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ABSTRACT 
 
This study assesses the Steam Above Ground System (SAGS) of Unit-1 and Unit-2 
in Ulubelu geothermal field in Indonesia after 5 years of operation. After this period 
of operation, there are changes in operation parameters such as pressure, temperature 
and flow from production wells due to the decline of the geothermal resource. It has 
effects not only on the SAGS performance, i.e. pressure drop, fluid velocity, 
equipment efficiency etc., but also potential silica scaling in the reinjection line. In 
addition, there is a reduction in the operating life of SAGS, especially regarding the 
pipes and the separator that need to be monitored and evaluated. This study focuses 
on pressure drop analysis of the two-phase flow of steam and brine, separator 
performance analysis, Silica Scaling Index (SSI) analysis in the reinjection line, wall 
thickness evaluation and estimation of turbine chamber pressure by Stodola’s law. 
All of the calculations were done using Engineering Equation Solver (EES), 
comparing and evaluating both the design and the present condition. The assessment 
result shows that at present conditions, the SAGS performance decreases with the 
decrease of operation parameters. It is characterized by some operation parameters 
that are below allowable conditions, such as pressure and temperature at interface 
point, silica saturation index and steam quality at separator outlet. Based on those 
conditions, some optimization scenarios are recommended to be applied in order to 
improve the SAGS performance.

 
 

 
1. INTRODUCTION 
 
The Ulubelu geothermal field is located in the administrative district of Tanggamus. It is about 100 km 
west of Bandar Lampung city, the capital city of Lampung Province in S-Sumatra, Indonesia. 
Geographically, the Ulubelu geothermal field is bounded by 104°27’25” and 104°43’31” east longitude 
and 5°15’16” and 5°31’29” south latitude. The total surface area of Ulubelu geothermal field is 90 ha 
(Figure 1). 
 
The development of Ulubelu geothermal field began with an exploration stage that was conducted from 
1991 to 2007. Activities undertaken at this stage include a survey of geology, geophysics, geochemistry, 
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reservoir study and assessment, 
exploration drilling and land 
preparation. The next stage was the 
development stage, which was 
carried out from 2007 until 2012. 
The activities carried out were 
infrastructure development, 
delineation drilling of production 
and reinjection wells and 
construction of the steam above 
ground systems (SAGS) of Unit-1 
and Unit-2. The production stage 
began in 2012 and has continued 
until today. In this stage, Unit-1 and 
Unit-2 started producing electricity 
with an installed capacity of 55 MW 
each. Parallel to operational 
activities of Unit-1 and Unit-2, two 
more units were developed, Unit-3 
and Unit-4, each with an installed 
capacity of 55 MW. Production and 
monitoring activities of Unit-1 and 
Unit-2 were conducted in parallel 
with delineation drilling activities, as 
well as the engineering, 
procurement, construction and 
commissioning of the SAGS and 
Unit-3 and Unit-4 which were 
completed in the middle of 2017. 
 
There are two business schemes of 
geothermal utilization in Ulubelu 

geothermal field. First, the steam sales contract (PJBU) for Unit-1 and Unit-2 and second, the electricity 
sales contract (PJBL) for Unit-3 and Unit-4. In the PJBU scheme, PT PERTAMINA Geothermal Energy 
(PT PGE) has a responsibility to build the SAGS and deliver steam to the power plant, which is owned 
by PT PLN (the State Electricity Company). In PJBL scheme, PT PGE has a responsibility to build 
SAGS and the power plant. The electricity from the power plant will be sold to PT PLN as the single 
buyer of electricity in Indonesia. 
 
This paper will discuss SAGS of Unit-1 and Unit-2, which have been operating for 5 years, while Unit-
3 and Unit-4 will not be discussed since those units started operation at the end of 2016 for Unit-3 and 
at the end of March 2017 for Unit-4. Therefore, the conditions of operating parameters and conditions 
of production facilities are still more or less the same as the design conditions and there has been no 
significant change in the short operation period.  
 
 
1.1 Background and problems 
 
The Ulubelu geothermal field is one of the geothermal fields in Indonesia that is characterized by two-
phase fluids. The steam fraction in the total two-phase fluid is approximately 20% on average. The 
geothermal power plant of Unit-1 and Unit-2, which have been in operation since 2012, is supplied from 
three production well clusters and two reinjection well clusters (Figure 2). Distribution of production 
wells and reinjection wells for Unit-1 and Unit-2 is as follows: 

 

FIGURE 1: Location of the Ulubelu geothermal field  
(PGE, 2017a) 
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Production well clusters 
1. Cluster-B, consists of four wells:  

 UBL-02 (B1) 
 UBL-03 (B2) 
 UBL-15 (B4) 
 UBL-16 (B5) 

2. Cluster-C, consists of four wells: 
 UBL-05 (C1) 
 UBL-06 (C2) 
 UBL-07 (C3) 
 UBL-08 (C4) 

3. Cluster-D,consists of three wells: 
 UBL-11 (D1) 
 UBL-12 (D2) 
 UBL-14 (D4) 

 

Reinjection well clusters 
1. Cluster A, consists of three wells: 

 UBL-01 (A1) 
 UBL-18 (A3) 
 UBL-23 (A4) 

2. Cluster F, consists of three wells: 
 UBL-17 (F1) 
 UBL-19 (F2) 
 UBL-23 (F3) 

 
During the operation of approximately 
five years from 2012 to 2017, where the 
operating parameters in SAGS were 
routinely monitored, locally or in the 
control room, some changes have been observed. The experienced changes are for example, decrease of 
pressure, temperature and production capacity due to a decline in well performance, and the reduced 
operating life of production facilities such as pipes and separators. The current condition are much 
different from the current state of the SAGS at design conditions that is the start of the operation. Another 
important issue is the potential for scaling in pipelines, especially in the brine pipeline from the 
production separator to the reinjection wells due to the decline in operating parameters.  
 
 
1.2 Objectives of the study 
 
The main objective of this study is to assess the SAGS of Unit-1 and  
Unit-2 Ulubelu geothermal field after 5 years of operation, regarding problems that were stated in 
Section 1.1. The specific objectives to achieve the main objective are: 
 

1. To compare, analyse and evaluate the performance of the SAGS of Unit-1 and 2 at Ulubelu 
geothermal field between the design condition and actual condition after operation for 5 years; 

2. To give a recommendation about SAGS optimization and future strategy of its operation; 
3. To make a template of the SAGS assessment for the next assessment activity, since this is the first 

assessment of it. 
 
 
1.3 Scope and limitations of the study 
 
Design data will be used as the basic data to compare with the calculation results. This data is the 
engineering data of SAGS Unit-1 and Unit-2 in Ulubelu geothermal field before the construction phase. 
However, due to the limitations of the basic data, this study focuses on: 

 

FIGURE 2: Cluster layout of Unit-1 and Unit-2, 
Ulubelu geothermal field (PGE, 2017a) 
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1. Mechanical parameters, specifically on the pipeline and separator thickness monitoring and 
evaluation using wall thickness measurement data after the start of operation of SAGS Unit-1 and 
Unit-2 until early 2017 

2. Process parameters, specifically calculations of pressure drops in the two-phase flow, steam and 
brine, two-phase flow patterns and separator performance. These calculations use actual data that 
are monitored from the central control room of SAGS Unit-1 and Unit-2 until early 2017; and 

3. Chemical parameters, specifically calculation of the silica scaling index (SSI) in the reinjection 
line from the separators to reinjection wells. Chemical data was taken from the laboratory of 
Ulubelu geothermal field in early 2017.  

 
Definitions on parameters are given in the Nomenclature section towards the end of the report. 
 
 
 
2. OVERVIEW OF STEAM ABOVE GROUND SYSTEM (SAGS) OF UNIT-1 AND UNIT-2 
 
2.1 General data 
 
The general data, which are used to support the calculations, both at the design condition and present 
condition are as follows (PGE, 2012): 
 

1. Barometric pressure due to elevation of each cluster: 
 Cluster-A  : 0.9320 bar-a (703.12 m a.s.l.) 
 Cluster-B  : 0.9155 bar-a (853.44 m a.s.l.) 
 Cluster-C  : 0.9256 bar-a (760.90 m a.s.l.) 
 Cluster-D  : 0.9194 bar-a (817.43 m a.s.l.) 
 Cluster-F  : 0.9309 bar-a (712.58 m a.s.l.) 
 Interface point  : 0.9235 bar-a (780 m a.s.l.) 

2. Air temperature: 
 Maximum : 34°C 
 Minimum : 22.3°C 
 Average (annually) : 26.7°C 

3. Air relative humidity: 
 Maximum  : 97% 
 Minimum  : 60% 
 Average  : 83% 

4. Rainfall: 
 Maximum (annually) : 2850 mm 
 Minimum (annually) : 630 mm 
 Average (annually) : 1899 mm 

5. Wind: 
 Maximum velocity : 2.94 m/s 
 Average velocity : 2 m/s 

6. Seismicity: 
According to zone 5 Indonesian Code SNI 03-1726-2002 it is 0.3 G 

 
 
2.2 Steam availability (based on discharge test results) 
 
The main purpose of discharge tests is to get information about the potential energy output of geothermal 
wells in MW before they are used to supply steam to the power plant. This activity is done after drilling 
and the heating up of the well. In Ulubelu geothermal field, discharge tests were carried out between 
2010 and 2011 before the construction phase of the SAGS and the power plant began by using the 
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separator method. The separator method has the highest accuracy compared with other methods, such 
as the Lip pressure method, with accuracy level at the normal control of flow ± 4%; enthalpy ± 30 kJ/kg 
and at the careful control of flow ± 2%; enthalpy ±10 kJ/kg (Grant et al., 1982). Geothermal wells in 
Ulubelu are non-artesian wells, meaning that the well cannot discharge by itself so they need stimulation 
to discharge, mostly by using an air compression system (Mubarok and Zarrouk, 2017). Figure 3 shows 
the results from discharge tests for production wells of Unit-1 and Unit-2 which are expressed in 
deliverability curves of flow and enthalpy as a function of wellhead pressure. 

Steam availability for Unit-
1 and Unit-2 based on 
discharge test results at 
design operation condition 
is shown in Table 1. As 
mentioned above, 11 
production wells and 6 
reinjection wells are used in 
SAGS Unit-1 and Unit-2 
with total steam availability 
of 839 ton/h or 2323 kg/s, 
average enthalpy 1208 
kJ/kg and average steam 
fraction 20.9%. Those 
amounts of steam are 
sufficient to generate 
electricity in two 55 MW 
units by using the 
assumption of specific 

TABLE 1: Steam availability of Unit-1 and 2 Ulubelu (PGE, 2012) 
 

Wells 
WHP 

(bar-a)
Mass flow Enthalpy 

(kJ/kg) 
Steam fraction

(%) (Ton/h) (kg/s)
Cluster-B          
UBL-2 (B1) 11.75 287.50 79.86 1253.60 23.12 
UBL-3 (B2) 11.75 303.60 84.33 1283.90 24.62 
UBL-15 (B4) 11.79 438.20 121.72 1280.10 24.38 
UBL-16 (B5) 11.79 300.00 83.33 1253.50 23.08 
Cluster-C          
UBL-5 (C1) 10.31 330.00 91.67 1045.70 13.77 
UBL-6 (C2) 10.33 350.00 97.22 1102.50 16.58 
UBL-7 (C3) 10.33 451.00 125.28 1102.50 16.58 
UBL-8 (C4) 10.30 330.00 91.67 1099.20 16.44 
Cluster-D          
UBL-11 (D1) 12.90 652.10 181.14 1271.80 23.23 
UBL-12 (D2) 12.90 232.40 64.56 1233.60 21.32 
UBL-14 (D4) 12.90 354.80 98.56 1302.60 24.79 

FIGURE 3: Deliverability curve of production wells of Unit-1 and Unit-2 Ulubelu (PGE, 2011) 
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steam consumption 7 ton/h per MW or 1.94 kg/s per MW. This assumption was made based on general 
data of interface point pressure in the steam sales contract (PJBU) between PGE and PLN. This is also 
considered when selecting wellhead pressure for each production well. 
 
 
2.3 Process flow diagram and heat mass balance at design condition 
 
The process flow diagram in Figure 4 describes the flow sequence of the fluid from the wellhead to the 
steam interface point. The heat mass balance (HMB) in Table 2 shows the value of the operation 
parameters at each point starting from the two-phase line after the wellhead to the steam interface point. 
The interface point is the limit area between the SAGS, which is operated by PT PGE and the power 
plant, which is operated by PT PLN. 

The general process description of the process flow diagram is divided into three sections as below: 

 
1. Two-phase line 
The two-phase geothermal fluid is flowing from three different production clusters, Cluster-B with four 
production wells (UBL-02, 03, 15 and 16), Cluster-C with four production wells (UBL-05, 06, 07 and 
08) and Cluster-D with three production wells (UBL-11, 12 and 14). The two-phase fluid from each 
well flows through a 12” diameter pipeline to the two-phase header in each cluster. A header with larger 
size of diameter (30-36”) collects two-phase fluid from the wells. From the header it flows to the 
separator where steam and brine are separated. The two-phase fluid from Cluster-B flows to Separator-
01A, which is located about 1.3 km away in Cluster-C, the two-phase fluid from Cluster-C flows to 
Separator-01B, which is located close to the production wells, while  two-phase  fluid  from  Cluster-D 

 

FIGURE 4: Process flow diagram of SAGS Unit-1 and Unit-2, Ulubelu (PGE, 2012) 
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TABLE 2: Heat mass balance of SAGS Unit-1 and Unit-2 Ulubelu at design condition 
 

 
 
flows to Separator-02 which is also located close to the production wells. The separation process of two-
phase fluid uses centrifugal force. The brine which has a higher density will fall down and flows to the 
brine line and onwards to reinjection wells while the steam with lower density goes up and flows to the 
steam line. 
 
2. Steam line 
After the two-phase flow has been separated, steam from Separator-01A and Separator-01B in Cluster-
C goes through a 30” diameter pipeline to the header. From there, steam from the two separators goes 
to the interface point to be joined with the steam from Separator-02 in Cluster-D and then to the power 
plant. In the steam line, there is a scrubbing line with a larger diameter to trap condensed steam in the 
pipeline and drain it to the atmosphere through a steam trap. There is also a rock muffler to vent excess 
steam or steam that is not being used by the power plant. It also has the function of venting steam during 
load rejection or a power plant trip. Steam pressure at the interface point is maintained as required by 
the power plant. 
 
3. Brine line 
Brine is another product of the separation and it goes to two reinjection well clusters. Brine from 
Separator-01A and Separator-01B goes to reinjection wells in Cluster-A (UBL-01 and 09) and brine 
from Separator-02 goes to reinjection wells in Cluster-F (UBL-17, 19 and 21). The brine is reinjected 
by gravity or by using separator pressure and elevation difference between the separator and reinjection 
wells. Besides that, one reinjection well, specifically UBL-23 in Cluster-A, is used as a reinjection well 
for condensate water from the power plant. Centrifugal pumps are used to pump the condensate from 
the cooling tower basin to the reinjection well at a low temperature. 
 
 
 
 

1 2 3 4 5 6 7 8 9 10

2 ɸ from 
UBL-02

2 ɸ from 
UBL-03

2 ɸ from 
UBL-15

2 ɸ from 
UBL-16

2 ɸ from 
UBL-08

2 ɸ from 
UBL-05

2 ɸ from 
UBL-06

2 ɸ from 
UBL-07

2 ɸ from 
UBL-12

2 ɸ from 
UBL-11

Pressure bar-a 11.75 11.75 11.79 11.79 10.30 10.31 10.33 10.33 12.90 12.90
Temperature °C 186.90 187.01 187.27 187.03 181.27 181.31 181.41 181.41 191.27 191.41

Ton/h 287.50 303.60 438.20 300.00 330.00 330 350.00 451.00 232.40 652.10
kg/s 79.86 84.33 121.72 83.33 91.67 91.67 97.22 125.28 64.56 181.14

Enthalpy kJ/kg 1253.60 1283.90 1280.10 1253.50 1099.20 1045.70 1102.50 1102.50 1233.60 1271.80
Steam fraction % 23.12 24.62 24.38 23.08 16.44 13.77 16.58 16.58 21.32 23.23

11 12 13 14 15 16 17 18 19 20
CLUSTER-D
2 ɸ from 
UBL-14

2 ɸ from 
Cluster-B

2 ɸ from 
Cluster-C

2 ɸ from 
Cluster-D

2 ɸ 
Cluster-B

2 ɸ 
Cluster-C

Steam at 
Cluster-B

Steam at 
Cluster-C

Steam at 
Cluster-D

Steam

Pressure bar-a 12.90 10.43 10.30 12.61 10.20 9.98 9.77 9.73 12.31 9.16
Temperature °C 191.41 181.68 181.26 190.31 180.69 179.89 178.81 178.79 189.20 177.46

Ton/h 354.80 1329.30 1461.00 1239.30 1329.30 1461.00 337.71 240.10 294.24 577.81
kg/s 98.56 369.25 405.83 344.25 369.25 405.83 93.81 66.69 81.73 160.50

Enthalpy kJ/kg 1302.60 1269.90 1088.90 1273.70 1270.10 1089.20 2776.70 2776.70 2784.80 2775.60
Steam fraction % 24.79 24.86 15.93 23.52 25.05 16.21 100.00 100.00 100.00 100.00

21 22 23 24 25 26 27 28 29 30

Fluid properties Units Steam Steam Steam
Steam to 

GPP
Hot brine 

to Clust. A
Hot brine to 
Cluster-A

Hot brine to 
Cluster-F

Hot brine at 
Cluster-A

Hot brine 
at Cluster-

F

Condensate 
to Clust.-A

Pressure bar-a 9.19 9.09 9.09 8.00 9.77 9.73 12.31 10.47 18.98 14.30
Temperature °C 176.51 176.33 175.78 174.20 178.81 178.79 189.20 178.36 188.48 50.00

Ton/h 294.14 447.00 424.87 871.90 991.59 1220.90 945.06 2212.49 945.06 290.40
kg/s 81.71 124.17 118.02 242.19 275.44 339.14 262.52 614.58 262.52 80.67

Enthalpy kJ/kg 2774.70 2774.50 2773.80 2771.90 757.80 757.70 803.90 755.80 800.70 209.30
Steam fraction % 100.00 100.00 100.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00

Mass flow

CLUSTER-D

Mass flow

Stream number

Fluid properties Units

Mass flow

Stream number

Stream number

Fluid properties Units
CLUSTER-B CLUSTER-C
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2.4 Pipeline data and specification 
 
Most of the production facilities used in SAGS of Unit-1 and 2 are pipes. These pipes are used starting 
from wellhead to interface point. The specification of the pipe depends on the type of application in each 
section, for example, a pipe for two phases will have different specifications with pipes for steam and 
brine. Many factors have an influence on it, such as operating pressure and temperature, fluid flow rate, 
the chemical composition of the fluid, etc. Figure 5 shows the schematic diagram of SAGS of Unit-1 
and Unit-2 (PGE, 2012). 

Table 3 below shows the classification of pipelines depending on what they are used for. Design pressure 
is determined based on the maximum limit of operating pressure for the classification of each class, 
based on the operational condition in each pipeline. 

 
TABLE 3: Classification of mainline service (PGE, 2012) 

 

No Line service Area 
PO 

(bar-g)
PD 

(bar-g)
TD 

(°C) 
Pipe class 

1 Well branchline (high pressure) All clusters - 60 296 T3 
2 Two-phase line  Test line - 25 215 T2 
  (medium pressure) Cluster-D 12.58 14.1 215 T2 
3 Two-phase line  Cluster-B 11.4 12.8 210 T1 
  (low pressure) Cluster-C 9.98 11.5 205 T1 
4 Steam line D - GPP 11.96 13.5 210 S1 
    C - GPP 9.31 10.8 200 S1 
5 Hot brine D - F 18.62 20.4 210 B2 
    C - A 10.86 13.4 197 B2 
6 Condensate GPP - A 14.3 16 70 C1 

 

The data and specifications of the pipes are determined based on process and pipeline modelling during 
the design phase. These results will be the same as the actual data for the pipes. When the pipes are 

 

FIGURE 5: The schematic diagram of SAGS Unit-1 and Unit-2 Ulubelu 
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selected, many parameters, such as the diameter, material, thickness, etc. have to be considered. The 
tolerances were applied to ensure the safety of the pipes during the operation phase. The data and the 
specification of the pipes are shown in Table 4. 

 
TABLE 4: Pipe data and specifications of SAGS of Unit-1 and Unit-2 in Ulubelu 

 

 
 
2.5 Separator data 
 
In the SAGS of Unit-1 and Unit-2 there are three production separators; Separator-01A and 01B are 
located in Cluster-C and Separator-02 is located in Cluster-D. All have the same dimensions but different 
specifications, because the inlet and operating conditions, such as pressure, temperature, enthalpy, steam 
quality and two-phase flow are different for each cluster. Separators 01A and 01B are used to 
accommodate two-phase fluids from production wells in Cluster-B and Cluster-C, while Separator-02 
is used to accommodate two-phase fluids from Cluster-D. All separators in Ulubelu are of the vertical 
Webre-cyclone type, using centrifugal force to separate the two-phase fluid. After flowing to the 
separator, the two-phase fluid will rotate several times, fluid with higher density will fall down and goes 
to the brine line at bottom, and steam with lower density will go up to the top side and flow through the 
steam line. 
 
The separators have an integral water drum and the brine collected there will be discharged through the 
level control valve. An emergency dump valve with automatic stroking is installed in the brine line in 
case the water level inside the water drum is too high, and the fluid is discharged through an atmospheric 

From To
Stream 

no.
Piupe 

length (m)
Pipe specification

Pipe OD 
(")

Pipe ID 
(")

Pipe thickness 
(mm)

Insulation 
thickness (mm)

2 Phase UBL-02 2 Phase Header Cluster-B 1 18.39 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase UBL-03 2 Phase Header Cluster-B 2 19.07 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase UBL-15 2 Phase Header Cluster-B 3 22.36 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase UBL-16 2 Phase Header Cluster-B 4 21.92 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase Header Cluster-B TP#1 Cluster-C 12 1327.8 ANSI B31.1 - 150# 36 35.17 10.31 50.8

2 Phase UBL-08 2 Phase Header Cluster-C 5 24.65 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase UBL-05 2 Phase Header Cluster-C 6 23.2 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase UBL-06 2 Phase Header Cluster-C 7 22.68 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase UBL-07 2 Phase Header Cluster-C 8 27.92 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase Header Cluster-C TP#1 Cluster-C 13 3.7 ANSI B31.1 - 150# 36 35.17 10.31 50.8

TP#1 Cluster-C SEP-01A Cluster-C 15 20 ANSI B31.1 - 150# 36 35.17 10.31 50.8

TP#1 Cluster-C SEP-01B Cluster-C 16 27 ANSI B31.1 - 150# 36 35.17 10.31 50.8

1 Phase Sep-01A Steam Header Sep-01A 17 30.3 ANSI B31.1 - 150# 30 29.25 9.53 50.8

Hot brine Sep-01A Tie in Sep-01A 25 36 ANSI B31.1 - 300# 16 15.31 8.74 25

1 Phase Sep-01B Steam Header Sep-01B 18 30.3 ANSI B31.1 - 150# 30 29.25 9.53 50.8

Hot brine Sep-01B Tie in Sep-01B 26 40.72 ANSI B31.1 - 300# 18 17.31 8.74 25

Tie in hot brine Sep-01A/B Cluster-A1 28 2660.64 ANSI B31.1 - 300# 28 27.3 8.74 25

Steam Header Sep-01A/B Scrubbing Line#1 20 207.3 ANSI B31.1 - 150# 42 41.2 10.31 50.8

Scrubbing Line#1 Gathering station 22 397.84 ANSI B31.1 - 150# 48 47.12 11.13 50.8

2 Phase UBL-12 2 Phase Header Cluster-D 9 46.8 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase UBL-11 2 Phase Header Cluster-D 10 34.3 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase UBL-14 2 Phase Header Cluster-D 11 30.5 ANSI B31.1 - 600# 12.75 11.37 17.48 50.8

2 Phase Header Cluster-D SEP-02 Cluster-D 14 77.26 ANSI B31.1 - 300# 30 29.25 9.53 50.8

Hot brine Sep-02 Cluster-F 27 2166.42 ANSI B31.1 - 300# 20 19.25 9.53 25

1 Phase TP#2 Cluster-D Balancing Line 19 3094.79 ANSI B31.1 - 150# 30 29.25 9.53 50.8

Balance Line Scrubbing Line#2 21 153 ANSI B31.1 - 150# 28 27.25 9.53 50.8

Scrubbing Line#2 Gathering station 23 350 ANSI B31.1 - 150# 48 47.12 11.13 50.8

Gathering station Interface point 24 56.11 ANSI B31.1 - 150# 52 51.13 11.13 50.8

Condensate water Cluster-A2 30 3242.34 ANSI B31.1 - 150# 12.75 12.09 8.30 25

Note :

- Insulation material is calcium silicate, k = 0.075 W/m-K and aluminium sheet, k = 240.84 W/m-K

- Pipe roughness is 0.045 mm, k-pipe = 48.64 W/m-K
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flash tank (AFT). A level gauge and a controller are connected to the separator to indicate the level of 
fluid inside the water drum. During operation, the separator pressure shall be kept constant by vent 
valves that discharge steam to the venting system or rock muffler. Table 5 shows general data for 
separators in the SAGS of Unit-1 and Unit-2. 
 

TABLE 5: General data for separators in Unit-1 and Unit-2, Ulubelu (PGE, 2012) 
 

Parameter Symbol Units 
Design data 

Separator-01A Separator-01B Separator-01
Type     Vertical  Webre Cyclone 
Fluid     Steam and Brine 
Pressure P Bar-g 9.18 8.96 11.75 
Temperature T oC 180.70 179.90 190.90 
Total flow M Ton/h 1329.30 1466.00 1239.30 
    kg/s 369.25 407.22 344.25 
Mixture enthalpy h kJ/kg 1270.00 1089.00 1270.00 
Mass flow rate of steam MV Ton/h 332.95 237.47 290.12 
    kg/s 92.49 65.96 80.59 
Mass flow rate of brine ML Ton/h 996.35 1228.35 949.18 
    kg/s 276.76 341.21 263.66 
Steam inlet quality X % 25.05 16.20 23.41 
Pressure drop (allowable) ΔP Bar-g 0.47 0.23 0.30 
Volume flow of steam QV m3/h 64366.39 47125.61 45451.56 
Volume flow of brine QL m3/h 1140.01 1404.00 1099.20 
Enthalpy of steam hV kJ/kg 2778.30 2777.60 2785.50 
Enthalpy of brine hL kJ/kg 766.10 762.50 811.40 
Density of steam ρV kg/m3 5.17 5.04 6.38 
Density of brine ρL kg/m3 873.98 874.78 863.51 
Specific volume of steam VV m3/kg 0.1933 0.1983 0.1567 
Specific volume of brine VL m3/kg 0.0011 0.0011 0.0012 
Viscosity of steam μV cP 0.012 0.012 0.001 
Viscosity of brine μL cP 0.149 0.149 0.140 
Mol weight of steam     18.30 18.30 18.10 
Mol weight of brine     18.00 18.00 18.00 
Surface tension of brine σL dyne/cm 42.12 42.30 39.86 

 
 
 
3. BASIC THEORY 
 
3.1 Single-phase flow 
 
In this study of the SAGS of Unit-1 and Unit-2 in Ulubelu, the single-phase flow in the pipe is steam or 
brine. The steam flows from the separated steam line in the separator to the interface point close to the 
power plant. The steam is used to generate electricity in the power plant which has two units of 55 MW 
each. The brine flows from the separated brine line in the separator to the reinjection wells by gravity. 
In addition, there is also the condensate from the power plant, which is produced by a condensation 
process of the steam in the condenser. The condensate is pumped to the reinjection well, where it has a 
fairly low temperature. Parameters used in the equations below are defined in the Nomenclature at the 
back of the report. 
 
In the single-phase flow, a pressure drop that occurs in the pipe is due to friction along the pipe and the 
elevation difference (Purwono, 2010). Pressure drop due to friction can be predicted by calculating the 
velocity of single-phase fluid in the pipeline using: 
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 v ൌ ൬
4 Q

π 𝐼𝐷ଶ൰ (1)

 

IPS (1996) explained that the velocity range of single-phase flow in the pipe for water is maximum 3 
m/s, and for steam it is maximum 40 m/s (saturated steam) and 60 m/s (superheated steam). This velocity 
limit is applied to prevent erosion in the pipeline. 
 
After the velocity of the fluid is known, then the Reynold number (Re) can be calculated: 
 

 Re ൌ ൬
ρ v ID

μ
൰ (2)

 

In accordance with the Reynold number, there are two types of flow; laminar and turbulent. In laminar 
flow, viscous forces are dominant as it is characterized by a smooth, constant, fluid motion, while 
turbulent flow occurs at high Reynolds numbers and is dominated by inertial forces. 
 
Furthermore, the friction factor can be calculated based on the type of flow, whether it is laminar or 
turbulent. The value of Re is to determine the friction factor (f) is as follows: 
 

Re  ൑ 2500 f ൌ ൬
64
Re

൰ (3)

Re  ൐ 5000 
f ൌ

0.25

൭𝑙𝑜𝑔ଵ଴ ൥

ɛ
ID
3.7 ൅ 5.74

𝑅𝑒଴.ଽ ൩ ൱

ଶ 
(4)

 

Equation 4 is the Swamee–Jain equation used to solve directly for the Darcy–Weisbach friction factor f 
for a full-flowing circular pipe. It is an approximation of the implicit Colebrook–White equation. 
 
Then the friction head (Hf) is calculated by: 
 

 𝐻௙ ൌ
𝑓 𝑣ଶ𝐿௘

2 𝑔 𝐼𝐷
 (5)

 

where Le is length equivalent: 
 

 𝐿௘ ൌ 𝐿௣ ൅ 𝑛௕ℎ௘௤𝐼𝐷 ൅ 𝑛௩ℎ௘௤𝐼𝐷 ൅ 𝑛௥ℎ௘௤𝐼𝐷 (6)
 

Pressure drop due to friction along the pipe can be expressed by: 
 

 ∆𝑃௙ ൌ 𝜌 𝑔 𝐻௙ (7)
 

To calculate the pressure drop due to elevation difference can be done by using: 
 

 ∆𝑃ு ൌ 𝜌 𝑔 ሺ𝑧௘ െ 𝑧௦ሻ (8)
 

Therefore, the total pressure drop in the single-phase flow is: 
 

 ∆𝑃௧ ൌ ∆𝑃௙ ൅ ∆𝑃ு (9)
 
 
3.2 Two-phase flow 
 
The Ulubelu geothermal field is a typical water-dominated system. For such a system, the fluid flow 
from the well is a two-phase flow, consisting of steam and water. An average steam fraction of 20% 
means that the percentage of steam is only 20% of the total two-phase flow. The two-phase flow pattern 
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in the pipeline will vary depending on many factors, such as the pipe orientation (horizontal or vertical), 
pipe diameter, fluid flow rate, liquid or gas phase, pressure, temperature, etc. The classification of the 
two-phase flow pattern will be divided into two. First, the two-phase flow in a vertical pipe that can be 
found in the flow from the reservoir where the fluid flashes in the wellbore until the two phases are 
discharged from the well. Secondly, the two-phase flow in a horizontal pipe, flowing from wellhead to 
separator. Since this study is about the SAGS, then the basic theory of two-phase flow pattern in a 
horizontal pipe will be explained. In a horizontal pipe, the determination of the flow pattern is based on 
the ratio of the superficial velocity of gas and liquid. Several types of flow are experienced in a horizontal 
pipe, as can be seen in Figure 6 (Baker, 1954). 
 

1. Bubble flow: steam bubbles form and flow in the top of the pipe at a velocity approximately equal 
to the velocity of the liquid phase. 

2. Plug flow: fluid plug and steam bubbles alternately move at the top of the pipe. 
3. Stratified flow: the liquid phase flows at the bottom of the pipe while the steam phase flows over 

it. The boundary between the liquid and steam phases is called the steam-liquid interface. 
4. Wavy flow: similar to stratified flow, liquid phase flows at the bottom while the steam phase 

flows over it, but because the steam phase moves faster, then the steam-liquid phase interface 
becomes wavy. 

5. Slug flow: the steam phase flowing at a higher velocity than the liquid converts the flow into slug 
flow. 

6. Annular flow: liquid phase in the form of layers flows along the pipe wall and steam in the centre 
of the pipe at high velocity. 

7. Dispersed (mist flow): Occurs when a continuous steam phase with liquid granulates dispersed 
throughout the steam. This is commonly referred to as fog flow or mist flow. 

The relationship between 
superficial gas and liquid velocities 
with flow patterns is illustrated in a 
flow pattern map. The flow pattern 
map can be used to predict two-
phase flow patterns inside the 
pipeline. Several flow pattern maps 
have been published, including the 
Baker map (Baker, 1954), (Figure 
7), Hoogendorn map (Hoogendorn, 
1959), Mandhane map (Mandhane 
et. al., 1974), Mukherjee and Brill 
map (Spedding and Watterson, 
1998), Spedding and Nguyen map 
(Spedding and Watterson, 1998), 
Lin and Hanratty map (Spedding 
and Spence, 1993), and the 

 

FIGURE 6: Two-phase flow types in a horizontal pipe (Baker, 1954) 
 

FIGURE 7: Baker map to predict two-phase flow regime 
(Baker, 1954) 
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Universal flow regime map 
(Spedding et. al., 2003). In principle, 
all the flow pattern maps are a 
prediction so it cannot be determined 
exactly which one is the most 
accurate. In this study, Baker’s and 
Mandhane’s maps will be used to 
determine flow patterns in two-phase 
pipes. The Baker map determines the 
two-phase fluid pattern as shown in 
Figure 7. 
 
The Baker map, which was 
published in 1954, determines the 
two-phase flow pattern by plotting 
the Baker parameters, Bx on the x-
axis and By in the y-axis. The Baker 
map for horizontal pipe is a 
logarithmical graphic, and with it the 
Baker parameters can be defined as: 
 

 𝐵௫ ൌ 531 ൬
1 െ 𝑥

x
൰ ቆ

𝜌௩
଴.ହ

𝜌௅
଴.ଵ଺଻ቇ ቆ

𝜇௅
଴.ଷଷଷ

𝜎௅
ቇ (10)

 

and 
 

 𝐵௬ ൌ 2.16
𝑄 𝑥

𝐴ሺ𝜌௅𝜌௩ሻ଴.ହ (11)

 

Whalley, 1987 modified and improved Baker’s map and published a new modified two-phase flow 
pattern map as shown in Figure 8. He changed the dimensionless units of Baker map to SI units. 
 
From the Figures 7 and 8, G and L are the mass fluxes of the gas and liquid phases, respectively. The 
equation to calculate the parameters ψ and λ are: 
 

 ψ ൌ ൬
0.0724

σL
൰ ൭

μL

0.0009
ቆ

1000

ρL

ቇ
2

൱

ଵ/ଷ

 (12)

and 

 𝜆 ൌ ቀ
𝜌G

1.2
.

𝜌௅

1000
ቁ

ଵ
ଶൗ
 (13)

 

To assess the two-phase flow pattern determination, Mandhane et al. (1974) can be used. It gives a good 
approach since in their experiment they used a large amount of experimental data (the AGA-API two-
phase flow data bank) from research between 1962 and 1973. They took all the results of horizontal 
flow and based on that defined their own map (Figure 9). 
 
The superficial fluid velocities, G and L for gas and liquid, respectively, are determined based on the 
volumetric gas flow QVS and volumetric liquid flow QL as follows: 
 

 Vௌீ ൌ
𝑄௏ௌ

A
 (14)

and 

 Vௌ௅ ൌ
𝑄௅

A
 (15)

 

FIGURE 8: Modified Baker’s map for horizontal flow 
(Whalley, 1987) 
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The calculations for two-phase flow are more complex than for single-phase flow. It is also very difficult 
to derive an equation to obtain two-phase fluid properties. Therefore, two-phase fluid properties are 
often obtained empirically.  
 
In this study, the calculation of the pressure drop in the two-phase fluid uses a separated flow model, 
where the void fraction (α) is an important parameter. Void fraction is the ratio of the steam flow cross-
section (Ag) to the total cross-section (A): 
 

 α ൌ ൬
𝐴௚

A
൰ (16)

 

Zhao et al., 2000 modified and improved the pressure drop equation in the two-phase fluid pipeline of 
Harrison (Bergthόrsson, 2006) by explaining the correlation of a new void fraction derived from a two-
phase velocity distribution analysis using the Seventh Power Law. This equation is then used in the 
calculation of pressure drop due to length: 
 

 
1 - α

α7/8 = ቈ൬
1

x
- 1 ൰ ቆ

ρG

ρL
ቇ ቆ

μL

μG
ቇ቉

7/8

 (17)

 

To predict the pressure drop in a two-phase flow, it is assumed that an equivalent pseudo single-phase 
flow has the same boundary layer velocity distribution. The average velocity of it is used to determine 
the wall friction factor. The velocity also has good parameter correlation to predict pressure drop in two-
phase flow in the horizontal pipe. 
 
The void fraction determines other two-phase flow parameters, such as the average liquid phase velocity 
(Vf) and average density (ρ). Zhao et al. (2000) explain that the average liquid phase velocity can be 
calculated using the following equation: 
 

 𝑉௙ഥ ൌ 1.1 ሺ 1 െ 𝑥 ሻ
𝑚ሶ ሺ 1 െ 𝑥 ሻ

𝜌௟ ሺ 1 െ 𝛼 ሻ 𝐴
 (18)

 

In Equation 18, 1.1(1-x) is used as correction factor mainly for the entrainment. This correction factor 
is selected to give a good result rather than having a rigorous theoretical justification. The average 
velocity of the equivalent single-phase flow ሺ𝑉ത) is calculated as: 

 

FIGURE 9: Two-phase flow pattern map by Mandhane et al. (1974) 
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 𝑉௙ഥ

𝑉ത
ൌ

൫ 1 െ √𝛼 ൯
଼

଻ൗ
. ቀ1 ൅

8
7 √𝛼ቁ

ሺ 1 െ 𝛼 ሻ
 (19)

 

By using the Reynolds number and the friction factor in Equations 2 and 4, the pressure drop due to 
length is calculated as (Zhao et. al., 2000): 
 

 ∆𝑃௅ ൌ
𝑓 𝜌௅ 𝑉ത ଶ

2 𝐼𝐷௣௜௣௘ ሺ 1 െ 𝐴𝐶 ሻ
. 𝐿 (20)

 

where: 
 

 AC ൌ
𝑚௚

𝜌ீ 𝑃 𝐴ଶ𝛼
 (21)

 

If two-phase fluid flows through an installation such as a bend, expansion unit (reducer), valve etc., then 
the flow pattern will be disrupted. However, it is more difficult to create a two-phase flow model across 
a bend than a single-phase flow because the two-phase flow is very complex and is influenced by the 
centrifugal force. Pressure loss in the bend is influenced by various parameters and there is no analytical 
calculation method that can calculate those accurately. Therefore, the commonly used method multiplies 
the single-phase pressure losses by an empirical two-phase multiplier as is common for a straight pipe 
analysis. Chisholm (1983) proposed the multiplier for the liquid flowing alone: 
 

 𝜑ଶ
஻௅ை ൌ 1 ൅ ൬

𝜌௅

𝜌ீ
െ 1 ൰ ሺ𝐵 𝑥 ሺ 1 െ 𝑥 ሻ ൅ 𝑥ଶሻ (22)

 

and 
 

 𝐵 ൌ 1 ൅
2.2

𝐾஻௅ை ൬2 ൅ ቀ 𝑟
IDቁ൰

 (23)

 

Then, the pressure drop through the installation can be calculated by: 
 

 ∆𝑃௙௜ ൌ
𝑓 𝜌௠𝑉ത ଶ

2 𝐼𝐷
ቀ𝜑ଶ

஻௅ை,௕ 𝑛௕ℎ௕𝐼𝐷 ൅ 𝜑ଶ
஻௅ை,௥ 𝑛௥ℎ௥𝐼𝐷 ൅ 𝜑ଶ

஻௅ை,௩ 𝑛௩ℎ௩𝐼𝐷 ቁ (24)
 

Therefore, the total pressure drop in the two-phase flows in the pipeline becomes: 
 

 ΔPt  ൌ ΔPL ൅ ΔPfi ൅ ΔPH (25)
 
 
3.3 Pipe wall thickness 
 
The thickness of the pipe for the design pressure is calculated based on following the formula from 
ASME 31.1. Power Piping (ASME, 1995): 
 

 𝑡௡ ൒  𝑡௠ ൌ
𝑃 𝐷௢

2 ሺ 𝑆௛ 𝐸 ൅ 𝑃 𝑦ሻ
൅ 𝐴௠௖ (26)

 

In case of the SAGS of Unit-1 and Unit-2, the operational and design condition for every class is shown 
in Table 3. 
 
In this study, pipe thickness is not calculated since it is already determined in the design phase. During 
the operation phase, the pipe thickness is monitored along the pipeline, starting from production wells 
area to the steam lines and the interface area, and from the reinjection lines to reinjection wells. These 
measurements of thickness will be compared to give information about pipes at present condition and 
will predict the remaining operating life of the pipes and separators based on several classifications of 
action plans for future strategy. 
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3.4 Separator performance analysis using Lazalde-Crabtree’s method 
 
In 1984, Lazalde-Crabtree presented a paper titled “Design approach of steam water separators”. In this 
paper, the efficiency of the separator is measured by the amount of brine water transferred from the 
steam and this definition has been universally accepted as a way of measuring separator efficiency. 
Lazalde-Crabtree also stated that the efficiency of the separator is the result of the product of the 
mechanical efficiency and the annular efficiency. Figure 10 shows the main dimensions of the vertical 
Webre-cyclone separator in Ulubelu. 
 

The efficiency of the separator is the mass ratio of separated liquid to inlet liquid. To calculate the 
efficiency of the separator, Lazalde-Crabtree uses this equation: 
 

 η ௘௙ ൌ ηெ ൈ η஺ (27)
 

Leith and Licht (1972) provide an approach to calculate the centrifugal efficiency. Higher centrifugal 
efficiency will be achieved when the steam inlet velocity increases: 
 

 𝜂ெ ൌ 1 െ EXP ൤െ2 ሺ𝜓𝐶ሻ
ଵ

ଶ௡ାଶ൨ (28)

 
1 െ 𝑛ଵ

1 െ 𝑛
ൌ ൬

294.3
𝑇 ൅ 273.2

൰
଴.ଷ

 (29)

 nଵ ൌ 0.6689 D ଴.ଵସ  (30)

 

FIGURE 10: Main dimensions of the vertical Webre-cyclone separator (PGE, 2006) 
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ψ ൌ

𝜌௪ 𝑑௪
ଶ ሺ𝑛 ൅ 1ሻ𝑢

18 𝜇௏ 𝐷
 (31)

 u ൌ
𝑄௏ௌ

𝐴ை
 (32)

 

The parameter C is a cyclone design number, reflecting the physical shape of the cyclone: 
 

 
 C ൌ

8 𝐾஼𝐷ଶ

𝐴ை
 (33)

For separator: 𝐴ை ൌ 𝐴௘𝐵௘ (34)

For dryer: 𝐴ை ൌ
𝜋ሺ𝐷்ሻଶ

4
 (35)

 
where 𝐾஼ ൌ

𝑡௥ 𝑄௏ௌ

𝐷ଷ  (36)

 𝑡௥ ൌ 𝑡௠௜ ൅
𝑡௠௔

2
 (37)

 𝑡௠௜ ൌ
𝑣𝑜௦

𝑄௏ௌ
 (38)

 𝑣𝑜௦ ൌ
𝜋
4

ሺ𝐷ଶ െ 𝐷௘
ଶሻ𝑧 (39)

 𝑡௠௔ ൌ
𝑣𝑜ு

𝑄௏ௌ
 (40)

 𝑣𝑜ு ≅ 𝑣𝑜ଵ ൅ 𝑣𝑜ଶ െ 𝑣𝑜ଷ (41)

 𝑣𝑜ଵ ൌ
𝜋𝐷ଶ

4
𝛼 (42)

 

By assuming ASME flange and dished head: 
 

 𝑣𝑜ଶ ൌ 0.081 𝐷ଷ (43)

 
𝑣𝑜ଷ ൌ

𝜋𝐷௘
ଶ

4
ሺ𝛼 ൅ 0.169𝐷ሻ (44)

 

From Equation 28, it can be seen that the centrifugal inertial impaction parameter (Ψ) is sensitive to dw, 
therefore an accurate estimate of dw is needed to get an accurate result for Ψ. Lazalde-Crabtree modified 
the equation of Nukiyama and Tanasawa (1938), by adding terms in the following way. This way, dw 

can be calculated as below: 
 

 

𝑑௪ ൌ
𝐴

𝑣்
௔

ඨ𝜎௅

𝜌௅
൅ 𝐵𝐾 ቈ
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𝜎௅𝜌௅
቉

௕

൬
𝑄௅

𝑄௏ௌ
൰

௖

𝑣்
௘  (45)

where A = 66.2898; K = 1357.35; b = 0.2250; and c = 0.5507. 

 𝑣் ൌ
4𝑄௏ௌ

𝜋𝐷்
ଶ  (46)

 

The variables of a, B and e are dependent on the type of two-phase flow pattern determined using Baker’s 
method (Lawrence, 1952) and are given in Table 6. 
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TABLE 6: Variables a, B and e to be used in Equation 45 
 

Type of two-phase 
flow pattern 

a B e 

Stratified or wavy 0.5436 94.9042 (Xs)(-0.4538) 0.0253 
Annular 0.8069 198.7749 (Xs)(0.2628) -0.2188 
Dispersed or bubble 0.8069 140.8345 (Xs)(0.5747) -0.2188 
Plug or slug 0.5436 37.3618 (Xs)(-6.88x10-5) 0.0253 

 
The entrainment efficiency (ηA) defines the entrainment and increases significantly with high velocities 
and can be calculated using Equation 47 below. The entrainment efficiency increases when upward 
annular steam velocity (vAN) goes down: 
 

 𝜂஺ ൌ 10௝  (47)

 j ൌ  െ3.384ሺ10ିଵସሻሺ𝑣஺ேሻଵଷ.ଽଶସଵ (48)

 
𝑣஺ே ൌ

4𝑄௏ௌ

𝜋ሺ𝐷ଶ െ 𝐷௘
ଶሻ

 (49)

 0 ൑ η஺ ൑ 1 (50)

 
x௜ ൌ

ℎெ െ ℎ௅

ℎ௩ െ ℎ௅
 (51)

 

Table 7 shows the recommended parameters to be considered in the design of the separator and dryer.  
 

TABLE 7: The recommended parameters in separator and dryer design (Lazalde-Crabtree, 1984) 
 

Parameter Separator Dryer 
Max steam velocity at inlet mixture pipe 45 m/s (150 fps) 60 m/s (195 fps)
Recommended steam velocity at inlet mixture pipe 25-40 m/s 35-50 m/s 
  (80-130 fps) (115-160 fps) 
Max annular upward steam velocity inside cyclone 4.5 m/s (14.5 fps) 6.0 m/s (20 fps)
Recommended annular upward steam velocity  2.5-4.0 m/s 1.2-4.0 m/s 
   inside cyclone (8-13 fps) (4-13 fps) 
 R1 = D/DT 3.3 3.5 
 R2 = De/DT 1 1 
 R3 = Db/DT 1 * 
 R4 = α/DT -0.15  ** -0.15  ** 
 R5 = β/DT 3.5 3 
 R6 = z/DT 5.5 4 
*)   Should be calculated as a drain     
**) This ratio is negative because of the nomenclature (inside the head)   

 
Lawrence (1952), Ludwing (1977) and Shepperd and Lapple (1939) explained the equation to calculate 
the gas pressure drop in the separator as follows: 
 

 ∆𝑃௦௘௣ ൌ
ሺ𝑁𝐻ሻ 𝑢ଶ 𝜌௩

2
 (52)

 

where 
 

for separator: NH ൌ 16 ൬
𝐴௘𝐵௘

𝐷ଶ ൰ (53)
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and for dryer: NH ൌ 16 ቆ
𝜋𝐷்

ଶ

4 𝐷௘
ଶቇ (54)

 

When the efficiency of the separator has been calculated, the outlet steam quality can be determined, as 
the mass ratio of outlet steam to outlet steam-water. This can be expressed as: 
 

𝑥௢ ൌ
𝑊௏/𝑊௅

1 െ 𝜂௘௙ ൅ 𝑊௏/𝑊௅
 (55)

 
 
3.5 Silica Saturation Index - SSI 
 
Silica Saturation Index (SSI) is a method 
used as a first step in the process of 
determining the potential of silica scaling 
in a well. The SSI value is determined by 
the solubility of silica in the fluid. Some of 
the factors that determine the solubility of 
silica include temperature, salinity and pH. 
In general, the higher temperature, the 
greater silica solubility (Fournier and 
Rowe, 1977). This is because of the greater 
energy available to break the bonds 
between molecules in the dissolution 
process. Figure 11 shows the solubility of 
quartz and amorphous silica at various 
temperatures. The relationship of silica 
solubility to temperature among others can 
be expressed by the Fournier 
equation (Equation 56). 
 
Hamrouni and Dhahbi (2001) 
explained that salinity shows the salt 
content in the fluid. Some studies 
show that greater salinity will 
decrease the silica solubility. The 
correction of silica solubility in 
saline solutions can be expressed by 
the Setschenow, Chen and Marshall 
equations (Equations 57-59). Figure 
12 shows the solubility of silica in 
the presence of several types of salts 
in the fluid. 
 
SSI can be determined by comparing the measured silica concentrations at the production facility with 
the theoretical silica solubility. The SSI value is a thermodynamic quantity that determines the 
possibility of silica scaling. If the SSI < 1, then the silica in the fluid is in undersaturated state, and tends 
not to  cause scaling, but if SSI > 1, then silica is supersaturated and tends to cause scaling. If SSI = 1 
then the silica in the fluid is in an equilibrium state. The SSI can be calculated using the following steps: 
 

1. Calculate the theoretical solubility of amorphous silica in water using the Fournier equation: 
 

 
log 𝑠଴ ൌ 4.52 െ ൬

731
𝑇

൰ (56)
 

 

FIGURE 11: The solubility of quartz and amorphous 
silica at various temperatures 
(Fournier and Rowe, 1977) 

 

FIGURE 12: Predicted and determined silica solubility vs 
salt concentration (Hamrouni and Dhahbi, 2001) 
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2. Correct the silica solubility in the presence of fluid salinity based on the equations of Setschenow, 
Chen and Marshall: 
 

 log 𝐷 ൌ െ 1.0569 െ 1.573 ∗ 10ିଷ𝑡 (57)

 
𝑚௖௟ ൌ

ሾ𝐶𝑙ିሿ

35.5 ∗ 1000
 (58)

 𝑠௦௔௧ ൌ 𝑠଴ ∗ 10ି௠஽ (59)
 

3. Calculate SSI by: 
 

 
SSI ൌ

𝑆𝑖𝑂ଶ ௕௥௜௡௘

𝑠௦௔௧
 (60)

 
 

3.6 Stodola’s cone law or Law of the Ellipse 
 
Cooke (1983) explained how to model off-design, multi-stage turbine pressure by using Stodola’s 
ellipse. He also explained that during the design phase of the power plant, an owner or the engineer 
should request to the manufacturer to explore off-design and/or abnormal conditions between or beyond 
the normal load points. In a geothermal power plant, due to decline of production wells when makeup 
wells have not been drilled, it most likely occurs. Then the power plant will operate at off-design or 
under off-design of normal condition. Operating pressure, temperature and steam flow to the power 
plant will decrease and the outcomes, which is power generation, will decrease too. In this period, to 
maintain the performance of power plant and to ensure the safe operation of it, information about the 
limit of operation of the power plant must be available.  
 
Stodola’s cone law or Law of the Ellipse is a 
method to provide the nonlinear correlation of 
chamber pressure against steam mass flow inlet of 
the turbine. It is very useful in turbine off-design 
calculations. The off-design steam flow inlet is 
ṁ01, the pressure and temperature inlet, 
respectively, are P01 and T01, while outlet pressure 
is expressed by P21.  
 
The geothermal power plant type is mostly a 
condensing type with very low or vacuum turbine 
outlet pressure. At this condition, the turbine 
outlet pressure is constant so the inlet steam mass 
flow does not change (Figure 13). The steam mass 
flow will change depending on inlet pressure. For 
the condensing unit, the steam mass flow ratio is defined as (Wikipedia, 2017): 
 

 𝑚ሶ ଴
𝑚ሶ ଴ଵ

ൌ
𝜖଴

𝜖଴ଵ
ൌ

𝑝଴

𝑝଴ଵ
 (61)

 

where ϵ0 and ϵ01 respectively are the pressure ratios for the design and off-design conditions and m is at 
maximum condition: 
 

Hence: 
 

 𝜖଴ ൌ
𝑝଴

𝑝଴௠
 (62)

 𝜖଴ଵ ൌ
𝑝଴ଵ

𝑝଴௠ଵ
 (63)

 

FIGURE 13: Prediction of chamber pressure 
using Stodola’s cone law (Wikipedia, 2017) 
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4. THE ASSESSMENT RESULT 
 
4.1 Steam availability at present condition 
 
After five years of operation from 2012 to 2017, the steam availability for the SAGS Unit-1 and Unit-2 
has decreased significantly due to a decline in production wells. The production wells in Ulubelu are 
declining every year, both in terms of pressure and production capacity. Figure 14 below shows the 
phenomenon, where the pressure data and total flow are taken from the tracer flow test (TFT) results 
from 2012 to 2016.   
 
The average decline of well head pressure (WHP) and total flow annually in Ulubelu is 7% (PGE, 2017b) 
with the highest decline of production wells in Cluster-D and the lowest in Cluster-B. In some cases, 
e.g. UBL-12, due to pressure decline, when the power plant has rejection load then the back pressure to 
the well causes the well to not produce. This is because the WHP has reached the maximum discharge 
pressure, so for a non-artesian well then the well will not produce. This phenomenon is characterised by 
the pressure in the two-phase line being higher than WHP. This well has to be disconnected several 
times from the SAGS and blown to a flash tank to raise and stabilize the WHP before it can be connected 
to the SAGS again. In case of well UBL-07 in Cluster-C, the total flow declined significantly from 2015 
to 2016 due to a production casing problem, and in the middle of 2016, the 13-3/8" production casing 
was replaced with 9-5/8" casing. In addition, wells UBL-07, UBL-06 and UBL-12 also had a similar 
problem, with their production casing also replaced with a smaller diameter casing.  
 
For well UBL-16 in Cluster-B, the total flow decline is quite significant compared to other wells in the 
same Cluster. In accordance with Figure 14a, in 2013, the WHP increased due to the setting of the 
throttle valve in the two-phase line after the wellhead where the valve opening at that time was 
subtracted from the previous opening to keep the wells in and joining another well in the header.  
 

 
Steam availability of Unit-1 and Unit-2 based on the TFT at the end 2016 (PGE, 2017b) is displayed in 
Table 8. It shows that at present conditions, the enthalpy and dryness of production wells in Ulubelu 
have decreased compared to initial operations in 2012, which are represented by the design condition. 
The exploration and exploitation department of PGE explains that there is an indication of a temperature 
drop in the reservoir due to the close connection between production wells and reinjection wells. This 
statement is supported by tracer results in 2014. They recommend that reinjection wells should be moved 
to a further location. New reinjection wells have therefore been drilled in the middle of 2016, which are 
located close to the reinjection wells for Unit-3 and Unit-4. By the end of 2017, it is planned that the 
reinjection from Cluster-A will have been moved to the new reinjection wells. However, new locations 
for the reinjection wells for Cluster-F are not available due to land acquisition problems for pipelines. 
 

 

FIGURE 14: Wellhead pressure (a) and total flow (b) of production wells of Unit-1 and Unit-2, 
Ulubelu from 2012 to 2016 

B A 
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TABLE 8: Steam availability of Unit-1 and Unit-2, Ulubelu at the end of 2016 
 

 
 
 
4.2 Heat mass balance at present conditions 
 
Due to changes of operating parameters such as pressure, temperature, enthalpy and total flow in 
production wells, it is necessary to monitor the SAGS performance. One of the monitoring tools is the 
heat mass balance (HMB), which is the known condition of operating parameters on each stream number 
as shown in the process flow diagram in Figure 4. The HMB in Table 2 is the design condition, so that 
needs to be updated with data at present condition. The HMB calculation was done using Engineering 
Equation Solver - EES (F-Chart Software, 2017), and to simplify the calculation the SAGS was divided 
into several sections. The first section is the two-phase line from each Cluster, i.e. Cluster-B, C and D 
to the separator. The second section is the steam line, from the separator to the interface point and the 
third section is the brine line, from the separator to the reinjection wells in Cluster-A and F. The 
calculation flowchart of the pressure drop in the two-phase line is shown in Appendix I, while a summary 
of operating parameters on each stream number is shown in Table 9. 
 
In the HMB simulation seen in Table 9, it is shown that the decline of operating parameters in the 
production wells, especially pressure and total flow, causes decreasing parameters in the steam line, 
especially at the interface point. At the design condition, the interface point pressure that PGE must meet 
to supply steam to PLN as the owner of the power plant is 8 bar-a, while from the above simulation the 
interface pressure calculated at the present condition is 7.62 bar-a. This will affect turbine operation, so 
that the turbines will operate at the off-design condition. 
 
However, before concluding the statement above, it is necessary to validate the simulation results using 
the EES with the actual parameter measurement results in the field. The measurement of operation 
parameters in the field was done by a pressure transmitter, which can be monitored in the central control 
room. Table 10 below displays the comparison between simulation results and actual measurements in 
the field. 
 
Bergthόrsson, 2006 explains that the average acceptable error of calculation in two-phase flow compared 
with the actual measurement results in the field using the field instrument is 36-52% (roughness 
dependent models). From Table 10, it can be seen that about 67% of the simulations of the pressure drop 

Design conditions Present condition (by TFT)

Well WHP % Steam Brine Total Enthalpy X WHP % Steam Brine Total Enthalpy X

(bar-a) NCG (kg/s) (kg/s) (kg/s) (kJ/kg) (%) (bar-a) NCG (kg/s) (kg/s) (kg/s) (kJ/kg) (%)

CLUSTER-B

UBL-2 (B1) 11.75 1.76 18.46 61.40 79.86 1253.60 23.12 11.11 0.40 14.00 61.80 75.80 1128.37 18.47

UBL-3 (B2) 11.75 1.16 20.76 63.57 84.33 1283.90 24.62 11.50 1.40 15.40 67.30 82.70 1126.78 18.62

UBL-15 (B4) 11.79 0.61 29.68 92.05 121.72 1280.10 24.38 13.91 1.04 32.00 121.10 153.10 1201.74 20.90

UBL-16 (B5) 11.79 1.90 19.23 64.10 83.33 1253.50 23.08 18.92 3.08 3.70 10.60 14.30 1361.19 25.87

Sub total / average 1.26 88.14 281.11 369.25 1267.78 23.8 1.10 65.10 260.80 325.90 1204.52 20.97

CLUSTER-C

UBL-5 (C1) 10.31 0.54 12.62 79.04 91.67 1045.70 13.77 9.44 0.21 15.40 101.80 117.20 993.30 13.14

UBL-6 (C2) 10.33 0.36 16.12 81.10 97.22 1102.50 16.58 10.89 0.16 8.70 54.10 62.80 1047.24 13.85

UBL-7 (C3) 10.33 0.38 20.77 104.51 125.28 1102.50 16.58 10.71 0.20 10.90 61.70 72.60 1024.29 15.01

UBL-8 (C4) 10.3 0.44 15.07 76.60 91.67 1099.20 16.44 10.44 0.17 7.30 48.70 56.00 1025.47 13.04

Sub total / average 0.42 64.58 341.25 405.83 1087.48 15.84 0.19 42.30 266.30 308.60 1022.58 13.76

CLUSTER-D

UBL-11 (D1) 12.90 0.56 42.08 139.06 181.14 1271.80 23.23 11.29 0.40 27.00 115.40 142.40 1141.92 18.96

UBL-12 (D2) 12.90 1.23 13.76 50.79 64.56 1233.60 21.32 10.10 0.98 6.70 22.50 29.20 1212.66 22.95

UBL-14 (D4) 12.90 0.55 24.43 74.12 98.56 1302.60 24.79 9.77 0.40 15.70 64.00 79.70 1145.62 19.70

Sub total / average 0.67 80.27 263.98 344.25 1269.33 23.11 0.48 49.40 201.90 251.30 1166.73 20.53

Total / average 0.83 232.99 886.34 1119.33 1208.19 20.92 0.66 156.80 729.00 885.80 1131.27 18.42
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TABLE 9: Heat mass balance of the SAGS Unit-1 and Unit-2 Ulubelu at present condition 
 

 
 

TABLE 10: Comparison result of simulation by EES and measurement by field instrument 
 

No. Section Line 
Measurement by field instrument Simulation by EES Error

(%) P0 (bar-a) ΔP (bar/m) P1 (bara) P0 (bara) ΔP (bar/m) P1 (bara) 

    
- Header Cl-B to 

Sep-01A 
9.84 0.001237 8.15 10.75 0.000577 9.96 53.31 

1 Two phase 
- Header Cl-C to 

Sep-01B 
9.44 0.015663 8.48 8.70 0.002233 8.57 85.74 

    
- Header Cl-D to 

Sep-02 
8.58 0.002085 8.42 9.19 0.002655 8.99 27.34 

    
- Cl-C to Header at 

interface point 
7.72 0.000058 7.68 7.85 0.000035 7.83 40.37 

2 Steam 
- Cl-D to Header at 

interface point 
8.11 0.000176 7.50 8.29 0.000191 7.63 8.67 

    
- Header to Interface 

point 
7.50 0.000130 7.49 7.63 0.000139 7.62 7.09 

3 Brine  - Cl-C to Cl-A 7.72 -0.000351 8.65 7.87 -0.001730 12.49 393.38
   - Cl-D to Cl-F 8.11 -0.003558 15.83 8.29 -0.003709 16.34 4.25 

Note: P0 at design condition and P1 at present condition. 
 
is within this range but one result above the range. Generally, these conditions can be caused by several 
factors. From the calculation side the equation used was obtained from the experimental results in pipes 
with a maximum diameter of 4” (Bergthόrsson, 2006), while the actual SAGS pipes in Ulubelu diameter 
vary from 12 to 52”. From the actual data, the measurement is the more accurate result considering the 
detailed configuration of the pipe, while the calculation is an approximation, which gives not exactly 
the same conditions as in the field. An example is the large error that occurs in the measurement of 
pressure drop in the brine line from Cluster-C to Cluster-A. The assumption in the simulation only 
considers the input condition and output point, whereas the actual configuration is not always downhill, 
there are several lines of pipes that go up and down. Also, errors from field instruments cannot be ruled 
out. Before the measurement is carried out it must be ensured that all measuring equipment has been 
calibrated. However, the results of the simulation calculations using EES software are still acceptable. 
 

1 2 3 4 5 6 7 8 9 10

2 ɸ from 
UBL-02

2 ɸ from 
UBL-03

2 ɸ from 
UBL-15

2 ɸ from 
UBL-16

2 ɸ from 
UBL-08

2 ɸ from 
UBL-05

2 ɸ from 
UBL-06

2 ɸ from 
UBL-07

2 ɸ from 
UBL-12

2 ɸ from 
UBL-11

Pressure bar-a 11.11 11.50 13.91 18.92 9.51 9.44 10.89 10.71 10.10 11.29
Temperature °C 184.50 186.10 194.80 209.60 177.70 177.40 183.70 182.90 180.30 185.30

Ton/h 272.88 298.08 550.44 51.48 201.60 421.92 225.72 261.36 105.12 418.32
kg/s 75.80 82.80 152.90 14.30 56.00 117.20 62.70 72.60 29.20 116.20

Enthalpy kJ/kg 1128.37 1126.78 1201.74 1361.19 1025.47 993.30 1047.24 1024.29 1213.00 1142.00
Steam fraction % 17.27 16.89 19.02 24.47 13.46 11.93 13.38 12.38 22.25 17.81

11 12 13 14 15 16 17 18 19 20
CLUSTER-D

2 ɸ from 
UBL-14

2 ɸ from 
Cluster-B

2 ɸ from 
Cluster-C

2 ɸ from 
Cluster-D

2 ɸ 
Cluster-B

2 ɸ 
Cluster-C

Steam at 
Cluster-B

Steam at 
Cluster-C

Steam at 
Cluster-D

Steam

Pressure bar-a 9.77 10.75 8.70 9.19 9.96 8.57 7.91 8.39 8.29 7.85
Temperature °C 178.90 183.10 174.00 176.30 179.70 173.30 170.00 172.40 171.90 169.60

Ton/h 286.92 325.80 308.50 810.36 325.80 308.50 237.24 151.92 172.08 280.62
kg/s 79.70 90.50 85.69 225.10 90.50 85.69 65.90 42.20 47.80 77.95

Enthalpy kJ/kg 1146.00 1172.62 1017.40 1152.00 1172.62 1017.40 2767.82 2770.21 2769.75 2768.10
Steam fraction % 19.18 19.55 13.35 19.72 19.55 13.38 100.00 100.00 100.00 100.00

21 22 23 24 25 26 27 28 29 30

Fluid properties Units Steam Steam Steam
Steam to 

GPP
Hot Brine 

to Cluster-A
Hot Brine 

to Cluster-A
Hot Brine 

to Cluster-F
Hot Brine at 

Cluster-A
Hot Brine 

at Cluster-F
Condensate 
to Cluster-A

Pressure bar-a 7.65 7.83 7.63 7.62 7.91 8.39 8.29 12.49 16.34 14.30
Temperature °C 168.60 169.50 168.50 168.40 169.90 172.40 171.90 168.60 170.50 50.00

Ton/h 47.8 280.62 77.95 561.24 933.48 925.92 722.16 1859.40 722.16 290.40
kg/s 13.28 77.95 21.65 155.90 259.30 257.20 200.60 516.50 200.60 80.67

Enthalpy kJ/kg 2767.04 2768.04 2766.93 2766.87 718.90 729.60 727.50 713.40 721.60 209.30
Steam fraction % 100.00 100.00 100.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00

CLUSTER-D
Stream number

Fluid properties Units
CLUSTER-B CLUSTER-C

Mass flow

Mass flow

Stream number

Fluid properties Units

Mass flow

Stream number
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In addition, we can compare the two-phase flow pattern between the design conditions and the present 
condition. The simulation of the two-phase flow pattern using EES can be seen in Appendix II. Figure 
15 below shows the comparison of the flow pattern between the two conditions. The comparison is made 
using the modified Baker by Whalley, 1987 (subscript 1) and confirmed by another method in Mandhane 
et al. 1974 (subscript 2) where (a) is the design condition and (b) is the present condition. Based on both 
methods, both design and present conditions show basically the same result, in which the majority have 
an annular flow pattern type. The difference in outcomes between the design and present conditions 
above is due to changes in operating parameters such as pressure, enthalpy, dryness and two-phase flow 
from the wells.  
 
The flow pattern type will be proportional to the two-phase flow rate in the pipeline following a 
logarithmic scale. On the x-axis, for design conditions, the pressure, dryness and two-phase flow are 
greater than at the present condition and as a result, the superficial steam velocity is also greater. This is 
displayed in the flow pattern plot, which for the same stream number at the present condition on the x-
axis, shifts to the left. On the y-axis, it can be observed that the flow pattern plot in Ulubelu at present 
conditions, slightly shifts downward. This is also due to the decline in operating parameters of pressure, 
enthalpy, dryness and two-phase flow. 
 

 

In fact, the annular or dispersed type is the flow pattern that is commonly encountered for two-phase 
flow in pipes. This flow pattern is also a desirable flow pattern type because the two-phase flow in the 
pipe is divided into two, where high-density water is along the wall of the pipe while the low-density 
vapour is in the centre of the pipe. However, in Figure 15 there is a change in the flow pattern of the 
two-phase flow in the pipe for streams number 4, 5, 6, 7 and 8 from annular to slug/stratified. Those 
stream numbers are the two-phase flows from the wellhead to the headers in each cluster, respectively, 
from well UBL-16 in Cluster-B and wells UBL-08, 05, 06 and 07 in Cluster-C. 
 

 

FIGURE 15: Two-phase flow pattern of Unit-1 and Unit-2, Ulubelu at design condition (a) and 
actual condition (b). Modified Baker’s flow pattern by Whalley, 1987 (subscript 1) and  

by Mandhane et. al., 1974 (subscript 2) 

B2 

B1 

A2 

A1 
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Theoretically, the slug flow occurs because the vapour is moving faster than the water and causes a 
collision in the pipe, which is characterized by the vibrations in the pipe that occur intermittently. At 
actual conditions in the field, since the two-phase line from the well to the header in each cluster does 
not have a large diameter with a short distance, this does not cause significant problems. If slug flow 
occurs in large diameter pipes with long distances, for example in the two-phase pipeline from Cluster-
B to Cluster-C, then that should be the main concern. However, from the flow pattern map (Figure 15) 
it is shown that the flow pattern of two-phase flow from Cluster-B to Cluster-C is annular flow type; it 
is still the same as the design conditions (shown in streams number 12 and 13). 
 
In terms of fluid velocity in the pipeline, especially the two-phase pipeline from the header to separator, 
the steam pipeline from the separator to the interface point and the brine pipeline from the separator to 
the reinjection wells, the decrease of the total flow rate from the well will also reduce the fluid velocity 
in the pipeline. The maximum recommended fluid velocity in the pipeline for two-phase flow is equal 
to its erosion velocity (API RP 14E, 1991), whereas in the steam pipeline its maximum is 40 m/s 
(saturated vapour) and in the brine pipeline the maximum is 3 m/s (IPS, 1996). The comparison of fluid 
velocity between design and present conditions is shown in Table 11. Generally, it can be said that the 
fluid velocity in the SAGS of Unit-1 and Unit-2 is still below the recommended maximum velocity. 
 

TABLE 11: The comparison of fluid velocity in pipeline at design and present condition 
 

No Line service 
Recommended 
maximum fluid 
velocity (m/s) 

Design 
condition 

(m/s) 

Present 
condition 

(m/s) 
Remarks 

1 Two phase         
  - Cl-B to Sep-01A 27.16 22.65 16.33 OK 
  - Cl-C to Sep-01B 23.10 19.54 13.52 OK 
  - Cl-D to Sep-02 26.20 19.71 12.38 OK 
2 Steam (saturated)         
  - Cl-C to inter. point 40.00 37.29 30.60 OK 
  - Cl-D to inter. point 40.00 30.04 25.62 OK 
3 Brine         
  - Cl-C to Cl-A 3.00 1.83 1.52 OK 
  - Cl-D to Cl-F 3.00 2.54 1.90 OK 

 
 

4.3 Wall thickness monitoring and evaluation 
 
The wall thickness measurements in the SAGS Unit-1 and Unit-2 are performed on average twice a year 
using an ultrasonic thickness meter (Table 12). This is done with the  aim  of  obtaining  actual  data  on 
 

TABLE 12: The classification of action on level of priority of wall thickness monitoring 
 

Level of 
priority 

Action Remarks 

1 
Programme replacement immediately or 
derate line to suit the maximum expected 
current operating conditions. 

Remaining wall thickness less than design minimum 
requirement. Requires immediate replacement or line to 
be derated. 

2 
Programme replacement in less than a year 
and requires close monitoring. 

Corrosion rate too high. To be verified and closely 
monitored. Replacement to be done within one year or 
line derated to safe design condition if wall thickness 
falls below original design parameters. 

3 
Programme replacement in 1-5 years, 
requires regular monitoring. 

High corrosion rate - requires regular monitoring. 

4 Programme replacement in 5-10 years. Requires regular monitoring. 

5 
Expected life before failure is beyond 10 
years. 

No significant metal loss noted, monitor as required. 
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wall thickness after some period of operation, and then the data is compared with the forecast of the wall 
thickness reduction in the same period by considering the corrosion allowance. Based on the 
comparison, the actual condition of the pipe during the latest measurement can be evaluated, and if there 
is a reduction in thickness beyond the initial conditions specified in the design phase, follow-up action 
can be taken immediately. The classification of follow-up action is divided into several levels depending 
on the last wall thickness data. In accordance with the standard AS/NZS 3788-2006 (AS/NZS, 2006) 
and Cruz (2014) for similar cases, the action priority is divided into several levels as shown in Table 12 
below. The determination of the level of priority is done by calculating the corrosion rate or actual 
erosion in the pipe or separator from the last measurement data and subtracting the initial measurement 
data, divided by the time difference between the points. Then the result is used as a reference to predict 
the remaining time until the wall thickness reaches minimum thickness, which was calculated in the 
design phase. 
 
The results of wall thickness measurements in SAGS of Unit-1 and Unit-2 Ulubelu are identified 
according to the schematic diagram below. Measurements were made on two-phase lines in each cluster, 
from cluster to separator and in the separator itself (Figure 16), the steam line from the separator to the 
interface point (Figure 17), and brine line from the separator to reinjection wells (Figure 18). The  total  

FIGURE 16: A schematic diagram of wall thickness measurement locations 
in the two-phase line and separators 
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FIGURE 18: A schematic diagram of wall thickness measurement locations 
in the brine line from separators to reinjection well clusters 

 

FIGURE 17: A schematic diagram of wall thickness measurement locations 
in the steam line from separators to header in interface area 
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points of wall thickness measurements in the two-phase line are 26. Those consist of one point in the 
two-phase line in each well, nine points along the two-phase line from a header in Cluster-B to inlet 
Separator-01A in Cluster-C and two points in each separator, whereas there is no measurement data for 
the two-phase line from the header to the separator in Cluster-C and D. In the steam line, there are 28 
points of measurement, which consists of eight points in the steam line from Cluster-C to the interface 
point and 20 points from Cluster-D to the interface point. In the third section. There are 36 points of 
measurement in the brine line from the separator to the reinjection well clusters. These consist of 11 
points from Cluster-C to Cluster-A, 20 points from Cluster-D to Cluster-F and five points in each well. 
The points of measurement are determined by dividing the pipe length into equal intervals where 
measurements are done. 
 

The results of wall thickness 
measurements in the SAGS of Unit-
1 and Unit-2 have been classified 
based on the level of priority and 
action plans which must be done are 
shown in Appendix III. In the table 
in Appendix III the points are 
grouped after each level of priority 
as shown in Figure 19, while Figure 
20 shows the number of points on 
each level of priority according to its 
service line. 
 
From a total of 84 measurement 
points conducted from 2013 to early 
2017 at the SAGS of Unit-1 and 
Unit-2, five measurement points 
have a priority level 1, 19 have a 
priority level 2, 39 have a priority 
level 3, 9 have a priority level 4 and 
12 have a priority level 5. For the 
priority levels 3 to 5, the action to be 
taken is that the measurement of wall 
thickness should be done regularly 
following the planning program. 
However, for priority levels 1 and 2, 
immediate action is required 
according to Table 12 above. 
 
At priority level 1, there are three 
points in the steam line, specifically 
the steam line from Cluster-C to the 
interface point – i.e. points C-PP05, 
06 and 08, and there are two points 
in the brine line, specifically the 

brine line from Cluster-C to Cluster-A – i.e. points C-A01 and 02. These five points should get serious 
attention and immediate follow up. Also, it would be better to measure several times at these points and 
several points around them to ensure the accuracy of the measurements that have been made before. 
Likewise, for priority level 2, the measurement time range also needs to be narrowed to monitor 
routinely the wall thickness conditions so the action to be done can be decided on immediately. 
 
 
 

 

FIGURE 19: The classification of wall thickness results 
according to level of priority  

 

FIGURE 20: The classification of wall thickness results 
according to level of priority in service line 
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4.4 Separator performance analysis 
 
An analysis of the separator performance at the present conditions is necessary in order to determine 
whether it is still operating efficiently or not. The decline of operating parameters in the production well 
will cause changes the in input conditions to the separator and this needs to be evaluated so that follow-
up action can be taken if the separator performance, at present condition, is lower than the design 
condition. In this study, the separator performance calculation was done using EES. The comparison of 
the results in separator performance between design and present conditions is displayed in Table 13 
below. 
 

TABLE 13: The comparison of separator performance calculation at design and present condition 
 

Separator 

Allowable  Design condition Present condition 

ΔP 
(Bar) 

Wetness 
interface 

point 

Flow 
pattern 

ηef  
(%) 

xo  

(%) 
wo  

(%)
ΔP 

(bar)
Flow 

pattern 
ηef  

(%) 
xo  

(%) 
wo  

(%)
ΔP 

(bar)

Separator-01A 0.47 ≤ 1% Dispersed 99.888 99.666 0.334 0.39 Dispersed 99.784 99.140 0.861 0.24
Separator-01B 0.25 ≤ 1% Dispersed 99.880 99.384 0.616 0.20 Dispersed 99.764 98.572 1.428 0.10
Separator-02 0.30 ≤ 1% Dispersed 99.916 99.724 0.276 0.24 Dispersed 99.759 98.996 1.004 0.13

 
To calculate the performance of the 
separator, one of the main 
influencing factors is the pattern of 
the two-phase flow, which goes into 
the separator. Lazalde-Crabtree 
(1984) explains that the 
determination of flow patterns was 
done using Baker's map (1954) 
based on the basic theory discussed 
earlier. The two-phase flow pattern 
will determine the values of a, B and 
e as shown in Table 6. In this study, 
the flow pattern type between the 
design and the present condition is 
still the same, here it is dispersed. 
However, as seen in Figure 21, there 
is a movement of the Baker 
parameter, especially on the 
especially on the y-axis (By), and it 
is moving downwards. This is due to a two-phase flow decline, whereas By itself is directly proportional 
to the two-phase flow rate. A higher two-phase flow rate will cause higher By and a lower two-phase 
flow rate will cause lower By. 
 
The results of the separator performance calculation at the present condition are also compared with the 
allowable condition that must be met. Through this comparison, the performance of the separator at 
present conditions must meet and satisfy two requirements. First, the pressure drop in the separator 
should not exceed 0.47 bar in Separator-01A, 0.25 bar in Separator-01B and 0.3 bar in Separator-02. 
From Table 13, it is known that the pressure drop of the separator at the present condition still meets the 
requirements, with the calculated pressure drop as 0.24 bar in Separator-01A, 0.10 bar in Separator-01B 
and 0.13 bar in Separator-02. Based on these results, it can be said that the performance of the separators 
still meets the allowable condition. 
 
Second is steam wetness at the interface point. According to the PJBU or steam sales contract between 
PGE and PLN, the steam wetness requirement in the interface point should be ≤ 1%. Although the 

 

FIGURE 21: Flow pattern of two-phase flow inlet separator 
at Unit-1 and Unit-2, Ulubelu by Baker (1954) 
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interface point is located quite far from the separator, it can be at least used as a reference that steam 
wetness outlet of separator should also be ≤ 1%. Even if the steam wetness outlet of the separator is > 
1%, there is a scrubbing line along the steam line after the separator to the interface point which will 
dispose condensed steam along the steam pipe. This is quite helpful in minimizing steam wetness when 
the steam has reached the interface point. However, it is better if steam wetness can be minimized in the 
separation process in the separator. According to Table 13, the calculation results of wetness in the 
separator steam outlet at present conditions show wetness of 0.861% in Separator-01A, 1.428% in 
Separator-01B and 1.004% in Separator-02. Steam wetness in Separator-01A still meets the 
requirements, but in Separator-01B and Separator-02 the results exceed the allowable condition. 
However, the steam from all separators will be mixed at the main steam header in the interface point, so 
that the result of steam wetness that is used as a reference is at the interface point. To know the final 
steam wetness at the interface point, a steam condensate sample was taken from the steam line and 
analysed in the laboratory. From this analysis, it is known that the final steam wetness in interface point 
still meets the allowable conditions as shown in Table 14 below. 
 

TABLE 14: Laboratory analysis result of steam wetness at interface point (PGE, 2017c) 
 

No Date Location Steam dryness / wetness (%) 
1 March 16, 2017 Interface point 99.63 / 0.37 

 
Although the laboratory analysis shows that steam wetness at the interface point still meets the 
requirements, it is necessary to optimize the performance of the separators, specifically Separator-01B 
and 02, to ensure that the steam wetness out of the separators meets the requirements. This is to anticipate 
future development, if the scrubbing line doesn‘t work optimally and the results of steam wetness at the 
interface point will exceed the requirements. It does not rule out that changes in operating parameters 
occurring dynamically may also cause changes in performance of the separator itself. Section 4.7 
discusses the SAGS optimization scenarios, including the possibility of improving the performance of 
separators. 
 
 
4.5 Silica saturation index in the reinjection line from the separator to the reinjection wells 
 
One of the most common problems in the reinjection line from the separator to the reinjection wells is 
silica deposition. The silica deposition occurs due to several conditions, but in this study, we discuss the 
potential of silica deposition due to the silica saturation conditions in the pipeline. These conditions can 
be determined by the value of the silica saturation index (SSI), which is the silica concentration value 
in the brine at present condition compared to its solubility in the brine based on a theoretical solution 
(Figure 10). The value of silica and chloride in the brine can be obtained from a laboratory analysis of 
a sample taken in the reinjection line. In the SAGS of Unit-1 and Unit-2, there are two reinjection lines, 
the one from Separator-01A and 01B in Cluster-C to the reinjection wells in Cluster-A, and the line 
from Separator-02 in Cluster-D to the reinjection wells in Cluster-F. Table 15 shows the results of the 
laboratory analysis of the silica and chloride samples in both reinjection lines in early 2017. 
 

TABLE 15: Laboratory analysis result of silica and chloride concentration in the brine line 
(PGE, 2017c) 

 

No. Location 
Laboratory analysis result 

P 
(bar-a) 

T 
(°C) 

Cl-

(ppm) 
SiO2  

(ppm) 
1 Separator-01 7.72 168.9 1200 668 
2 Separator-02 8.11 171.0 1210 759 
3 Cluster-A 9.12 168.5 1118 619 
4 Cluster-F 12.18 170.5 1127 704 
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Based on the calculation steps as in the basic theory discussed earlier, the SSI in the hot reinjection line 
is calculated using EES. The calculation result of SSI at present conditions is compared with design 
conditions. Decreasing the pressure in the separator will lower the temperature as well.  This will 
influence the temperature of the brine in the reinjection line, leading to a decrease in temperature. The 
temperature drop, which affected the change of solubility of silica in the brine, can be analysed through 
the SSI result, to see whether SSI in the reinjection line has been at its supersaturation or not. Table 16 
shows the comparison of SSI between the design and the present condition. 
 

TABLE 16: Comparison of SSI at design and present condition 
 

No. Location 
Design condition Present condition 

P  
(bar-a) 

T 
(°C) 

Cl- 

(ppm)
SiO2 

(ppm)
SSI 

P  
(bar-a)

T 
(°C) 

Cl- 

(ppm) 
SiO2 

(ppm) 
SSI 

1 Separator-01 9.77 178.81 1384 716 0.929 7.72 168.92 1200 668 0.912 
2 Separator-02 12.31 189.20 1373 777 0.927 8.11 170.98 1210 759 1.018
3 Cluster-A 10.47 178.36 1289 664 0.864 9.12 168.49 1118 619 0.848 
4 Cluster-F 18.98 188.48 1373 777 0.932 12.18 170.50 1127 704 0.948 

 
Generally, the SSI in the brine line, 
both in the separator outlet and in the 
reinjection well cluster is still less 
than 1, so silica scaling will not 
occur, except for the SSI in the outlet 
of Separator-02 in Cluster-D which 
is above 1, which means that silica is 
in supersaturated condition. This 
indicates that at the outlet of 
Separator-02 silica scaling most 
likely will occur if the operation 
parameters, especially pressure and 
temperature, are kept in this 
condition. Therefore, it is necessary 
to optimize the operation parameters 
in the separator in order to prevent 
silica scaling in the pipeline. Figure 
22 shows the plot of the SSI at the 
design and the present condition that 
supports the above statement. 
 
 
4.6 Turbine characteristic curve at off-design condition by Stodola’s cone law 
 
At present condition, Unit-1 and Unit-2 operate at off-design condition due to the problems described 
earlier. To know the effect of steam flow and pressure drop at the interface point (Table 9) on the power 
plant operation, a turbine characteristic curve can be used. The curve shows the relationship between 
the turbine chamber pressure and power generation based on steam flow rate to the power plant. The 
curve is provided by the turbine manufacturer for Unit-1 and Unit-2, Fuji Electric, Japan. 
 
In this study, the author could not get the curve because the power plant is operated by PLN. Meanwhile, 
PGE only operates the SAGS. Therefore, Stodola's cone law was used to estimate the turbine chamber 
pressure and power generation based on the steam flow rate to the turbine. Some input data such as 
pressure, temperature and steam flow rate in some generation load conditions could be obtained through 
personal communication with the power plant operator. The data were measured before the main stop 
valve (MSV) and the main control valve (MCV), so the data did not represent the chamber pressure in 

 

FIGURE 22: Solubility of amorphous silica at  
design and present condition 
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the turbine since the MCV openings greatly affected the pressure drop between them. The pressure drop 
on some input data above was also obtained through personal communication with the power plant 
operator and could be used in the calculation. Since Unit-1 and Unit-2 have the same specifications, we 
used data from Unit-1 as shown in Table 17. 
 

TABLE 17: Input data from the Ulubelu power plant Unit-1  
(power plant operated by PLN, personal communication, August-September 2017) 

 

No. 
Pinlet  

(bar-) 
Tinlet 
(°C) 

MCV open
(%) 

ΔP 
(bar) 

Pchamber

(bar-g)
ṁsteam  

(Ton/h) 
ẆTurbine  
(MW) 

1 6.53 167.8 90 0.19 6.34 379.82 55.55 
2 6.34 166.7 68 0.28 6.06 359.86 51.88 
3 5.96 164.6 42 0.73 5.23 314.45 46.59 
4 6.05 165.0 30 1.71 4.34 263.52 37.85 

 
As seen in Table 17, the data show the load generation of Unit-1 at full the load of 55 MW. According 
to the received information, the data were recorded when Unit-2 was going through an annual routine 
maintenance (minor inspection) so steam was available to maximize load generation in Unit-1. 

 
Figure 23 shows the estimated 
turbine chamber pressure and power 
output of the power plant at any 
steam flow rate. At present condition 
the steam flow rate into each unit is 
approximately 78 kg/s which gives a 
prediction for a turbine chamber 
pressure of 6.38 bar-a and 41.5 MW 
of power output. This result is close 
to the actual conditions in which 
both units can only generate 42 MW 
power each. At this generation load, 
the approximate opening of the 
MCV before the turbine chamber is 
about 35% so the pressure drop 
between the turbine chamber with 
the MCV inlet is about 1.1 bar. The 
pressure value at inlet condition 

must be at least 7.53 bar-a and at the present condition, with maximum pressure in the interface point, 
it is 7.62 bar-a and therefore still larger than the inlet pressure of the turbine, which it should be able to 
hold. 
 
 
4.7 Optimization scenarios 
 
Referring to the assessment results above, the decline of operating parameters, i.e. WHP and two-phase 
flow in production wells, will decrease the steam pressure at the interface point. Actually, this is not a 
big problem as long as the steam pressure at the interface point is still above the minimum limit of 8.0 
bar-a. However, at present condition, the steam pressure in the interface point drops to 7.62 bar-a, i.e. 
below the minimum requirement. The turbine in the power plant operates, therefore, in an off-design 
condition or below the operating conditions at design. In addition, the separator performance specifically 
related to steam outlet quality has also decreased. Some measurements of wall thickness indicate that 
the corrosion/erosion rate in the pipe is significant so this needs serious attention and immediate action. 
Monitoring the potential for silica deposition in the reinjection lines, due to the decrease in pressure and 
temperature in the separator, shows that the SSI in these lines is increasing, and in Separator-02 it is in 

 

FIGURE 23: Estimation of turbine chamber pressure  
and power output of Unit-1 and Unit-2,  

Ulubelu using Stodola’s cone law 
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a supersaturation state. So, there is a potential of silica scaling in the reinjection line at the outlet of 
Separator-02. With that background, optimization scenarios are worth considering in order to improve 
the performance of the SAGS Unit-1 and Unit-2. 
 
4.7.1 Varying the separator pressure 
 
The separators are important for the SAGS because they are used to separate the two-phase flow from 
the production wells. The Ulubelu geothermal field has an average steam quality of only 20%, and is 
therefore highly dependent on separator performance. With the decrease in the separator performance 
indicated by the decrease in steam outlet quality, the quality of the steam delivered to the power plant 
will be affected. Although the final steam wetness results at the interface point still meet the required 
steam wetness of ≤ 1% as discussed in Section 4.4, the value will likely change according to the 
parameter change in the separator. 
 
In addition, the change in separator pressure will also affect the flashing factor in the separation process 
of the two-phase fluid. If the two-phase flow rate entering the separator has the same flow rate and 
enthalpy, a higher separator pressure will decrease the value of the flashing factor and a lower separator 
pressure will increase the value of the flashing factor in the separator. The P-h diagram as shown in 
Figure 24 shows that the separation process is in the mixture area (inside the dome) and a lower separator 
pressure will decrease the enthalpy of saturation liquid (hf) and the enthalpy of saturation steam (hg). 
However, the reduction of enthalpy of saturation liquid is greater than the reduction of enthalpy of the 
saturation steam, so the flashing factor will then also increase. The result is that the steam flow rate will 
increase with the increase of the flashing factor because they are directly proportional to each other. 
 

 
In this scenario, the separator pressure is varied to determine the separator pressure which can produce 
the optimum performance in terms of several aspects. First, with regard to the potential increase of the 
steam flow rate and, secondly, the increase of the steam outlet quality at the separator outlet. The 
variation of the separator pressure must also consider the pressure drop that occurs in the steam line so 
that the steam pressure at the interface point reaches the minimum pressure as shown in the HMB 
simulation in Table 9, i.e. 7.62 bar-a. Another important consideration is the prediction of the SSI value 
in the brine line. The SSI value in the brine line must be maintained at ≤ 1 or in the "no scaling zone". 
Figure 25 shows the variation of separator pressure with the increasing steam flow rate and steam outlet 
quality. 
 
The target that in this scenario was to increase the steam flow rate and steam outlet quality from the 
separator to the interface point by considering the safe operation of the SAGS, meaning that steam outlet 
quality at interface point fulfils the minimum requirement of 99% and the potential of silica scaling in 
the brine line is minimized. Figure 25 shows the results of the performed optimization on variations of 

 

FIGURE 24: P – h diagram of water, the change of separator pressure will  
change the flashing factor in the separator itself 
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the separator pressure.  Figure 25a 
that by increasing the flow rate of the 
steam to the interface point, the 
present separator pressures in 
Separator-01A, 01B and 02 which 
are 7.91, 8.39 and 8.29 bar-a, 
respectively, are changed to 7.7, 7.7 
and 8.5 bar-a, respectively. For 
Separators-01A and 01B, the 
pressure can be decreased, because 
according to Figure 25b SSI ≥ 1 
occurs only when the separator 
pressure ≤ 3.8 bar-a. However, the 
separator pressure cannot be lowered 
that much, due to pressure drop in the 
steam line. These calculations 
indicate that to get the minimum 
pressure, 7.62 bar-a, at the interface 
point, the minimum separator 
pressure in Cluster-C must be 7.7 
bar-a. Therefore, the pressure of 7.7 
bar-a was selected. For Separator-02, 
at the present condition with pressure 
8.29 bar-a the SSI value is ≥ 1. This 
means that the potential of silica 
scaling will most likely be in the 
brine line after the separator. 
Therefore, to minimize this 
possibility, the pressure in Separator-
02 needs to be raised until SSI ≤ 1. 
This value will be achieved when the 
minimum separator pressure is 8.5 
bar-a. 
 
The optimization result of adjusting 
the separator pressure has added 2.2 
kg/s to the flow rate and can increase 
the load generation in the power 
plant for ~1.16 MW. Secondly, the 
optimization of separator pressure at 
some values above is seen from the 
steam outlet quality as shown in 
Figure 24c. Here, the overall steam 
outlet quality increases slightly, but 
only from 98.9027% to 98.9091%. 
The value is still below the minimum 
requirement of 99%, so from the 
result, it is concluded that the 
variation of the separator pressure is 
not significant in influencing the 
steam outlet quality in the steam line at the separator outlet. Therefore, an increase in steam outlet quality 
will be done with the scenario described in Subsection 4.7.2. 
 
  

 

FIGURE 25: Effect of varying separator pressure on,  
(a) the steam flow rate; (b) SSI; and 

(c) steam outlet quality 

C 

B 
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4.7.2 Increasing steam velocity at the separator inlet 
 
Increasing steam velocity at the separator inlet has the purpose of increasing the outlet quality of the 
steam which goes to the interface point. It is stated in the steam sales contract between PGE and PLN 
that the minimum steam wetness at interface point should be 1%, meaning that the steam quality 
minimum is 99%. Even though the distance from the separators to the interface point is quite long, this 
requirement can be used as a basic reference for the steam quality outlet of the separators. There are two 
methods to increase the steam velocity at the separator inlet. First, by increasing the two-phase flow rate 
from the production wells. From a technical point of view, this is very easy to do by opening the valve 
of production wells, but practically, it is not possible since the production wells of Unit-1 and Unit-2 
are already at their maximum capacity. So, the two-phase flow rate at present condition is constant, and 
even tends to decline with time. Therefore, the second method is more likely, which is to minimize the 
pipe diameter of the inlet separator. From a technical aspect, this is quite complex but still quite possible 
to do. Increasing the steam velocity 
at the separator inlet (VT) is an 
effective method to increase the 
quality of steam at the outlet. 
Bangma (1961) supports this 
statement by explaining that the 
steam quality at the outlet will 
increase if VT rises. The effect of VT 
on the increase of separator 
performance is shown in Figure 26. 
 
At the present condition, the values 
of the steam quality at the outlet xo in 
Separators-01A, 01B and 02 are 
99.14%, 98.57% and 98.99%, 
respectively at VT = 34.52, 21.14 and 
24.35 m/s, respectively. From Figure 
25, the minimum value, which is 
recommended for steam quality at 
outlet, to be above the requirement, 
is the meeting point between xo and 
wo. The value for xo for Separator-01A complies with the minimum requirement since it is already above 
99% so that the steam velocity at the separator inlet value is currently at an optimum value. However, 
for separators-01B and 02 the values are below the requirements or less than 99%. Here it is 
recommended to increase the steam velocity at the separator inlet. According to the separator data, the 
diameter of the inlet separator is 30”, and as seen in the Figure 26,VT needs to be raised to a minimum 
of 28.82 m/s for Separator-01B and 26.04 m/s for Separator-02. The value of VT in both separators will 
be achieved by an inlet diameter of 25.69 and 29.01”, respectively. By considering availability in the 
market and the simplicity of installation, the selected new inlet diameter is 24”. This is possible by 
modifying the inlet diameter of the separator, seen in Figure 27. 
 
The example discussed above illustrates the modification for the inlet pipe of Separator-01B, where by 
decreasing the inlet diameter of the separator to 24”, it will produce at VT of 32.94 m/s, so the xo rises 
to 99.31%. Technically, the modification is done by adding a flange connection of 36” Class 300 before 
a concentric reducer 30”×36”, and then inside that another concentric reducer is installed of 24”×36” by 
welding. Then the 24” concentric reducer is connected with a 24” pipe which is 1.59 m in length. To 
strengthen the 24” pipe, a buffer plate 1” thick is welded on the 24” pipe and a 30” flange Class 300. 
This modification is quite practical because it is portable, and in the future when additional two-phase 
flow is available from new makeup wells, the separator inlet can be removed easily and replaced with a 
concentric reducer by a flange connection on both sides. However, a fluid simulation such as a 3D 
simulation using CFD should be used to ensure and obtain the most optimal configuration of this design 
before a modification is implemented. 

 

FIGURE 26: Steam quality at outlet and mass  
wetness of outlet steam as a function of steam  

velocity at the separator inlet  



Cahyono 48 Report 8 

 

4.7.3 Pipeline capacity mapping for future tie-in from new makeup wells or an interconnection 
         line from Unit-3 and Unit-4 to Unit-1 and Unit-2 
 
At the present conditions, there is a decline of the two-phase flow in the pipeline due to the decline of 
total flow from the production wells. Fluid velocity is proportional to the total flow, as indicated in Table 
11, and the fluid velocity in the pipeline has decreased compared to the design conditions when operating 
at maximum load. In this case, the pipe diameter is fixed and the change of density is not significantly 
influential. 
 
To find out the possibility of optimization of the pipe capacity in a future based on the present condition, 
it is important to map the pipe capacity in the two-phase lines. From the mapping result, 
recommendations can be made for some conditions that may occur. First, if a new makeup well is added 
close to the two-phase pipeline, the maximum flow through it can be determined. From the discharge 
test result of the new makeup wells, it can be decided whether it is possible to connect them to the 
existing pipeline or if it is necessary to build a new two-phase pipeline. Secondly, since the SAGS of 
Unit-1 and Unit-2 is close to Unit-3 and Unit-4, it is possible to build an interconnection line between 
them. Actually, at present conditions there is no excess steam supply available from the production wells 
of Unit-3 and Unit-4, so this interconnection line could only be used when Unit-3 or Unit-4 are under 
routine maintenance. In that period, steam from Unit-3 and Unit-4 can be supplied to maximize the load 
in Unit-1 and Unit-2. This interconnection line could also be used as an alternative to a mutual backup 
between the power plant and the operational flexibility of the SAGS in Ulubelu. The pipeline capacity 
mapping of SAGS Unit-1 and Unit-2 at present conditions is shown in Table 18. 

FIGURE 27: Alternative to minimize inlet diameter of separator, 
comparison of detail 1 before and after modification 
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TABLE 18: Pipeline capacity mapping of SAGS Unit-1 and Unit-2, Ulubelu at the present condition 
 

No. Line service 
Pressure 
(bar-a) 

Density 
(kg/m3)

ID 
pipe 
(m) 

Recommended 
maximum fluid 
velocity (m/s) 

Maximum 
possible 

flow (kg/s)

Velocity 
at present 
condition 

(m/s) 

Flow at 
present 

condition 
(kg/s) 

Possibility 
to optimize 
flow in the 
pipes (kg/s)

1 Two phase                 
  - Cl-B to Separator-01A 10.82 27.46 0.89 27.16 468.00 16.33 281.36 186.64 
  - Cl-C to Separator-01B 8.88 32.67 0.89 23.10 473.42 13.52 277.14 196.28 
  - Cl-D to Separator-02 9.37 23.84 0.74 26.20 270.74 12.38 127.93 142.81 
2 Steam (saturated)                 
  - Cl-C to interface point 7.90 4.11 1.05 40.00 141.28 30.60 108.08 33.20 
  - Cl-D to interface point 8.29 4.30 0.74 40.00 74.61 25.62 47.79 26.82 
3 Brine                 
  - Cl-C to Cl-A 7.87 897.75 0.69 3.00 1017.91 1.52 516.42 501.49 
  - Cl-D to Cl-F 8.29 895.51 0.39 3.00 316.50 1.90 200.56 115.95 

 
Generally, Table 18 explains that the average fluid flow rate in the pipeline at the present conditions is 
only 60% of its maximum total capacity. Approximately 40% of the capacity in the pipeline can still be 
used for the future plans as described above. The schematic diagram in Figure 27 shows the possibility 
of a pipe tie-in from new makeup wells or an interconnection line from Unit-3 and Unit-4. 
 
According to Figure 28, there are two possibilities of an interconnection line from Unit-3 and Unit-4 to 
Unit-1 and Unit-2. The first one is an interconnection of the two-phase line from Cluster-I to Cluster-B, 
as the pipes are close to each other, and each pipeline has a diameter of 36”. Table 18 shows that the 
two-phase pipeline from Cluster-B can still accommodate 186.64 kg/s of two-phase fluid with a steam 
fraction of 19.41%. Similarly, through an interconnection line from Cluster-K to Cluster-D, it is still 
possible to accommodate 142.81 kg/s of two-phase fluid with a steam fraction of 19.75%. Line sizing 

 

FIGURE 28: The schematic diagram of SAGS Unit-1 to Unit-4, Ulubelu, in correlation with future 
plans for a tie-in or an interconnection line from Units-3 and 4 to Units-1 and 2 
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related to the possibility of optimizing the flow in each pipeline depending on its services is displayed 
in Table 19. 
 

TABLE 19: Sizing of pipelines in SAGS Unit-1 and Unit-2 for tie-in or  
interconnection between Units-3 and 4 and Units-1 and 2 

 

No Line service 
Pressure 
(bar-a) 

Density 
(kg/m3)

Recommended 
maximum 

fluid velocity 
(m/s) 

Possibility to 
optimize flow 
in the pipes 

(kg/s) 

Line sizing 

ID 
(m) 

ID 
(“) 

Selected DN
(“) 

1 Two phase               
  - Cl-B to Separator-01A 10.82 27.46 27.16 186.64 0.564 22.22 24 
  - Cl-C to Separator-01B 8.88 32.67 23.10 196.28 0.576 22.66 24 
  - Cl-D to Separator-02 9.37 23.84 26.20 142.81 0.540 21.24 24 
2 Steam (Saturated)               
  - Cl-C to Interface Point 7.90 4.11 40.00 33.20 0.507 19.96 20 
  - Cl-D to Interface Point 8.29 4.30 40.00 26.82 0.445 17.54 18 
3 Brine               
  - Cl-C to Cl-A 7.87 897.75 3.00 501.49 0.487 19.17 20 
  - Cl-D to Cl-F 8.29 895.51 3.00 115.95 0.234 9.23 10 

 
4.7.4 Pressure profiling in the reinjection lines 
 
Pressure profiling is done to determine the clogging of the reinjection lines due to silica scaling or other 
mineral deposition. Clogging of lines can be identified by comparing the theoretical pressure profile and 
the actual pressure profile of the system. Based on the calculation of pressure loss in the reinjection 
lines, which in this study are from the separators in Cluster-C and Cluster-D to the reinjection wells in 
Cluster-A and Cluster-F, we know the theoretical pressure profile along the pipelines. From the 
calculation of the SSI, it can be seen that there is potential of silica scaling in the reinjection line after 
Separator-02 in Cluster-D, so it is better to prioritize pressure profiling in this line. However, we don’t 
know the actual pressure profile since there are no pressure tapping points between the separator and 
the reinjection wells. Therefore, it is recommended to install some pressure tapping points between 
them. The selection of the location of the pressure tapping points should consider the pipeline 
configuration and elevation profile. Table 20 shows recommended sites for pressure tapping points on 
the reinjection line from Cluster-D to Cluster-F, while Figure 29 shows their location according to the 
elevation and length in a general pipe layout. 
 

TABLE 20: Recommendation for the location of pressure tapping points in 
the reinjection line from Cluster-D to Cluster-F 

 
No. of pressure 
 tapping points 

Elevation 
(m) 

Length 
(m) 

Remarks 

1 815 40 The lowest point in Cluster-D after separator outlet of brine line
2 807 112 After downhill from Cluster-D 
3 802 233 Before 1st expansion loop 
4 782 447 Before 2nd expansion loop 
5 764 630 Before 3rd expansion loop 
6 747 859 After 4th expansion loop 
7 737 1091 After 5th expansion loop and after elbow 45° 
8 726 1209 After 6th expansion loop 
9 723 1363 After 7th expansion loop 

10 724 1409 After elbow 120° 
11 723 1487 After 8th expansion loop 
12 713 1773 After 9th expansion loop 
13 713 1873 Before 10th expansion loop 
14 714 1990 At box culvert 
15 714 2082 After elbow 90° (near to Cluster-F) 
16 713 2123 After elbow 90° (in Cluster-F) 
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It is recommended to use 1” diameter pipe nipples as tapping points. Since it is impossible to shut down 
the hot reinjection line, then hot tapping is worth considering for installation. 
 
After the monitoring period of the pressure profiling on the reinjection line, the actual data must be 
plotted on a graph as shown in Figure 29, and compared to the theoretical pressure profiling. If 
significant differences are found between them, then it will be a special concern. Usually, an indication 
of clogging is characterized by a much smaller pressure for actual conditions than the theoretical 
pressure. This is because the nozzle of the pressure tapping is covered by silica scaling or mineral 
deposition in the pipe.  
 
 
 
5.  CONCLUSIONS 
 
The assessment results in this study explain that the decline of operating parameters greatly affects the 
performance of the SAGS of Ulubelu Unit-1 and Unit-2. The total flow and pressure of the production 
wells is a very dominant parameter in influencing this, because it is an upstream input parameter of the 
SAGS that will determine the final condition in the downstream part. Due to the decrease of the total 
flow and pressure of the production wells, the pressure and total flow entering the separator has also 
decreased due to a pressure drop along the two-phase pipeline. The performance of the separators has 
also decreased as the input parameters decrease; this is indicated by the decrease of efficiency and steam 
quality at the outlet at the present conditions compared to the design conditions. In addition, there is an 
increase in the value of the silica saturation index in the brine line due to a decrease in the separator 
temperature. Also, in Separator-02 it is possible that silica scaling may have occurred at the current 
pressure and temperature conditions. In the steam line, the pressure at the interface point at present 
condition is already below the requirement agreed upon in the PJBU between PGE and PLN with the 
result that the power plant is operating at off-design conditions. 
 

 

FIGURE 29: The location of pressure tapping points according to  
its elevation and length in general pipe lay out 
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The pipes and separators of the SAGS have a decreased operating life after five years of operation. To 
analyse this, routine wall thickness measurements can be used as evaluation data. The results of the 
assessment show that there are several measurement points that have priority levels 1 and 2, meaning 
that the wall thickness may already be below allowable conditions. Consequently, it needs serious 
attention and action immediately. 
 
In this study, several optimization scenarios are recommended to improve the performance of the SAGS 
in Ulubelu Unit-1 and Unit-2. A variation of separator pressure is worth consideration to increase the 
steam flow rate to the power plant. To increase the steam quality at the outlet, the steam velocity at 
separator inlet could be raised through a modification of the inlet pipe of the separator. Mapping of the 
pipeline capacity is also important for future strategies if new makeup wells are drilled, or 
interconnection lines between units in Ulubelu for the operational flexibility of the SAGS. Finally, 
pressure profiling in the reinjection line may determine location of silica scaling or other mineral 
depositions in the pipeline through monitoring at proposed pressure tapping points. 
 
Finally it should be emphasized, that the calculations and analyses performed in this study are based on 
limited data and references. In addition, several assumptions are used to get these results. Therefore, 
before applying some of the above scenarios it is necessary to evaluate larger amount of data and a 
detailed and comprehensive analysis considering all aspects, including economic analysis and HSSE 
(health, safety, security and environment) aspects. 
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NOMENCLATURE 
 
Alphabetic parameters 
A = Total area (m2); 
Ae  = Inlet width (m); 
Ag = Area of steam (m2); 
Amc = Thickness variation because of milling and corrosion (m); 
Ao = Inlet area at cyclone wall (m2); 
AC  = Acceleration correction; 
Be  = Inlet height (m); 
Bx, By  = Baker's parameter at x-axis/y-axis, dimensionless; 
C  = Parameter defined by Equation 33, dimensionless; 
D  = Diameter of cyclone (m); 
Db  = Water outlet pipe diameter (m); 
De = Steam outlet pipe diameter (m); 
Do = Outer diameter of pipe (m); 
DS = Parameters that vary only with temperature and salt type; 
DT = Inlet pipe diameter (m); 
dw = Drop diameter (m); 
E = Weld joint efficiency factor: 1, dimensionless; 
f = Friction factor; 
G  = Mass fluxes of the gas phase; 
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Hf  = Friction head (m of fluid); 
h = Enthalpy (kJ/kg); 
hb  = Equivalent length of bends, 20; 
hr  = Equivalent length of reducer or other expansion units, 20; 
hv  = Equivalent length of valves, 13; 
hM = Mixture enthalpy (kJ/kg); 
hLS = Water enthalpy (kJ/kg); 
hVS = Steam enthalpy (kJ/kg); 
IDpipe = Pipe inner diameter (m); 
ϳ = Parameter defined by Equation 48, dimensionless; 
KBLO = 1.6 f h; 
KC = Parameter defined by Equation 36, dimensionless; 
LP  = Pipe length (m); 
L = Mass fluxes of the liquid phase; 
Le = Length equivalent (m); 
mሶ   = Total mass flow rate (kg/s); 
ṁg  = Mass flow rate of steam (kg/s); 
ṁ01 = Off-design steam flow at inlet (kg/s); 
n = Free vortex law coefficient, dimensionless; 
n1 = Parameter defined by Equation 30, dimensionless; 
NH = Parameter defined by Equations 53 and 54, dimensionless; 
ODpipe = Pipe outer diameter (m); 
P = Pressure (bar); 
Pd = Design pressure (bar); 
p01 = Pressure at inlet (bar); 
p21 = Outlet pressure (bar); 
QL = Volumetric water flow (m3/s); 
QVS = Volumetric steam flow (m3/s); 
r = Bend radius (m); 
Re  = Reynolds number, dimensionless; 
Sh = Allowable stress of material at design temperature/hot stress (Pa); 
so = Equilibrium solubility of silica in pure water; 
ssat = Corrected theoretical solubility of amorphous silica in water; 
T = Temperature (°C); 
T01 = Temperature inlet (°C); 
tma = Maximum additional time of steam in cyclone (s); 
tmi = Average minimum residence time of steam in cyclone (s); 
tm = Requisite pipe thickness (m); 
tn = Nominal pipe thickness, commercial pipe thickness available (m); 
tpipe = Pipe thickness (m); 
tr  = Residence time (s); 
u = Inlet tangential velocity of drop at cyclone wall (m/s); 
v = Velocity of fluid (m/s); 
V୤ഥ  = Average liquid phase velocity (m/s); 
vAN  = Upward annular steam velocity (m/s); 
VL  = Specific volume of water (m3/kg); 
VG  = Specific volume of steam (m3/kg); 
voH  = Volume defined by Equation 41 (m); 
voS  = Volume defined by Equation 39 (m); 
vol  = Volume defined by Equation 42 (m3); 
vo2  = Volume defined by Equation 43 (m3); 
vo3  = Volume defined by Equation 44 (m3); 
WA  = Mass flux of entrainment (kg/s); 
WL = Mass flux of water (kg/s); 
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WM  = Mass flux of inlet mixture (kg/s); 
WV = Mass flux of steam (kg/s); 
x  = Steam quality; 
xi  = Inlet mixture quality, dimensionless 
xo = Outlet steam quality, dimensionless 
y = Temperature dependent coefficient; 
 = 0.4 for steel with T < 482°C (Table 104.1.2(A) ASME B31.1); 
z = Elevation (m); 
1.1(1-x) = Correction factor mainly for the entrainment 
 
Greek parameters 
α = Void fraction; 
ΔP = Pressure drop (bar); 
ΔPt = Total pressure drop (bar); 
ΔPf = Pressure drop due to friction (bar); 
∆P୤୧ = Pressure drop for installation (bar); 
∆P୐ = Pressure drop due to length (bar); 
ɛ  = Absolute roughness of pipe (m); 
ϵ0  = Pressure ratios for design, dimensionless; 
ϵ01  = Pressure ratios for off-design condition, dimensionless; 
λ = Parameter, defined by Equation 13; 
ηA = Entrainment efficiency, dimensionless 
ηef  = Efficiency of separation, dimensionless 
ηM = Centrifugal efficiency, dimensionless 
μ  = Dynamic viscosity of fluid (kg/ms); 
μL = Water viscosity (kg/ms); 
μV or μG = Steam viscosity (kg/ms); 
Ψ = Centrifugal Inertial impaction parameter, defined by Equations 12 and 31, dimensionless; 
ρ = Density of fluid (kg/m3); 
ρm = Density of mixture of water and steam (kg/m3); 
ρf or ρL = Density of water (kg/m3); 
ρV or ρG = Steam density (kg/m3); 
φ2

BLO,b = Two-phase multiplier for bends; 
φ2

BLO,r = Two-phase multiplier for reducer or other expansions units; 
φ2

BLO,v = Two-phase multiplier for valves. 
σL = Surface tension of the liquid; 
 
Abreviations 
PJBL = Perjanjian Jual Beli Listrik or electricity sales contract; 
PJBU = Perjanjian Jual Beli Uap or steam sales contract; 
SAGS = Steam above ground system; 
SSI = Silica saturation index; 
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APPENDIX I: The calculation flowchart of pressure drop in a two-phase line 
 

START

Input data:
Two-phase flow: P, T, ṁ, h
Pipe: IDpipe, tpipe, ODpipe, 

Lp, r, heq, K, nb, nv, nr, Le

Other data: z, ε, g

Find fluid properties (based on 
P and h): 

T, x, ρl, ρg, ρm, μl, μg, μm

Calculate A, ṁl and ṁg:
 A = ¼*π*IDpipe² 
 ṁl = (1 - x) * ṁ 
 ṁg = x * ṁ 

Calculate void fraction (α):

1 - α

α7/8 = ൥൬ 
1

x
- 1 ൰ ቆ 

ρg

ρl

 ቇ ൭ 
μl

μg

൱൩

7/8

 

Calculate liquid phase velocity 
(Vl):

𝑉𝑙ഥ ൌ 1.1 ሺ 1 െ 𝑥 ሻ
𝑚ሶ  ሺ 1 െ 𝑥 ሻ

𝜌𝑙  ሺ 1 െ 𝛼 ሻ 𝐴
 

Calculate average velocity of 
equivalent single-phase 

velocity (V):

𝑉𝑙ഥ

𝑉ത
ൌ

൫ 1 െ  √𝛼 ൯
8

7ൗ
. ቀ1 ൅ 

8
7 √𝛼ቁ 

ሺ 1 െ  𝛼 ሻ
 

Calculate Reynold number 
(Re):

Re ൌ
𝜌௟ 𝑉ഥ  𝐼𝐷௣௜௣௘

𝜇௟

Re > 2500

Calculate friction 
factor (f)

f ൌ ൬
64
Re

൰ 

Calculate friction factor (f)

f ൌ
0.25

൭𝑙𝑜𝑔10 ൥

ɛ
ID
3.7 ൅

5.74
𝑅𝑒

0.9 ൩ ൱

2 

Calculate Acceleration Correction 
(AC)

AC ൌ
𝑚𝑔

𝜌𝑔 𝑃 𝐴2𝛼
 

Calculate pressure drop due to 
length (ΔPL)

∆𝑃𝐿 ൌ
𝑓 𝜌𝑙 𝑉ത 2

2 𝐼𝐷𝑝𝑖𝑝𝑒 ሺ 1 െ 𝐴𝐶 ሻ
. 𝐿 

Calculate Pressure drop due to different installation (ΔPfi)

∆𝑃𝑓𝑖 ൌ
𝑓 𝜌𝑚 𝑉ത 2

2 𝐼𝐷
ቀ𝜑2

𝐵𝐿𝑂,𝑏 𝑛𝑏 ℎ𝑒𝑞 𝐼𝐷 ൅ 𝜑2
𝐵𝐿𝑂,𝑟 𝑛𝑟 ℎ𝑒𝑞 𝐼𝐷 ൅ 𝜑2

𝐵𝐿𝑂,𝑣 𝑛𝑣ℎ𝑒𝑞 𝐼𝐷 ቁ 

𝜑2
𝐵𝐿𝑂 ൌ 1 ൅ ቆ

𝜌𝑙

𝜌𝑔
െ 1 ቇ ሺ𝐵 𝑥 ሺ 1 െ 𝑥 ሻ ൅ 𝑥2ሻ 

𝐵 ൌ 1 ൅
2.2

𝐾𝐵𝐿𝑂 ൬2 ൅ ቀ
𝑟

IDቁ൰
 

YES

NO

Calculate pressure drop due to elevation 
difference (ΔPH)

∆𝑃𝐻 ൌ 𝜌 𝑔 ሺ𝑧𝑒 െ 𝑧𝑠ሻ 

Calculate total pressure drop (ΔPt)

END

𝛥𝑃𝑡 ൌ 𝛥𝑃𝐿 ൅ 𝛥𝑃𝑓,𝑖 ൅ 𝛥𝑃𝐻  
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APPENDIX II: The example of two-phase flow pattern calculations in Cluster-B using EES  
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APPENDIX III: The results of wall thickness measurements in SAGS of Unit-1 and Unit-2 
classified in the level of priority and action plan 
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