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SUMMARY Many empirical correlations and mechanistic models exist for estimating pressure in the two-phase
flowregion of a dischar geothermal well. Previous comparisons of such models have been limitedby the accuracyof the
relationshi available re resenting fluid In this study a preliminary comparison of pressure

isperformed a simulator that accurate for the
of systems. The performance of eachpressure drop model evaluated data that covers a

of fluid types and operating conditions. No singlemodel can simulateall of the test wells, although the most appropriate 
a givencategory suggested.

1.0 INTRODUCTION

Multiphase flow have been studied for decades in
the petroleum Extensive work has been done to
develop methods to predict pressure drops in wellbores
producing two-phase mixtures (oil and gas). These have
resulted industry-accepted "flow correlations

t

'. The
mechanisms of flow are defined by the fluid
pro erties, operating conditions and the geometry 

the flow path within the reservoir-wellbore
system. Pressure drop correlations developed in the
petroleum industry can be used to model geothermalsystems
roviding that the assumptions involved are apphcable.

however, in both there has been little work in
defining the range of applicability for these correlations. 

. correlations .providing good 
modellmg of oil and gas not necessarilybe as
applicable to geothermal conditions. 

This study a customised version of the commercially-
available WELLSIM geothermal wellbore simulator to 

are the performance of seven vertical flowpressuredr
using a small, but diverse set of

production data. results are used to suggestpreliminary
for selecting the most pressure drop 

correlation for a given set of conditions.

TWO-PHASE PRESSURE DROP MODELS

The pressure drop for fluid through a wellbore is the
sum of the pressure losses due to gravitational
and accelerational forces. For single-phase systems, the 
pressure drop can be determined rovided fluid 
properties are well defined: However, two-phase
systems the problem becomes more complex because the 
liquid and vapour hases can distribute in different "flow

This the difference between vapour and
liquid velocities (termed the "slipvelocity").

Numerous models to predict ressure drops in two-phase
systems have been proposes. Early methods involve 
empirical correlations, whereas more recent approaches 
consider the fundamental mechanisms of two-phase flow.
Most of these methods use multiple correlations that are
ap lied to specific fluid flow regimes referred to as:

slu ,chum or transition, and flow. The
pressure models evaluated in this study can be
summarisedas follows.

Ansari Model

This model is the most recent of those investigated,and is a
mechanistic model incorporating the physical phenomena of
fluid flow. The entire problem cannot be solved analytically, 
and the model includes some empirical correlations. The

model has been tested using field data for 1775 oil and gas
wells, and is describedin Ansari et (1990).

The Aziz pressure model (Aziz et 1972 is a flow

experimental and field data. develo d an empirical
flow map and the
pressure drop in bubble and slug flow re 'mes. Methods 
ad ted

flow and for the used in the
transition flow 

andBrillModel

regime dependent developedusing a of

and Ros model (see low) used

The Beggs and Brill correlation (Be gs and 1973)was
developed from data at a small scale
test facility and water, and in contrast to the other 
models this stud which are intended for vertical 
flow only, it considers the of all possible flow an les.
However, the flow correlationwas based on
flow that would exist if the pipe were 
making corrections for the actual flow angle, and thus the 
flow regimes differ from the other and include:

transition, intermittent and distributed flow

puns and Ros Model

The Duns and Ros correlation Duns and 1963) was

modifications using data. The range of the laboratory
data used for their evaluation is the most complete taken in
this field of work. Althou h the correlation was develo d
for oil and as mixtures, authors claim that the
shouldalso%eaccurateforwater-gas

developed from a lar e scale la ratory with

Modified and Brown Model

The Hagedom Brown correlation and Brown, 
was developed fi-omexpenmentaldata taken

on to pipes, including data from a 450 m experimental
vertical well. The resulting correlation considered the slip 
between the vapour and liquid phases, but did not consider
differentflow regimes. The correlation has been modified a

of times thepresent study
no slip occurs the as this tends to provide
better results.

The Orkiszewski correlation (Orkiszewski, 1967) resulted 
from an analysis of published methods to determine the 
pressure drop oil and gas systems. Thebest methods were
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selected for each flow re ime by comparing correlation
predictions to field data. new slug flow correlatson was 
develo ed using the data of Hagedom and Brown. This
model separate correlatsons for water and oil continuous 
phases, and is one of the more widely used correlauons
a lied for eothermal systems. It uses the mist flow model 

WELLSIM. or and Freeston Model

Version 1of the WELLSIM simulator (Gunn and Freeston,
1991 containedonl one pressure drop model, from Hadgu 

number of methods. As in the
evaluation, the most a licablecorrelations were selectedfor
each flow regime. the other models, the correlations
were selected solely for their application to geothermal
systems, than oil and gas s stems. The model has

been slightlyrevised as Gunn (1992).

and reeston which was developed from a lar e

Version 2 of the WELLSIM simulator incorporates not only
the Version 1pressure dro model of Hadgu and Freeston,
but also the Aziz, Duns Hagedom and Brown, and 
Orkiszewski models. For this study, Version 2 of the
WELLSIM simulator has been customised for
in-house use to also perform simulations utilising the Ansari
and the Beggs and Brill pressure drop models.

3.0 PREVIOUS STUDIES

Unlike the oil and gas industrieswhich have large databases
of production tests available for evaluatingvarious pressure
drop models, considerably less data is availableto geothermal
researchers. However, various models have been assessed
for their applicability to eothermal ap lications, with the
pioneer in thisareabeing (1974). evaluated the
erformance of two modificatsons of the Ha edom and

correlation, and also the Aziz and 
correlations, for simulations of production datamainly taken
from wells in the Wairakei and Broadlands fields in New
Zealand. As the data was noted to not be particularly
accurate,Gould tentatively concluded that one modification of
the Hagedom and Brown correlation was themost consistent.
Gould only considered the effect of dissolved saltson fluid
density,and ignored the effects of non-condensable gases. 

Upadhyay et al. (1977) compared the Hagedorn and Brown, 
Be gs and Brill, and Orkiszewskicorrelauonson five sets of

test data, assuming pure water. They concludedthat the
Orkiszewski correlation provided the most satisfactory
results, and that the Beggs and Brill correlation was not
adequate for simulating the geothermal wells examined. 

Ambastha and Gudmundsson (1986) noted that the
generalisabilityof flow correlations cannot be demonstrated
where a number of pressure drop models are compared on a
single or only a few data sets. The suggested that the

correlation as asany othermethod
for geothermal and decided todetermineunder
which geothermal conditions it can be considered toperform
satisfactorily. For this p ose the collected well test data
from ten geothermal a wide range of

althou h ure water was assumed in all cases.
The. concluded that correlation is enerally

although it better results where steam
massflux is greater than 100 They commented that

non-condensable gas content was one of a number
of reasons for caseswhere the matches of simulated
to measured data were poor. 

Barelli et (1982)were the first to incorporatethe
effects of gases in addition to dissolved
salts into a wellbore simulator. The si nificant effect that
non-condensables, modelled as have on the fluid 
saturation pressure was modelled, as this alters
the flash point de th and the pressure
effect of both salts an8 gases on fluid

h only the salts were as
fluid Barelh compared two correlatsons

on four tests of wells containing significant salts and gases,
and on two tests of a well containing significantsaltsonly.

The clearlydemonstratedthe effect that even very 
quantities have on pressureprofiles.

Tanaka and Nishi (1988) compared the Orkiszewski 
correlation with another correlation, for sixteentestsof eight
wells, thirteen of which content.
All roduction data exhibited wellhead dryness fractionsof

or less. The correlation was not
to perform satisfactorily.

Freeston and Hadgu (1988) compared five wellbore
simulators, three of which were based around the
Orkiszewski correlation, and one being the Barelli et
(1982) simulator,theonly oneevaluatedcapable of handling
non-condensable gases. They tested the on
production data from eleven wells with widely 
characteristics,andconcludedthatnone of the five simulators
were applicable to all conditions.

GEOTHERMAL FLUID PROPERTIES

Many researchers who have recognised of the
effects of non-condensable gases and salts on
geothermal fluid properties,and thus to accuratelysimulating
geothermal production tests, have unfortunately not
concurred on the appro riate approach modellin these
effects. The main occur in the of
calculating the partitioning of between the liquid and
vapour phases. Gunn (1992) has compared the two main
methods that are used. The first method applies Dalton's
Law, and results in the concentration of in the vapour
phase being proportional to the nent densities. This
approach was used by et for example.

The second a uses the pro sal suggested by Sutton
that concentration of in the phase is

in fact onal to partial Sutton that
is tion provides a better fit to some

ex data. and Nishi (1988) 
utiiised this approach, as did Version 1of the WELLSIM
simulator. Gunn (1992) indicates that there is insufficient
evidence to indicate that either method is the more 
appropriate, and highlights the significant differences that

between their estimatesfor geothermal fluid properties.

Andersen et (1992)overcomethis by takin a
much more orousa to the of a
for the system. Their model has been
validated against asmuch of theavailablefluid data
aspossible over ressures from 1 to 340 bara, temperatures

25 content from 0 5% by weight, and
salt concentrations to 30% by wei ht. The model
developed from the combination of heat and matenal
balances, and the phase equilibrium conditions. The
condition for phase that the fugacities of each
component must be the same in both the and vapour 
phases. In calculatingthe fugacities the considers the
appropriate fugacity and coefficients for the

nent system. Accurately accounting for the 
of in the liquid phase is

to the correctmodellin of the "salting-out"effect. This is the
effect that the on the partitioning of the
between liquid va hases. Fugacit
coefficients are older
above.

This new fluid is included in Version 2 of
it is in the pressure

drop models in this study. Itseemsreasonable toassumethat
these models can be more a ropriately compared when an
accuratefluid properties used.

5.0 GEOTHERMAL FIELD DATA

The data obtained for this study includes measurementsfrom
21 two-phase production wells representativeof a number of
eothermal reservoirs. A total of 27 tests have

studiedand are summarisedin 1.

(1984) has indicated that a number of different
feed conditions can result in similar pressure profile
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predictions, and measurements of such conditions
are generally not avalable. For this reason, of
the ressure drop models have not been made at depths below 
the significant feed zone. The-de th indicatedin Table 1
is not the total wellbore depth, but first depth above the
shallowest feed zone where a pressure measurement has been
taken.

"low" when less than 1%by weight of total fluid.

The well tests have been classifiedinto threebroad categories
as follows.

Liquid Feed: these wells all have a primary feed that
liquid.

-PhaseLow Enthalpy: in these wells the shallowest feed 
roduces two-phase fluid, but the wellhead dryness

fraction is.between 15 40%.
2-PhaseHigh Enthalpy: in these wells the shallowest feed
roduces two-phase fluid, but the wellhead dryness

is greater than 50%.

The data for NGll, and HGPA are
from Ambastha and Gudmundsson (1986). No fluid

with the data,but the
data iven and

data in Gunn
The data for
Freeston and Had 1988 The data for W2-1 are from
Barelli et for the five tests of are
from Gunn All other data has been provided by

to

6.0 PRESSURE DROP MODEL COMPARISON

Pressure profiles have been generated for all the production
tests using the seven ressure drop models discussed
previously. For liquid wells, pressure profiles were
generated using the measured pressure and temperatureat the
primary feed. The fluid composition data available thus

the flash oint depth. generated for wells 
with a two-phase use the surface conditions as the
simulation starting oint. In these cases the wellhead
ressure,enthalpy compositionhave been specified.

calculates from these conditions the appropriate 
saturation temperature and the wellhead dryness fraction,
using the fluid properties model of Andersen et al. 1992). In 

attempts have been made to 6rate the
parameters to the field data.

In allcases the effectof heat loss (or gain to the surrounding

given the flowrates of all but one of production tests.
reservoir is which is a valid assumption 

The roughness value used for the and liner has been
chosen in allcases to be m which is the
same as that used by Gould (1974) for the casing. The
significanceof the wellbore roughness to the pressure drop 
becomes more importantas the enthal y of the well increases,
because the frictionalcomponent of pressure gradient is
greater for higher vapour fractions.

One roblem in selectingan ap ropriate value of roughness
for liner is that not the Row occurs within the liner
itself, but a significantportion of the flow can exist in the
annulus between the liner and the o en hole. It is not clear
what error is introduced by the total flow as
occuring within the wellbore itself.

The applicability of the pressure drop models has been
determined b comparing redictions for the pressure drop 
from the to the feed. Where sufficient
measured data is available the pressure drop in both the
casing and the liner have been compared separately. This is
because,ashas been above, it is somewhat unclear 
as to how the roughness in the should be modelled, and 
this is of significance for the high enthalpy wells in particular.

it has been noted that in some of the cases the
pressure drop matches measured value over the
entirewellbore,but predictionsfor the individual pressure 
gradients in both the casing and liner are poor. The
underprediction found in one section of the wellbore can

counterbalancethe the other.

It is assumed that thepressuredrop model which provides the
best predictions default simulation also
rovidethe best should the be calibrated to

data.

Table 2 gives the ressure dro s predicted by the various
for the tests. a number

cases, the pressure predicted in the well fell below
atmospheric, and the simulation stop d. These cases are
indicated with the note that the flow

Figures 1 to 3 resent the differencesbetween the measured
and drops against discharging mass
flowrate. Each plot presents a particular well category 
liquid two-phase enthalpy, and two-phase

enthalpy) and the results are d to
the seven pressure drop models. Figures 5 a

of the average absolute errors and avera e
percentage errors the pressure drop predictions

each correlation. The averages have been determined
separatelyforeach well data category.

It canbe seen Fi es 1to 3 that the errors (in bar) for 
many cases are high. It is suggested that an error
lessthan3-4 bar might be consideredacce table. Within this
ran e it is likely-that calibration of composition,

roughness (for high enthalpy wells) 
may rovide a to measured data: 

factor that ma is the wellbore
diameter, due to the effects of scaling. The error in the 
measuredpressure valuescanprobably be considered to be in
the of 1-2bar.

For liquid feed wells the correlations tend to produce better 
results at flowrates less than 150 The Duns and Ros and

correlationsare the clear leaders when ared
on the basis of actual error, although the
correlationcomes second on a of percentage
(seeFigure 5). The averageerror less than3bar for all the
correlations exce t the Ansari and the Beg s and Brill
models. It perhaps be noted that the
Orkiszewski produces somegood pressure drop
comparisons, that the shape of the resultant ressure profiles 
are sometimesanomalous. Thisis due to a that
can occur in the calculation for fluid density in the slu flow
regime. Furthermore, this discontinuitycan cause 
in theconvergenceof the solution

In eneral, the correlations are particular1 unsuited to
the two-phase althou h it

should be remembered that tests for only
wells have been evaluated. WELLSIM, Duns and Ros,
and also correlationsappear better suited to these wells.

The percentage errors for the high enthalpy cases are 
large, but it should noted the

magnitude of the pressure dro in these wells is si
smallerthan for the liquid 
roughness for these wells (within sensible may
rovide si better matches. From Figure 3, the

Duns and Orkiszewski,and Ha
Brown all acce table results the hi h

wells for tests mass greater than
Ansari and Beg s and Brill models again provide

very poor predictions at mass flowrates. exam
the the seven pressure models is
in 6 for

Well has the highest NaCl content of all the wells
evaluated,and alsohas a high content. The Aziz, Duns
and Ros, Hagedom and Brown, and Orkiszewski
correlations all rovide good predictions of the pressure

Figure the pressure predictions
ound using theDunsandRos three cases:
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V Low Very Feed

NA Feed
Feed

LOW LOW NA
LOW LOW

Low Feed
LOW LOW High Feed
LOW LOW LOW Feed

Feed
FeedLow LOW

LOW LOW Feed
NA NA Feed

Feed
4

China 110 13
9MESA6 USA

USA 1067 9
1355 13

8
8

w2-1
wK27

Indonesia 1295 9
Indonesia 2557 9
Mexico 1299 7

UNO4

9

8

LOW

LOW LOW High Wellhead

1x Wellhead
High LOW Wellhead
LOW Int Low Wellhead
High LOW Wellhead

1 9 4 5

3x
Low

UNO8 Philippines 1170 9
1357 13 LOW

HGPA 1925 9 NA
' Wellhead

Philippines 618 13 15 LOW High Wellhead

Table 1:Production test dataused for the pressure drop model comparisons. NA - information not available.

Be gsand Duns and
Ros and Brown

5.4 5.8 5.7 5.7 4.9 6.3 5.7
6.6 6.5 6.9 6.8 6.7 6.1 6.5 6.9

MESA6 90.7 Chokes
41.5 40.2 41.6 41.5 41.4 37.9 40.9 43.2

UNO1 Cas 17.2 13.2 11.7 16.3 13.6 12.7 11.5 18.1
UNO1Lin 25.4 26.8 25.9 27.7 26.5 26.0 26.0 26.5
w2-1 79.8 80.1 81.3 76.7 79.2 73.7 81.6 80.3
wK27 19.0 17.3 15.9 19.9 17.3 16.8 15.0 20.7

59.4 60.9 58.2 60.7 59.6 58.9 58.8 61.0 
46.3 Chokes 40.8 Chokes 51.2 46.1 44.3 49.5
147.3 Chokes 140.0 Chokes 145.2 147.0 145.5 149.7
47.6 59.3 47.5 59.7 52.2 51.8 51.1 56.9

UNO4 53.5 58.9 51.0 59.6 54.1 53.5 53.4 59.4
2-PHASE

30.1 29.1 30.4 33.4 34.9 18.5 53.7 39.1
43.5 38.8 42.9 36.3 38.6 24.2 53.5 40.2
42.5 35.6 29.1 35.1 33.4 23.9 45.2 38.9
39.0 32.5 22.9 35.0 30.0 24.1 25.0 38.1
37.9 31.8 22.6 35.2 28.9 24.3 24.3 37.8

RK5 34.2 32.8 19.4 36.7 25.9 25.3 24.3 34.2
UNO5 Cas 3.7 15.8 3 12.5 5.4 8.2 6.4 11.2 

Lin 14.8 37.1 5 30.5 12.5 15.4 12.4 30.6
Cas 6.4 12.4 14.6 38.1 25.1 4.4 41.9 10.4
Lin 8.6 6.6 3.6 19.9 11.7 4.3 24.0 8.4
Cas 7.2 17.9 6.2 21.5 7.7 13.2 11.9 12.3
Lin 9.2 17.7 6.4 17.0 11.0 11.6 12.9 10.8

2-PHASE
UNO8 Cas 3.8 5.6 3.4 18.3 3.1 3.7 3.1 3.7

Lin 6.6 17.7 10.1 19.8 8.4 9.5 8.9 7.5

89.3 Chokes Chokes 89.5 Chokes

Cas
UNO9 Lin
HGPA Cas 
HGPA Lin 

1.6
1.8
5.7
21.7

4.4
1.6
3.9
9.5

1.4
1.3
2.2
6.7

8.2
2.5
6
16.3

4.8
1.2
5.0
9.2

8.9
1.8
3.4
11.0

1.3
1.3
2.2
7.4

3.2
1.6
4.9
12.4

HGPA Cas 3.8 3.6 2.2 5.2 2.3 3.2 2.1 3.7
HGPA Lin 15.2 11.1 7.8 16.9 7.2 9.9 7.9 10.0
HGPA Cas 2.7 5.7 4.5 8.7 4.0 4.6 4 2.4
HGPA Lin 10.8 15.3 12.0 20.9 11.1 10.1 11.1 8.5

3.7 3.4 3.2 6.1 2.7 3.5 2.7 3.3

Table 2: and calculatedpressure drops for allproduction tests (in bar).
Cas - pressure drop in casing. Lin - pressure drop in liner.



model built into WELLSIM Version 2, and s ecifyin the
measured fluid composition: secondly, using new fluid
properties model but the geothermal fluid aspure
water; and , propertiesmodel used
by WELLSIM 1, above.

From Figure 7, the first case using the reasonably accurate

properties model provides an excellentmatch to the
fluid measurements along with the new fluid

pressure profiles. Leaving out the fluid
in the second case, results in an

error for the predicted pressure dro of about 10 bar. It is

Although the measured data may well be subject to
measurement or interpretation errors, and fluid

data is not avalable €or all cases, can be
that none of the correlations can be to

be generally a licablefor eothermal well test
However, with liquid feeds can be more accurately

It should noted that with the Sample sizeof the data
available,particularly for the wells with two-phasefeeds, that
any conclusions drawn qualitative and not statistically
significant. However, it is sug ested that the Duns
model can be used confidencefor feed
wells. Where possible wellbore simulator input
shouldbe calibrated to obtain better matches than found
from using default values. This is important
when the are modellmg wells which have more 
than a single feed zone.

modelledthanwells with two-phase feeds.

A

For lower enthalp wells with a two-phase feed it is
suggested that the or WELLSIM models can be used.
However, the overall accuracy of these simulationsis poor,
and it may well be worth trying either Duns and or
Ha edorn and Brown correlauons as well. For higher 

suggested that theWELLSIM can be used
en alpy wells, particularly at hi h mass flowrates, it is

important to that ignoring the not only
the pressure but even

The Ansari and the Beggs and Brill models do not a pear to
be suitable for geothermal wellbore simulation.
this should not preclude examining their performance on
similar studies of this nature where larger data sets are
available. Although the Orkiszewski correlation has been a
traditional favourite of geothermalists, and it shows a
reasonably good rformance, it is suggested that because of
the anomalous it can exhibit, theDuns
and Ros correlation should be used instead. This IS because
the Duns and Ros has been found to perform
better than the Orkiszewski correlation for most types of 
geothermal wellbore conditions.

7.0 RECOMMENDATIONS
e
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In conclusion, the authors maintain that meaningful
cornpansons of wellbore pressure drop models can only be
performed where geothermal fluid properties are determined
accurately. Now that such calculations are possible, er
databases need to be collated in order that more
significant criteria for selecting appropriate flow correlations 
may be developed.
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