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ABSTRACT

Modeling and simulation of steam flow in the transportation
networks of the Cerro Prieto and Los Azufres geothermal
fields, Mexico were carried out in order to determine steam
pressures, temperatures, flow directions and velocities,
using commercially available simulation software. For each
field, a detailed hydraulic model of the pipeline network
was first constructed and then each model validated by
comparing simulation results with specific data measured
for calibration purposes. Then, flow simulations were
performed for specific dates and cases for each network.
The results showed in general a good agreement between
computed and measured well pressures and flow rates at the
power plants inlet, with mean relative differences of less
than 10%, which is considered a highly satisfactory result
given the geometrical complexity and length of each
geothermal field network. The low-pressure network of the
CPGF showed originally larger pressure and steam flowrate
differences, so that an analysis was made in order to reduce
these differences and to try to explain the more likely
causes of such differences. The experience from these study
cases demonstrate the usefulness and suitability of
numerical modeling as a tool to evauate the overal
performance of complex steam transportation systems
under different operating conditions, and the feasibility of
simulating large pipeline network systems reliably using
state-of-the-art simulation tools.

1. INTRODUCTION

In geothermal fields, the steam from producing wells is
usualy transported through a network of pipelines to the
power plants which may be sited severa hundred meters or
even some kilometers away. The network geometry
becomes rather complicated and this fact quite difficult to
predict the pressure or flow rates changes due to the normal
operation of the transportation network or due to specific
events like the opening or closing of valves; the integration
of new wells; shut-down of existing wells, and start-up or
shut down of power plants without a numerica tool.
Therefore, numerical modeling and simulation of the steam
transportation network constitutes an essential tool to
evaluate the operating conditions (pressure, temperature
and flow rate) at amost any position in the network;
information which otherwise is very difficult to obtain
experimentally since steam pipelines are regarded as high-
pressure vessels.

Marconcini and Neri (1979) pioneered work on geothermal
steam pipeline network simulation. They developed the
VAPSTAT-1 computer code and simulated a six-well steam
pipeline network of the type used at Larderello, Italy.
Huang (1990) and Huang and Freeston (1992; 1993)
developed a model of steam supply and reinjection pipeline
network which was applied to the simulation of the Ohaki
and Larderello geothermal fields, and to the study pipe of
roughness effects in a reinjection network. Bettagli and
Bidini (1996) carried out an energy-exergy study of a 32-
well and three-turbine system of the Larderello-Valle
Secolo-Farindllo  geotherma  area. DiMaria  (2000)
developed the PowerPipe numerical code and analyzed the
pipe network of a geothermal power plant under design and
off-design conditions.

Regarding the Mexican geothermal fields, Sanchez et a.
(1987) developed a homogeneous drift-model for sizing
pipelines with elevation changes and tested it in Los
Azufres, Mexico. Pefia (1986) and Pefia and Campbell
(1988) derived a model based on the polytropic expansion
of steam and determined the energy losses in a horizontal
network a Cerro Prieto. Cruickshank et a. (1990)
developed an adiabatic model of steam flow for the Cerro
Prieto pipeline network. However, these models were not
tested extensively and their rea applicability is unknown.
In the last few years, two extensive studies were performed
by Garcia-Gutiérrez et a. (2006; 2008; 2009), in which
they developed detailed hydraulic models and simulated the
steam flow in the transportation networks of the Cerro
Prieto and Los Azufres geothermal fields, respectively,
using commercially available simulation software.

This paper is based on the results obtained from the last two
studies aforementioned. Simulation results are presented
and analyzed on the behavior of each field-wide pipeline
network for specific dates. A brief description on the
methodology for documentating the numerical models is
aso included.

2. DESCRIPTION OF THE CERRO PRIETO AND
LOS AZUFRES STEAM TRANSPORTATION
NETWORKS

2.1 Cerro Prieto Pipeline Network

The Cerro Prieto geotherma field (CPGF) is one of the
largest liquid dominant geothermal fields in the world and
its present installed capacity is 720 MWe. It is composed of
four field areas named progressively from Cerro Prieto One
(CP1) to Cerro Prieto Four (CP4). The installed power
plants are of the condensing type and include four-
37.5MWe units and one-30OMWe unit in CP1; two-



Garcia-Gutiérrez et al.

110MWe units in CP2 and in CP3, and four-25MWe units
in CP4 (Gutiérrez-Negrin and Quijano-Ledn, 2005).

The Cerro Prieto pipe network is essentidly of the
distributed system type (Huang, 1990) where most of the
separators are located immediately adjacent to each
production well and individua pipelines transport steam to
the main collecting ducts, caled branches. The network is
composed essentialy by a set of pipes over a rather flat
terrain however its multiple interconnections and different
arrangements for steam separation make it rather complex..
CP1 has high-pressure steam separation only whereas CP2,
CP3 and CP4 have both high- and low-pressure separation.
In CP4 there are “separation islands’ which are squared
areas 125 x 125 m, subdivided into four modules. Each
module has four high-pressure separators, each receiving
the two-phase flow from a well. Then, the separated water
of the four streams is mixed and fed to a single separator to
obtain low-pressure steam. Most of the separated water is
finally sent to the evaporative pond via open channels,
although some water is re-injected back into the reservoir.

The separated steam is transported to the power plantsin a
pipeline network 125 km long approximately, with high-
and low-pressure pipelines running paralel. The pipe
diameters range from 8" to 46". They are thermaly
insulated with mineral wool or glass fiber and an exterior
layer of aluminum or wrought iron. The network has 183
connected wells of which 162 are producing wells, the rest
being wells for future integration; yet, a single branch may
collect the steam from 1 to 36 wells. These branches feed
steam to the power plants. The network has severa
interconnections among wells and pipelines that allow for
an adequate steam supply to the power plants by sending
steam in different directions to specific points on the
network. Figure 1 shows the CPGF transportation network.

2.1 Los Azufres Pipeline Network

The Los Azufres geothermal field (LAGF) is located in the
central part of Mexico, in the physiographic province of the
Mexican Volcanic Belt. It is situated in a mountainous
range with elevations ranging from 2800 to 3000 m.as.l.
The field is divided into two well-defined zones: Maritaro
in the North and Tejamaniles in the South, with a separation
of afew kilometers between them.

Presently there are 14 power plants in the field with a total
installed capacity of 188 MWe. The plants include one-50
MWe; four-25 MWe single-flash units, seven-5 MWe
wellhead (back-pressure) units, and two-1.5 MWe binary
units. Theinstalled capacity of the North and South zonesis
95 MWe and 93 MWe, respectively. Seven units are
installed in each zone.

Steam is provided by 41 producing wells, 23 in the North
Zone and 18 in the South Zone. It is transported in a
pipeline network whose total length is approximately 28
kilometers: 15.2 km (54.3%) in the North Zone and 12.8
km (45.7%) in the South Zone. The steam ducts have
diameters ranging between 0.25 m and 1.07 m (10" and
42"); thermal insulations are of the same types used in the
CPGF pipeline network.

Like in CPGF, the LAGF steam transportation network is
also of the distributed system type (Huang, 1990), and has
severa interconnections that alow for an adequate supply
of the steam to the different power plants. Figure 2 shows
the LAGF pipéline network. As evidenced in the figure, no
interconnection exists between the North and South Zones,
and thus the network actually consists of two independent
networks.

Legend
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Figure 1: CPGF steam pipeline network.
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Figure 2: LAGF steam pipdine network.

3.METHODOLOGY

3.1 Data Gathering and Documentation of the Hydraulic
M odels

The development of both CPGF and LAGF steam
transportation network models followed a similar
procedure. It began with the gathering of design and
construction information related to each pipeline network
such as drawings, diagrams, and other available field
sources of information, such as topographica maps and
digita aeria photographs, etc. Primary data for building the
models included pipe geometric characteristics and
materials, insulating materias, fittings, etc. Field visits
were made whenever missing or obsolete information was
found, a task that was complicated due to the geometrical
complexity of the networks and, in the case of LAGF, by its
topographical and dense vegetation characteristics.

When needed, MS Excel spreadsheets were used to carry
out automated trigonometric calculations in order to build
the plant and elevation profiles of each pipeline. Input data
for the numerical simulator were obtained from these
profiles, such as the actua length of pipe segments,
elevation differences and angles of elbows and bends, etc.
This was particularly detailed for the LAGF steam
transportation network.

This process allowed definition of the structure of each
network model through the identification of all existing
interconnection nodes and the segments of each pipeline
between nodes, as well as the sequence of dl flow
components (pipes, fittings, valves, elbows, etc.) that are

connected in each network pipeline. Additionally, a specific
nomenclature was developed in order to identify each
network pipeline and to facilitate handling of the enormous
amount of network data.

Afterwards, the pipeline and fittings information was
carefully documented using specifically designed formatsin
the form of MS Word tables. The formats contain
information on the type, dimensions and schedule of each
pipe, valve and fitting involved in each pipeline segment.
Also included is information on the location, €evation
profile (when available) and references on the source of
information of each documented pipeline in order to trace
its origin. This procedure facilitated transporting the
network information from the documentation formats to the
flow simulators to implement the numerical model. Figure
3 shows an example of pipeline data documentation table.

3.2 Description of the Flow Simulation Software

Two commercially available simulation  codes,
PIPEPHASE (Invensys, 2005) and SIM.SNET (Technical
Software and Engineering, 2005), were chosen to perform
the numerical simulation of steam flow in the transportation
networks of the CPGF and LAGF.

PIPEPHASE is a steady-state flow simulator which has
been extensively tested in the oil industry and accounts for
steady-state multiphase flow with heat transfer in wells,
pipes and pipeline networks transporting oil and gas or
steam and its condensate. This code includes several
models for pressure drop calculations and an advanced GUI
which greatly facilitated the construction and
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implementation of the network models. The PIPEPHASE
simulator was used in the field-wide simulation of both
CPGF and LAGF transportation networks.
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Figure 3: An example of a pipeline network data
documentation.

SIM.SNET (Steam Transmission Network Simulator) is a
general purpose steady-state steam transport simulator that
couples wells, pipes, reservairs, sources and sinks including
wells and power plants, and computes pressure,
temperature, mass flow rates and enthalpy, heat losses and
condensate a each node or pipe segment. Unlike
PIPEPHASE, this code has only a data pre-processing
module based on MS Excel which is used to create input
files. Single-phase steam flow in SIM.SNET can be
computed using four models. Bernoulli, Weymouth,
Panhandle or Fritz equations. The Cullender and Smith
equation is used for vertical flow. Heat losses are computed
from a balance between heat input, heat loss, heat out and
heat loss to condensate formation. SIM.SNET was only
partialy tested in CPGF, while it was used in the simulation
of the entire transportation network of the LAGF together
with PIPEPHASE.

3.3 Selection and Validation of Pressure Drop Models

Selection of the pressure drop models used in the
simulation of the field-wide CPGF and LAGF steam
transportation networks, respectively, involved in both
cases measuring pressure profiles in selected pipelines and
matching these measurements with computed pressures
obtained from testing different pressure drop models
included in the PIPEPHASE simulator. Field pressure
measurements were performed with calibrated manometers
and digital pressure transducers.

Regarding to CPGF, from the various pressure drop models
tested, it was found that the Beggs and Brill method
(Invensys, 2005; Garcia et al., 2006) best fitted with
measured data, and on these basis it was chosen for the
simulation of the entire network. Figure 4 shows a
comparison of measured and computed pressures using two
pressure drop models for the case of the high-pressure
Branch 1 of CP2. As it is seen from the graph, the Beggs
and Brill model matches better the measured pressures
while the Beggs and Brill-Moody model more markedly
departs more from the measured data at shorter distances.

In the case of LAGF, the pressure drop model described by
Mukherjee and Brill (1983) was selected to simulate steam
flow in the pipeline network. Figure 5 shows a comparison
of measured and simulated pressures using different
pressure-drop correlations recommended for hilly terrains
that are available in PIPEPHASE. Pressures were
measured aong the main collecting duct that transports
steam to the power plant U-7 (50-MWe; the largest in
LAGF) located in the South Zone. From the figure, it is
readily observed that the Mukherjee and Brill (1983) model
best fits the measured pressures. The SIM.SNET pressure
drop calculations of the LAGF pipeline network with were
carried out using the Bernoulli equation (White, 1979;
TS&E, 2005), which gave also good results, Figure 5.

3.4 Operative Data for the Numerical Simulations

For each geothermal field, numerical simulations were
performed in order to evaluate the overal performance of
the steam pipeline network for specific dates and cases.
Operative data required for the simulations of each
geothermal field included pressure and flow rate at each
well and at each delivery point of the power generation
stations. Data were taken from daily field reports.

Analysis of historical production data were performed in
order to verify whether the data were consistent and within
expected trends, and to detect abnormal data. Whenever
required, uncertainties were eliminated through selection of
appropriate data. In afew, trend values were used instead of
detected outliers as input data.
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Figure 4: Comparison of measured and computed
pressures using two pressure drop modelsin the
high-pressure Branch 1 of CP2.
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Figure 5: Comparison of computed pressures obtained
with various pressure drop models and measur ed
pressures in the LAGF South Zone main steam
collector.



4. SSIMULATION RESULTS AND DISCUSSION

4.1 Simulation Results of the Cerro Prieto Pipeline
Network

As described previoudly, the CPGF steam pipeline network
is a large and complex system which includes high- and
low-pressure steam ducts running in paralel, athough
primary and secondary separated steam typically do not mix
during their transport to the delivery points of the power
plants. This allowed modeing the steam transportation
system as two independent networks rather than a single
system. Simulation results of the CPGF are then presented
for both the high- and low-pressure pipeline networks.

4.1.1 Cerro Prieto high-pressure pipeline network

Once the high-pressure pipeline network model was set-up
in the PIPEPHASE simulator according to the operative
information of the selected date for simulation, it was
observed that the model was further subdivided into two
submodels, one including mostly wells from the CP3 and
CP4 field areas, and the other grouping wells from the CP1
and CP2 field areas.

These two submodels or “blocks’ were connected only
through a pipeline running between the CP2 and CP3 field
areas, which had installed a bypass equipped with a 12"
butterfly valve opened at 5% of full aperture. Given this
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conditions, the valve was assumed to be fully closed so that
the high-pressure network could be split into two
independent blocks called the North Block and the South
Block, which are schematized in Figure 6.

The North Block network transports steam from 86 wells of
CP3, CP4 and some wels from CP2 that feed
Interconnection CP2-CP3. Each of the two main branches
of CP3 and CP4 transports steam to its own power plant,
while the CP1 power plant is aso fed with steam from
some wells of the North Block through the Interconnection
B.

The South Block network transports steam from 72 wells of
the CP1 and CP2 field areas (wells of CP2 that supply
steam to the North Block through Interconnection CP2-CP3
are not included here). In CP1 there exist eight branches
which are located at both the northern and southern sides of
the CP1 power plant. In CP2 there are two main branches,
each transporting steam to its own power plant. Two short
interconnections permit an adequate steam distribution
between the two branches (CP2B1 and CP2B2 in Figure 6).
Even though CP1 has eight branches, there are few wells
connected to them whereas most of the wells from the
South Block are connected to the CP2 branches.
Interconnection CP2-CP1 allows the transfer of steam from
Branch CP2B1 to the CP1 branches located at the south
side of the CP1 power plant.

Lt
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O —

memonmecton
E1-8240P2

SOUTH BLOCK

CP41 &
CP42
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Figure 6: Schematics of the CPGF high-pressure steam transportation network model as implemented in the PIPEPHASE

simulator.
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For the simulations of the CPGF high-pressure pipeline
network, each well was considered as a source boundary
condition since flow rate at the orifice plate of each well is
known. Similarly, pressures at the inlet of each power plant
were origindly fixed as sink boundary conditions.
However, under this scheme, numerical instability and
convergence problems arose, and thus some of the sinks
were modeled with flow rate as boundary condition (see
Tables 1 and 2).

Figure 7 shows a comparison of the measured and
computed pressures of the wells connected to the different
branches of the North Block. A tredn can be seen to follow
a45° line, indicative of a good prediction by the numerical
model. In this plot, the maximum relative difference is
6.61% while the average of relative differences is 2.36%
and the standard deviation is2.19.
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Figure 7: Comparison of measured and computed well
pressures of the CPGF North Block high-
pressure pipeline network.

From the figure, it can be seen that computed well pressures
tend to be higher than measured pressures however the
differences are quite reasonable. It should be noted that the
wells that had larger relative differences are those feeding
steam to the CP4 power plant. The reason of thisis that the
aperture of the two pressure-reducing valves that regulate
the steam flow towards that power plant was not modeled.
These valves are located 60 m upstream of the CP4inlet, in
a highly complicated interconnection node which
distributes steam to both CP3 and CP4, and in practice they
operate partially open creating a large pressure drop locally
(choke point) as the CP4 well pressures are on the order of
1.60 MPa while inlet pressures at the CP4 power plant are
about 1.20 MPa.

During simulations, regulation of these valves led to
numerical instability and convergence problems. This
situation was solved by modeling the valves fully open,
which established a free path towards CP4 power plants;
however, plant pressures had to be increased in order to
match the steam flow rates specified as prescribed boundary
condition. Thus, the estimated pressures at CP4 represent
more the pressure at the inlet of the pressure-reducing
valves than the power plant’sinlet pressue.

Table 1 summarizes the steam flow rate results at the inlet
of the power plants located in the North Block, which
showed relative differences less than 1%.

Table 1: Comparison of computed and measured steam
flow rates at the inlet of the CPGF North Block
power plants (the asterisk indicates a fixed
boundary condition value).

Flowrate, t/h Relative
Branch Measured Computed Difference, %
CP3-1 737.00 743.18 0.84
CP3-2 865.00 868.15 0.36
CP4-1 421.60 421.94* 0.08
CP4-2 338.10 338.28* 0.05
CP1-IB 663.00 663.51* 0.08

Figure 8 shows a comparison of measured and computed
well pressures of the CPGF South Block high-pressure
pipeline network. A 45° line trend is observed for all well
pressures, which is indicative of a good prediction by the
numerical model. The maximum relative difference is -
0.4% while the average of relative differences is —0.3% and
the standard deviation is 3.6.
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Figure 8: Comparison of measured and computed well
pressures of the CPGF South Block high-
pressure pipeine network.

Three main groups of wells can be identified in this plot.
Group 1. with pressures of about 0.75-0.90 MPa that
includes al wells from CPl. Group 2: with pressures
ranging from 1.00 to 1.25 MPa that includes all wells
feeding the CP2-CPl1 Interconnection. Group 3: with
pressures ranging from 1.25 to 1.60 MPa that includes all
wells that supply steam to the CP2 power plants through
branches CP2B1 and CP2B2, see Figure 4. The wells of
Group 2 showed the maximum relative differences, which
can be explained by the strong pressure differences between
the wells of CP2 and CP1 fidd areas and by the regulation
of a valve located at the end of Interconnection CP2-CP1
that produces an additional pressure drop.

A comparison of computed and measured steam flowrates
of each branch at the inlets of the CP1 and CP2 power
plants is shown in Table 2. It can be seen that except for
Branch CP1-2, dl relative differences are less than 5% in
absolute value. The comparatively largest relative
difference in Branch CP1-2 can be explained as a mismatch
since this branch received the steam of only two wells and
the sum of their computed flowrates is less than the
measured flowrates.

Table 2: Comparison of computed and measured steam
flow rates at the inlet of the CPGF South Block



power plants (the asterisk indicates a fixed
boundary condition value).

Flowrate, t/h Relative
Branch Measured Computed Difference, %
CP1-1 58.71 61.47 4.69
CP1-2 34.79 31.85 -8.46
CP1-3 21.29 20.55 -3.48
CP1-5 187.99 195.91 4.21
CP1-6 197.67 205.29 3.86
CP1-7 244.00* 243.41 -0.24
CP2-1 794.00 774.72 -2.43
CP2-2 754.00* 748.23 -0.76

4.1.2 Cerro Prieto |ow-pressure pipeline network

The low-pressure steam transportation network of the
CPGF is fed with the steam from the secondary separation
of 77 producing wells of CP2, CP3 and CP4 field areas. No
wells from CP1 field area supply steam to the low-pressure
steam pipeline network.

According to the operation data and network configuration
for the simulation date, two gate valves, one installed at the
south edge of the CP2-CP3 interconnection and the other on
an interconnection between Branch 1 of CP2 and Branch 2
of CP4, were totally closed, thus dividing the low-pressure
network into three independent parts or “blocks’. The first
block, or Block-1, included 16 wells from CP3 and CP4 as
well as some wells from CP2 connected to Interconnection

Garcia-Gutiérrez et al.

CP2-CP3 which supplied steam to power plant 1 of CP3
through Branch 1 of CP3. Block-2 included 17 wells from
CP3 and CP4 which supplied steam to power plant 2 of
CP3 through Branch 2 of CP3. Block 3, the largest one, had
44 wells from CP2 supplying steam to the two power plants
installed in this same field area. Figure 9 shows the CPGF
low-pressure pipeline network and the three blocks
described above.

Figure 10 shows a comparison of the measured and
computed well pressures for the low-pressure pipeline
network. In the plot, wells from each block are represented
with a different symbol. Wells from blocks 2 and 3 tend to
follow a 45° line; however, for blocks 1 and 2 there are
differences of 10% or larger between computed and
measured well pressures. The wells of the Block-1 show the
largest scattering.

Regarding flowrate calculations at the inlet of the power
plants (see Table 3), large differences were found for
Blocks 1 and 3 when compared with measured data. The
model overestimates the flowrate arriving at power plant 1
of CP3 (+44.2%; 42.4 t/h) while the steam flowrate is
underestimated (-26.3%; 38 t/h) at the inlet of power plant 2
of CP2. Since mass is conserved, the computed flowrate
should be equal to the total flowrate produced by the wells
of these blocks, except for a small reduction due to steam
condensation.
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Figure 9: Schematics of the CPGF low-pressure steam transportation network model asimplemented in PIPEPHASE.
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Figure 10: Comparison of measured and computed well
pressures in the CPGF low-pressure pipeline
network.

This led us to assume that there could be some
inconsistencies in the measured data or in the information
on the actua opening of some valves affecting the
distribution of steam through the low-pressure network.
Nevertheless, part of the differences could also be attributed
to the low-pressure network performance itself. In the
pressure measurements, the gauges are pressurized with
steam but there is two-phase flow in many parts of the
network. This fact is not necessarily considered by the
instrument, while the simulator does model steam and
liquid flow. This potential source of error can be more
severe in the low-pressure pipeline network since it carries
a larger proportion of condensate than the high pressure
network.

Table 3: Comparison of computed and measured steam
flowrates at the inlet of the CPGF low-pressure
network power plants.

Power Flowrate, t/h Relative
Block Difference,
Plant | Measured | Computed %
1 CP3-1 96 138 44.16
2 CP3-2 144 132 -8.33
3 [CP2l 136 142 451
CP2-2 143 105 -26.3

In view of the large differences observed a What if analysis
was carried out and a few changes to the network
configuration were made in an attempt to reduce the
differences in computed and measured pressures and steam
flowrate. The anaysis included three sensitivity scenarios:

1) Opening of the gate valve located at the south edge of the
interconnection CP2-CP3 (see Figure 9) so that steam could
flow between Blocks 1 and 3 (forming one block);

II) Closing the valve at the north edge of the CP2-CP3
interconnection while the valve located at the south edge of
this interconnection remained open, so that wells from CP2
connected to Interconnection CP2-CP3 stopped supplying
steam to Block-1 and sent their production to Block-3
(power plants 1 and 2 of CP2).

I11) Improvement of the model predictions regarding the
differences between computed and measured pressure and
steam flowrates at the power plants inlet of Blocks 2 and 3.
Here, the power plantsinlet pressures were tuned so that the

steam flowrate model predictions approached better the
measured data.

Table 4 shows a comparison of the average relative
differences in well pressures for the three sensitivity cases
and the base case. Table 5 shows the flowrate results at the
power plants inlet for the same cases. From these two
tables, Case Il showed better results than Case | for the
entire network, although an overestimation of 19.39% in the
steam flowrate still persists at the inlet of CP2power plant
1, thisdifference being even larger than for the base case.

Table 4: Comparison of the average relative differences
between computed and measured well pressures
of the sensitivity analysis performed on the
CPGF low-pressur e networ k.

Well Pressure Average Relative Differences, %
Block
Base Case Casel Casell Caselll
1 21.21 -0.75 247 245
2 8.02 8.02 8.02 2.38
3 -2.80 -0.75 -1.43 -1.58

Table 5: Comparison of relative differences between
computed and measured steam flowrates at the
inlet of the CPGF low-pressure network power
plants obtained from the sensitivity analysis.

Block Power Steam Flowrate Relative Differences, %
Plant | BaseCase | Casel Casell | Caselll
1 CP3-1 44.16 -18.53 -0.11 -0.11
2 CP3-2 -8.33 -8.33 -8.33 -8.21
3 CP2-1 451 28.24 19.39 7.60
CP2-2 -26.33 -6.97 -10.72 0.51

Case Ill shows the lowest differences when compared to
measured data. Figure 11 plots the measured and computed
well pressures for this case. It can be seen that the well
pressures of the three blocks are slightly overestimated but
with relative differences lower than 10% (average relative
difference of 2.45%).
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Figure 11: Comparison of measured and computed well
pressures of the CPGF low-pressure network,
Caselll.

4.2 Simulation Results of the Los Azufres Pipeline
Network

The steam transportation system of LAGF consists of two
independent networks located in the North and South
Zones, respectively, and thus, the hydraulic model of the
network was divided into two submodels. Simulation



results are presented for each zone separately, and for each
simulator employed, PIPEPHASE and SIM.SNET.

4.2.1 Los Azufres North Zone pipeline network

On the simulation date, the Los Azufres North Zone
(LANZ) pipeline network could be subdivided into four
independent branches, which are outlined by dotted linesin
Figure 12.

AZ-6ED

U-9/U-14

WELL (SOURCE)

POWER PLANT
(SINK
DISABLED NODE

JUNCTION NODE
PIPE SEGMENT
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e &O®

Figure 12: Schematics of the LAGF North Zone steam
transportation network model asimplemented in
PIPEPHASE.

Two main branches are observed: the first supplying steam
to power plants U-9 and U-14, and the second supplying
steam to power plants U-15 and U-16. There are also two
smaller branches that transport steam to two 5 MWe
backpressure units, U-4 and U-5. Steam flow through the
different branches and towards the power plants was
controlled by gate or butterfly valves, either fully or
partialy open. Overall, the seven power plants of this zone
received steam from 23 producing wells integrated to the
LANZ network with a combined steam production of 804.4
t/h. Well pressures ranged from 0.94 to 1.34 MPa after
Separation.

Figure 13a shows a comparison between measured and
simulated pressures with PIPEPHASE of the LANZ wells.
The results agree well with measured data with an average
relative difference of 2.42%, and a standard deviation of
4.03. Only wells AZ-67 and AZ-69D showed dlightly
higher relative differences of 10% and 13%, respectively.
These two wells are located in a “transition” zone between
high-pressure wells (1.24-1.34 MPa) and low-pressure
wells (0.94-1.03 MPa).

Figure 13b presents a comparison between measured and
simulated LANZ well pressures with SIM.SNET.
Computed pressures were dightly over predicted by
SIM.SNET at most wells. All computed pressures differed
from their measured values by less than 6.5%, except for
wells AZ-28A and AZ-69D whose computed pressures
were 89% and 10.2% larger than their measured,
counterparts, respectively.

The results of the steam flowrate calculations at the LANZ
power plants inlets are shown in Table 6 from which it is
observed that the flowrates computed with SIM.SNET
agree dlightly better with measured values than those
obtained with PIPEPHASE do. Note that the largest
differences observed between estimated and measured
flowrates at delivery points are in the U-15 and U-16 power
plants.
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Figure 13: Comparison of measured and computed well
pressures of the LAGF North Zone pipeline
network: (a) PIPEPHASE and (b) SIM.SNET.

Table 6: Comparison of computed and measured steam
flowrates at theinlet of the LANZ power plants.

Power Measured | Estimated Rc_al . Estimated Rc_al .
plant flowrate flowrate, Dif. flowrate, Dif.

t/h t/h % t/h %

PIPEPHASE SIM.SNET

U-4 61.80 67.91 9.88 67.88 9.84
U-5 68.80 69.23 0.63 68.79 -0.01
uU-9 68.10 63.80 -6.31 68.39 0.43
U-14 184.00 188.69 2.55 184.32 0.17
U-15 183.00 186.82 2.09 210.03 14.77
U-16 180.00 227.94 26.64 204.73 13.74

These are most probably due to an uncertainty in measured
data. Since mass is conserved, the amount of steam entering
and exiting the pipeline network should be the same, except
for asmall reduction due to steam condensation. Hence, the
large differences at the power plant delivery points can be
due to an error in the computed and/or measured rates. In
this case, the total flowrate of steam produced by the wells
that fed Branch U-15/U-16 was closer to the sum of the
estimated flowrates at these two plants. Thus, the measured
flowrate value shown in Table 6 seems to correspond to the
nominal steam flowrate entering the turbine, which
excludes the steam surplus that was not used in electrical
generation.

The differences in the estimated amount of steam entering
to U-15 and U-16 with SIM.SNET and PIPEPHASE, might
be explained by the way that aperture of valves (which
controlled the steam distribution through Branch U-15/U-
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16) is modeled in each simulator. According to Table 6,
SIM.SNET seems to better distribute the available steam
between the two power plants however, not knowing the
actual Flowrate arriving to each deliver point would render
this reasoning unbased.

Figure 14 presents a comparison between measured LANZ
well pressures and those computed with PIPEPHASE and
SIM.SNET. In general, the simulations display good
agreement with measured data except for wells AZ-67 and
AZ-69D where the computed vaues are dightly
overestimated by both simulators. For wells AZ-28A and
AZ-57, SIM.SNET predicts larger pressures than
PIPEPHASE does. The differences between the pressures
computed by both simulators are most likely due to the
different mathematical and numerica methods used since
PIPEPHASE is atwo-phase simulator while SIM.SNET isa
single phase code.
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Figure 14: Comparison of computed well pressures of
the LANZ pipeline network obtained with
PIPEPHASE and SIM.SNET. The vertical
dashed linesindicate sub-network divisions.

4.2.2 L os Azufres South Zone pipeline network

On the simulation date, most of the wells from the Los
Azufres South Zone (LASZ) pipeline network were
connected to a long main branch that supplied steam to
power plants U-7 and U-13, whereas a few wells fed other
three small independent branches that supplied steam to
three 5 MW back-pressure power plants, U-2, U-6 and U-
10. These small branches were not included in the network
model since they operate as wellhead units and the pressure
drop between the well and the power plant is very small.
Thus, the LASZ steam pipeline network model includes
only the branch that transported steam to U-7 and U-13
power plants as shown in Figure 15.

Figure 16a shows a comparison between well pressures
computed with PIPEPHASE and measured values for the
LASZ network. In this case, the average relative differences
are 0.80%, with a standard deviation of 3.62. Wdll
pressures computed with SIM.SNET and measured data for
this same field area are compared in Figure 16b. For this
plot, the average relative differences are 0.39%, with a
standard deviation of 3.35. It can be seen that for both
simulators the results compare very well with measured
data and that well Az-23 shows the largest scatter with a
computed pressure about 10% greater than the measured
value.
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Figure 15: Schematics of the LAGF South Zone steam
transportation network model asimplemented in

PIPEPHASE.
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Figure 16: Comparison of measured and computed well
pressures of the LASZ network: (a) PIPEPHASE
and (b) SIM.SNET.

The results of the steam flowrate calculations at the
delivery points in the LASZ power plants are shown in
Table 7. These include the calculations obtained with both
simulators for the U-7 and U-13 power plants. Both codes
display good results when compared with measured data,
showing PIPEPHASE dlightly better results than
SIM.SNET.

Figure 17 shows a comparison between measured and
simulated LASZ well pressures with both PIPEPHASE and
SIM.SNET. Note that the pressures computed by both
simulators agree very well with field measurements. As



noted previously, only the computed pressure in AZ-23
shows alarger scattering.

Table 7: Comparison of computed and measured steam
flowrates at theinlet of the LASZ power plants.

Power Measured Estimated R_el. Estimated R_el.
plant flowrate flowrate, Dif. flowrate, Dif.
t/h t/h % t/h %
PIPEPHASE SIM.SNET
U-7 440.00 443.85 0.88 430.84 -2.08
U-13 185.00 187.42 1.31 191.12 3.31
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Figure 17: Comparison of computed well pressures of
the LASZ pipedline network with PIPEPHASE
and SIM.SNET.

5. CONCLUSIONS

This paper describes briefly the development of the
hydraulic models of the Cerro Prieto and Los Azufres
geothermal fields, Mexico and presents the results of
numerical simulations of the large steam transportation
networks of these two fields. The construction of each
model involved the compilation of a detailed database of all
components connected to each network and their
characteristics. These models were employed to carry out
numerical simulations using commercially-available
simulation software.

Each network model was validated by simulating the field-
wide operating conditions for a specific date. The overal
performance of each pipdine system was evauated by
analyzing the pressure and heat losses in the flow
components of the network, from the orifice plate of each
well connected to the network to the power plants inlets.
Given the differences in size and the topographic
characteristics of each network, different pressure drop
models were applied of each geothermal field.

Results obtained separately with the two-phase
PIPEPHASE flow simulator and the single-phase SIMSET
flow codes compare quite well considering their different
mathematical formulations and capacities. In the case of the
LAGF, we found that SIMSNET, being a less expensive
code, could be used in the simulation of the entire network
due to the excellent physical condition of the pipelines and
their therma insulation which reduce the steam
condensation in the pipes. Previoudly, this code was only
partialy tested in CPGF, and therefore, it was not possible
to evaluate this performance in an even larger, more
complex network.

The simulation results are considered very satisfactory
since computed well pressures were generally within 10%
of the measured values, with only very few wells showing
dightly higher differences (i.e. between 10% and 13%).
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Regarding the computed and measured flow rates at the
power plant inlets the differences for both transportation
networks were also within 10%, except for Branch U-15/U-
16 of LAGF where a mismatch in the reported flow rate
delivered to the plant was found. Also, the results of the
low-pressure steam network of the CPGF showed very high
differences in computed pressures and steam flowrate for
the initia case, herein called the base case. A What if
analysis was then performed in order to try to explain the
reasons of such high differences. Some operative data were
tuned and the resulting computed pressures and steam
flowrates matched much better the measured data. It is thus
likely that the low-pressure network connectivity and power
plants pressures were not properly defined in the base case.

The experience from these study cases demonstrate the
usefulness and suitability of numerical modeling as atool to
evduate the overall performance of complex steam
transportation  systems with  different  geometrical
characteristics and under different operating conditions.
Furthermore, these models can be used to identify areas in
the systems in need of improvement and to analyze the
impact of changes in operating conditions, as well as the
effects of removing or adding new wells and pipeline
segments to the system and the result of maintenance
activities. Our work shows that it is feasible to simulate
reliably large, complex steam networks via up-to-date
numerical simulators.
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