent from Figure 2 that geothermal wells are character- 
ized by relatively high liquid velocities such that only froth-flow 
(regions I and 11) and mist-flow (region IIT) are encountered in 
geothermal wells. Bubble flow, plug flow and slug flow regimes 
appear to be of little practical interest in geothermal applications. 
Because of the limited range of flow regimes, it should be possible 
to describe two-phase flow in geothermal wells by a single (or at 
most a two-part) holdup correlation. 

Nondimensional Gas Velocity Number (N,) 

Figure 2. Two-Phase fluid flow regimes according to Duns and Ros 
(1 963). Also shown (as diamonds) are the data from geothermal boreholes. 

The flowing quality Qjis defined as follows: 

where A is the internal cross-sectional area of the pipe, and M is 
the total mass flow rate. Assuming a power law relationship for the 
velocity and in situ gas volume fraction, Bankoff (1 960) derived 
a relation for flowing quality QJ which is equivalent to: 

where Qs is the in situ gas quality, pis the in situ mixture (gas plus 
liquid) density, and K is a flow parameter (see below). 

(3) 

For the case of homogeneous (i.e. , no slip) flow, the in situ 
quality Qsis equal to the flowing quality Qf; furthermore, flow 
parameter K is identically equal to unity. In general, one would 
expect the gas phase to rise more rapidly in the well than the liquid 
phase due to buoyancy; this implies that 

Qf 2 Qs (5a) 

S g S K I l  (5b) 
The two-phase flow in a well is influenced by buoyancy, in- 

ertial, viscous and surface tension forces (Bankoff, 1960). Based 
on dimensional arguments, Hughmark (1962) concluded that the 
flow parameter K may be expected to depend on the flowing liquid 
volume fraction YI, and Reynolds (Rn), Froude (Fr), and Weber 
(We) numbers. 
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Here d,,, is the inside well diameter, and 0 is the liquid surface 
tension. Mixture (liquid plus gas) density p,iI and mixture viscosity 
p,,, can be defined in a number of ways (see e.g., Hughmark, 1962; 
Dukler et al., 1964); in the following, the expressions given by 
Dukler et al. (1964) will be used. 

(7a-b) 

In Equation (7), p~ (pg) denotes the liquid (gas) viscosity. Note 
that the above definitions for pm and p,,, are different than those 
used by Hughmark (1962). 

Holdup Cor relation 

To find a correlation for K, it is assumed that K can be ex- 
pressed as a function of a single variable 2 

Hughmark (1962) investigated the dependence of Z on Rn, FI; 
Y,, and We, and found that 2 (and hence K) did not appreciably 
depend on the Weber number ( We ). In the following, Z is as- 
sumed to depend on all the five variables listed in Equation (8). 
Following Hughmark (1962), we introduce a particularly simple 
relationship for 2: 

2 = RnaFrPqr We'Sy (9) 

where a, p, 3: 6, and o are as yet undetermined constants. De- 
termination of the exponents in Equation (9) is straightforward 
when the functional relationship between K and 2 is known; in 
this case, exponents can be estimated by minimizing the variance 
between the calculated (i.e., from the functional relationship K- 
2) and measured (Le., those derived from fitting the flow data) 
values for K. Since the functional relationship K(Z) is unknown, 
a different procedure was adopted to estimate the exponents in 
Equation (9). 

Given a candidate set of exponents, we calculate 2 for each 
point in the dataset for geothermal wells (Figure 2). Next, we sort 
the dataset in order of increasing 2, and calculate a pseudo-vari- 
ance S. V asJollows: .. . 

S.V. = z ( K , . + ,  - K i ) 2  
i t  I 

Here Ki denotes the value of K corresponding to 
number of points in the dataset, and Z, is the largest 

(10) 

Zi, n is the 
value of Z. 

The exponents in Equation (9) are obtained by minimizing this 
pseudo-variance. 

Since a set of exponents may be multiplied by an arbitrary 
non-zero constant without changing the order of the sequence 
of K's, only four of the exponents need to be varied when mini- 
mizing the pseudo-variance. Note that very small changes in the 
exponents can leave the order of the sequence of K's unchanged 
and that when the order of the sequence is changed, the S.V. 
jumps discontinuously. Such functional behavior rules out the 
use of gradient methods for finding a minimum. The downhill 
simplex method (Press et al., 1986) is a procedure for finding 
minima of multidimensional functions that does not make use of 
derivatives, making it well suited to the present effort. A set of 
exponents for starting the procedure was obtained by assuming 
that log ( K )  is a linear function of log (2) (and hence of log Rn, log 
Fr, log We, log Yl, and log SJ, and using the least-squares method 
to determine an initial set of coefficients (a, p, 3: 6, and a). The 
downhill simplex method finds smaller and smaller values for the 
S.V until a region is reached which appears to be a broad local 
minimum. Since there is no reason to believe that this procedure 
yie1ds.a global minimum, various other sets of starting exponents 
were tried. While the downhill simplex method failed for some 
starting sets, it worked for a number of others. The function K(Z) 
was found to be monotonic in all cases, but with varying sign. By 
simply multiplying all the exponents in a set by -1, the order of 
the sequence of K's is inverted, giving the same S. V and a graph 
with a slope of the opposite sign. 

Changing the sign of the various exponents as needed to ensure 
that the exponent of the flowing liquid volume fraction is negative, 
and plotting Kversus 2, it was found that the graphs always looked 
like a hyperbola with K = 1 as an asymptote (see e.g., Figure 3). 
Although a hyperbola for K(Z) can be made to yield a pseudo- 
variance that is close to the minimum, a more general functional 
form for K(Z) is needed in order to improve the fit in regions of 2 
that make little contribution to the pseudo-variance. 

1 

iT 
z0.95 

8 
L 

E 2 0.9' 
rn a 
3 P 0.85 
LL 

0.8 

1 1.02 1.04 1.06 1.08 1.1 1.12 1.14 1.16 1.18 
Correlation Variable (Z) 

Figure 3. A plot of K versus Z. Data points (+), i.e. K versus Z values, in 
the figure were obtained by minimizing the pseudo-variance. The dashed 
line denotes the best fit to the K-2 data. The solid line was obtained by 
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Measured 
Depth 

(meters) 

Validation of Holdup Correlation 

Vertical Angle with Internal 
Depth Vertical Diameter 

(meters) (Degrees) (mm) 

90 1.6 
I 277.4 I 277.4 1 0.000 I 384 1 

888.5 1 1.759 3 15 

A pressure of -23.49 bars (taken as the average of measured 
and saturation pressures) was recorded in the flowing well at 888.5 
mTVD. The reported discharge rate and wellhead enthalpy were 
135 (2 3) kg/s and 1089 (k 12) kJkg, respectively. Total dissolved 
solids content of the separated liquid was 14,600 (+ 150) ppm; the 
non-condensable gas content of the steam was 0.68 (k 0.1)%. 

The stable formation temperature was approximated by the 
following temperature distribution using linear interpolations 
between tabulated data. 

I VerticalDepth I Temperature 
(meters) (Degrees Celsius) 

I 0 I 27 I 11 
888.5 

In the simulations used to create the data for Figures 2 and 3, 
the best match to the downhole pressure profile and wellhead fluid 
state (pressure, enthalpy, salinity, gas content) was obtained using 
the following values for the unknown model parameters: 

Flowing enthalpy at 888.5 mTVD 

Fluid (liquid + steam) salinity at 888.5 mTVD 

Fluid (liquid + steam) gas content at 888.5 mTVD 

Hughmark parameter, q 

= 1102 kJkg 

= 0.012 kgkg 

= 0.001 1 kgkg 

= 0.09 for depths < 350 rn 
= 0.09 + 0.0062 (depth - 350) for 

= 0.40 for depths > 400 m 

= 0.00 mm for all depths 

350 m < depth e 400 m 

Roughness factor, E 

For the present simulation, the modified Hughmark correla- 
tion was replaced by the K(Z) relationship (dashed line) shown 
in Figure 3. The computed downhole pressure profile (solid line) 
is compared with the measurements in Figure 4. It is clear from 
Figure 4 that the simulated pressures are somewhat higher than 
the measured ones. Similar discrepancy between the measured and 
computed pressures was observed for other wells in the dataset. 

The observation that the computed pressures are higher than 
the measured values suggests that the “best-fit” correlation for 
K(Z) under-predicts the slip between the liquid and gas phases. 
Stated somewhat differently, the correlation yields too high values 
for K. It was, therefore, decided to modify the correlation for K(Z); 
the modified correlation is shown as the solid curve in Figure 3. 

Downhole pressure profiles for all the 32 wells in the dataset 
were again simulated using the modified correlation for K(Z). The 
computed pressure profile for well A-4, shown as a dashed line in 
Figure 4, is in excellent agreement with the measurements. The 
modified correlation was also found to yield satisfactory results for 
all the high discharge-rate wells in the dataset. The computed pres- 
sures for low discharge-rate wells are, however, too high, and imply 
that the correlation for K(Z) would need to be further modified. 

Discharge Profile A 4  

. Pressure, bars 

Figure 4. Pressure profile (triangles) recorded in discharging well A-4. The 
squares indicate saturation pressure corresponding to the local measured 
temperature. The solid (dashed) line is the computed pressure profile using 
the “best-fit” (modified) correlation for K(2) shown in Figure 3. 

. 

Concluding Remarks 
The principal goal of the present work is to use high-quality 

data from flowing geothermal wells (Garg and Pritchett, 2001) to 
devise new liquid holdup correlations for geothermal applications. 
To make the problem tractable, it was decided as a first step to 
develop a holdup correlation for only the cased section of geo- 
thermal wells. A methodology was formulated for constructing a 
correlation utilizing measurements in flowing wells. The prelimi- 
nary correlation described here displays considerable promise for 
simulating two-phase flow from high-discharge rate geothermal 
wells. The latter correlation will, however, need to be modified 
for low-discharge rate wells. At present, it is not clear if it will be 
possible to formulate a single holdup correlation for both high- 
and low-discharge rate wells. The latter issue is currently being 
investigated; results will be reported in a future publication. 
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