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The purpose of this paper is to describe how computer 
simulation was used to size the main starter motors for single shaft 
gas turbine driven compressor strings used in a large LNG plant. 
The paper describes how the components of the system were 
modelled and discusses assumptions used in the calculations. The 
paper presents the actual computer output plots showing the 
predicted torque loading on the motor and the contributions of each 
of the components in the string to this predicted loading. 

The simulation program was also used to predict the loading of 
the motor during a full load test at the compressor vendor's facility. 
A torquemeter was used to measure the output of the motor during 
the string acceleration. The paper presents the results of the 
simulation prediction for the test runs and correlates the actual test 
measurements to the prediction. 

7 

INTRODUCTION 
The power requirements for mixed refrigerant (MR) and 

propane refrigeration compressors, as seen in the RasGas Qatar 
LNG Plant, have grown to the point where large, "single shaft gas 
turbines" have become the drivers of choice. The RasGas LNG 
Plant refrigeration duties are each over 75,000 BHP. Fortunately, 
the compressors can be directly connected to GE Frame 7 gas 
turbines, which have been designed for power generation service. 
Compared with a typical mechanical drive turbine, these turbines 
have a limited speed range and starting systems that are only 
capable of accelerating the gas turbine with an unloaded generator. 
Compressor capacity can be controlled by varying the turbine 
speed over its limited range and by control of gas recycle. 
Selection of the train starting scheme depends upon several factors 
that are discussed in this paper. 

Economic use of a gas turbine for compressor drive services 
normally requires selection of the turbine design having a base 
load rating at plant ambient conditions that just exceeds the rated 
compressor power. If compressor power requirements exceed the 
site rating of available turbines, an additional helper driver can be 
utilized. This could be a steam turbine, variable frequency electric 
motor, or a second gas turbine. Such auxiliary drivers are available 
to supplement or replace the normal starting means for the 
principal gas turbine driver. For the application at RasGas LNG, 
the compression requirements could be met with a Frame 7 gas 
turbine, without the use of supplementary drivers. 

The required train starting torque is determined by the system 
inertia, windage load of the gas turbine, the compressor gas 
loading during start, and the acceleration rate required for safe 
control of turbine temperatures. The Frame 7 is required to 
accelerate to 92 percent speed in approximately six minutes. At 
this speed, the turbine air compressor blowoff valves can be safely 
closed, and the turbine produces sufficient power to accelerate the 
full train load. The acceleration rate must be maintained within 
limits by the gas turbine control system, to avoid excessive thermal 
stresses. The conventional Frame 7 starting means does not 
provide adequate torque to accelerate this size of compressor train. 
The economic choice for a starting supplement was a variable 
frequency AC electric motor based upon hardware costs and 
machinery arrangement. The appropriate size of this motor was the 
subject of an evaluation of required train starting torque and 
available torque from the turbine and conventional starting system. 

The implementation of the compressor starting procedures, the 
sizing and arrangement of recycle valves, the required acceleration 
rates, and the available supplemental torque identified by design 
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assumptions and economic analysis had to be confirmed by a 
dynamic simulation of the compressor train start. The power 
required by the process compressors is a function of the 
compressor speed, the flow through the compressor, and the 
density of the gas. The starting pressure and temperature directly 
affects the gas density and, therefore, the power requirements. 
Other factors that influence gas power include the volume of the 
suction, intermediate, and discharge systems, along with the 
pressure drops of each system. 

For this study, Elliott has modelled the field piping systems 
along with gas turbine output torque characteristics based on an 
800°F temperature drop across the turbine. This represents a 
moderate derating of the turbine design output to account for 
increased clearances with age and fouling of the air compressor 
and inlet filter. For the gas compressors, the minimum expected 
startup temperature was based on the minimum site water 
temperature for the gas coolers. Startup pressures for the 
compressor loops were selected to minimize subatmospheric 
pressure operation as the compressors reach rated speed. The 
compressor recycle valves, including startup bypasses where 
required, were sized large enough to permit the compressors to 
start in "stonewall." Stonewall is the compressor flow regime near 
choked flow where the pressure ratio and power are reduced. 

In addition to supplying the power absorbed by the compressors, 
the variable speed starting motor must still have sufficient power 
left to accelerate the string at the required speed schedule. All the 
above factors were taken into account in Elliott's proprietary 
simulation program. The goal of the analysis is to produce a field 
startup speed/torque curve for the motor and thereby provide the 
basis for selecting the variable speed starting motor. 

SIMULATION COMPONENT MODELS 
The simulation program comprises components that represent 

the various equipment of the string (Figure 1) and associated 
piping systems. The program interfaces all components of the 
system dynamically, thereby permitting evaluation of the entire 
system under various transient conditions including startup. 

MOTOR HP LP COMP. COMP. EXH. 

Figure 1. MR Compressor String. 

GAS TURB AUX. SKID INLET DUCT 

The entire simulation program is designed around a building 
block concept. Each turbomachinery application is divided into 
discrete blocks for programming purposes. These blocks are 
assembled as subroutines in the configuration section of the 
program. All parameters are available to every part of the program 
by way of an "included common." This technique allows an 
unlimited number of configuration types from a variety of 
simulation component parts. These component parts are typically 
centrifugal compressors, axial compressors, steam turbines, gas 
expanders, gas turbines, various forms of control systems, various 
kinds of valves, piping, heat exchangers, and pressure vessels. 

The computer program performs steady state and time transient 
calculations on mass flow, pressure, temperature, and rotative 
speed for the input model. Turbomachinery system dynamic char­
acteristics are modelled by a series of first order differential 
equations. System transient response is evaluated in terms of 
control tuning parameters, piping configurations, and 
turbomachinery component characteristics. 

The simulation utilizes lumped models based upon a control 
volume approach. Each compressor or turbine section has an inlet 
and discharge volume chamber with recycle, blowoff, venting, 
check valve, control valve, and block valve options. Pressure drops 
are considered to be concentrated at channels or points at the ends 
of a given chamber or volume. Pressure drops can be calculated 
from valve positions or input based upon system specification. 

Each gas filled chamber or volume attached to a given 
turbomachinery component is solved with the continuity and 
energy equations, according to the characteristics of that· 
interposing turbomachinery component. System rotative speeds 
are calculated from the power equation by considering the 
generated driver horsepower and the compressor system loads. 

The energy equation is used to calculate the change in enthalpy 
internal to a given control volume or chamber, based upon 
enthalpy flux across the volume boundaries. The exit temperature 
of the given control volume, solved by an iteration process, is 
formulated by integrating an enthalpy balance equation in the time 
domain (Condrac, 1984). 

Td = 
C lM [J

t 
[±m.i Cpi Ti] . - ltmj CP Td] dt +Hie] (1) 

P 1=! m U=I out 
0 

The continuity equation calculates the change of mass internal to 
the control volume based upon mass flow across the volume 
boundaries. The internal pressure of a chamber or volume is 
formulated by integrating this mass balance equation in the time 
domain and substituting the gas relation Pv = ZRT (Condrac, 
1984). 

P = ��[ [J
t 

[±m.i]. - � i:m.i] dt + Mic] 
i=l m b=l out 

0 

(2) 

The mass flow across chamber or volume boundaries is 
calculated from the pressure drop equation when a length of pipe 
is to be modelled (Condrac, 1984). 

rh=Kd � (3) 

When a control valve is utilized in the system to be modelled, 
the gas dynamic relation for flow through an orifice is used along 
with valve vendor flow data. This gas dynamic relationship 
calculates the mass flow through the valve as a function of pressure 
drop (Buresh and Schuder, 1964). 

(4) 

The system rotative speed is calculated from a horsepower 
balance of the turbomachinery components on a given shaft. 
Bearing, windage, and disc friction losses are considered on the 
basis of each individual turbomachinery component. Therefore, for 
a rotating system, the speed response of a single shaft is defined by 
integrating in the time domain the power balance equation 
(Condrac, 1984). 

(5) 

When a given model is constructed, all or some of the above 
equations are utilized to perform control and failsafe analyses. The 
simulation contains a number of algorithms for control system 
modelling. These algorithms can emulate industrial PID 
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controllers, lead/lag systems, integrators, lag derivative functions, 
second order systems, and first order systems. Valve actuator and 
sensor dynamics can be represented by any combination of these 
intermittent function algorithms. 

Turbomachinery models, used internal to the simulation, are 
based upon state-of-the-art extended performance maps. 
Centrifugal compressors can be represented with polytropic head 
and polytropic efficiency versus volume flow maps generated for 
various speeds, or work (head/efficiency) versus volume flow 
maps generated for various speeds. The later has the advantage of 
being more linear at high flows and thereby easier for the 
simulation to converge on a solution. Since this application 
involves operation at high flows, the work curves were used. 

In addition to the previously discussed relationships, 
refinements to the simulation theoretical calculations have been 
made based upon experience and empirical data. A combination of 
the knowledge of many disciplines, such as thermodynamics, 
aerodynamics, bearing design, electronics, and c.lassical control 
theory, were brought together from the various engineering groups 
at the author's company in order to build the component models. 
Experience with valve and control system vendors bas been 
utilized in order to develop sophisticated closed loop control 
models. The following is a summary of the major components. 

Gas Turbine 

The gas turbine is a single shaft design that is initially started 
with a small starter motor. The turbine is accelerated to about 30 
percent speed for purging purposes and then decelerated to idle, at 
which point the combusters are ignited. The string is then 
reaccelerated using the starter motor to drive the string up to about 
1000 rpm, at which time the main starter motor begins to 
contribute torque. The required speed schedule is shown in Figure 
2. The gas turbine torque charactelistics are shown in Figure 3. The 
torque characteristics are based on maximum ambient site 
conditions, with the compressor bleed valves open until above 91.5 
percent speed. Note that the turbine becomes a power producer 
after approximately 60 percent speed. 
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Figure 2. MR Compressor String Speed Schedule. 

Auxiliary Starter Motor 

The auxiliary starter motor drives the turbine through a torque 
converter. The gas turbine control system directs the torque 
converter to apply torque to the turbine shaft to accelerate the 
string, or remove torque to allow the string to decelerate. The 
auxiliary starter motor/torque converter output characteristic is 
shown in Figure 4. 
Compressors 

The startup philosophy used was to keep compressor pressure 
rise to a minimum, thereby reducing power requirements to 
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Figure 3. Gas Turbine Speed/Torque (Fired). 

0 
0 10 0 ..... � 8 co 
...J 6 ..:.. 1.1.. 
w 4 
:::) 
0 a::: 
0 1- 10 20 30 40 50 60 

SPEED,% 
70 

Figure 4. Auxiliary Starter Motor Speed/Torque. 
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downstream compressor sections, and to assist in preventing 
subatmospheric operation. Suction throttle valves were not used in 
order to avoid subatmospheric operation. The antisurge, or recycle, 
valves were sized large enough to cause compressor operation in 
stonewall (flows higher than design tlow). The compressor char­
acteristics were extended to high Jlows and zero bead and are 
shown in Figure 5. The compressor model uses traditional methods 
to calculate compressor operating conditions and uses ideal gas 
properties. Ideal gas properties were used to keep simulation 
calculation times reasonable and were found to cause very little 
enor, since discharge conditions did not change significantly 
during startup. 
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Figure 5. LP MR Compressor and Recycle Valve. 
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Main Starter Motor 

The main starter motor is a variable speed synchronous motor 
that is used to supplement the available torque from the auxiliary 
starter motor and the turbine. It receives a signal from the gas 
turbine controller to make up the necessary torque in order to 
satisfy the speed schedule (Figure 2). The torque output for this 
motor is the net required to drive the compressor(s), less the 
amount contributed by the auxiliary starter motor and the gas 
turbine, plus the torque required to accelerate the string 
(considering rotational inertia of all string components) per the 
speed schedule. The simulation program predicts the motor 
loading as a function of speed for a given compressor loop starting 
pressure and recycle valve opening. This motor loading is the 
primary design criteria in the selection of the motor (Ekstrom and 
Garrison, 1993). 

Compressor Piping and Associated Components 

All elements of .the piping system are modelled as volumes and 
associated pressure drops. The control valve model uses a valve 
sizing equation to predict valve pressure drops for a given Cv. The 
cooler model calculates the heat transfer as a function of cooling 
liquid flow and temperature, and predicts process gas temperature 
as a function of inlet flow and temperature. 

SIMULATION RESULTS 
MR String 

A schematic of the MR string piping arrangement is shown in 
Figure 6. These components were modelled as described above. 
During startup, the isolation valves for each compressor are closed, 
the antisurge valves opened, and the pressure of the process gas in 
the loops are vented to slightly above atmospheric pressure ( 17 
psia). The antisurge valves were sized sufficiently large to result in 
compressor operation in the stonewall region during runup with the 
valves fully open (Cg = 52,633, Figure 7). 

Figure 6. MR Compressor Circuit. 

lXI Open 
H Closed 

The simulation model used the same logic as that used in the gas 
turbine controller. The startup of the string consists of using the 
1250 hp starter system, which is capable of turning the string up to 
approximately 1000 rpm, while the system purging is completed. 
The starter then decelerates the string to about 400 rpm, at which 
time the turbine combusters are ignited. Figure 8 shows the path 
traced by the various components during initial starting. 

The 1250 hp auxiliary starter motor is indicated by 0-8, the 8 
MW starter motor is shown as I-ll, the gas turbine is depicted by a­
d, and the LPMR compressor is identified as A-C with HPMR 
compressor as A-B. The speed schedule described earlier requires 
that contribution from the main starter motor (8 MW) is required 
after reaching approximately 1100 rpm. 

The torque versus speed for all components covering the entire 
startup transient is shown in Figure 9. The gas turbine begins to 
make a positive contribution to string driving torque after 
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Figure 7. HP MR Compressor and Recycle Valve. 
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Figure 8. MR Enlarged Speed/l'orque Curve. 
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approximately 2250 rpm. After reaching 9 1.5 percent speed (3294 
rpm), the gas turbine bleed valves are closed and the 8 MW starter 
motor torque contribution is ramped down. The gas turbine picks 
up the load from the motor and continues to accelerate the string 
per the speed schedule. Once the turbine reaches minimum 
governor speed, the speed is held constant. The 8 MW motor 
makes up the difference in torque required to drive the 
compressors, less the contribution from the gas turbine and the 
1250 hp auxiliary starter. The motor torque versus speed curve 
(shown in Figure 9) for the 8 MW starter motor is enlarged as 
Figure 10. This curve is the total requirement for the 8 MW starter 
motor, including accelerating torque necessary to meet the required 
speed schedule. (Note the maximum torque capability for the 8 
MW motor is 15, 500 ft-lb). 

Figure 11 shows the suction and discharge pressures for the 
LPMR and HPMR compressors as a function of time. The results 
indicate that with the antisurge valves open and sized as indicated 
above, the LPMR suction pressure will fall just below 15 psia (at 
9 1.5 percent speed), if initial starting pressure is 17 psia. 
Therefore, it may be necessary to slightly increase starting pressure 
or bleed in gas at speeds above 3400 rpm to avoid subatmospheric 
operation. 
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Figure 9. MR Compressor String-Speed/Torque. 
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Figure 10. MR Compressor String-Motor Speed/Torque. 
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Figure 11. MR Compressor-Flange Pressures. 

Propane String 

The schematic of the propane string p1pmg arrangement is 
shown in Figure 12. These components were modelled as 
described in the previous section SIMULATION COMPONENT 
MODELS, and are very similar to the MR compressor 
components. The main difference involves the compressor piping 
arrangement and valve sizing. The propane compressor is a three 
section compressor with a main inlet and two side streams. During 
startup, all valves shown are closed except the first section 

antisurge valve and a large bypass around this valve. These valves 
are large enough to start the compressor in deep stonewall (all 
sections), which causes high volume flow, but keeps the second 
and third section inlets and final discharge pressure at a minimal 
pressure increase above the first section inlet (minimum head). 
Therefore, the mass flow to the second and third sections is 
significantly lower (no side load flows) than the design mass 
flows. Since the valves are very large, the pressure rise (head rise) 
is kept to a minimum, and the required starting pressure (to prevent 
extended subatmospheric operation) may also be minimized. The 
net result is to minimize the compressor torque without inlet 
throttling. 

PROPANE COMPRESSOR 

Figure 12. Propane Compressor Circuit. 
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A second difference involves the acceleration schedule of the 
gas turbine. The operation of the gas turbine is identical to that 
described previously for the MR string, except that it was 
necessary to slightly reduce the acceleration schedule for the gas 
turbine in the speed range just below the empowerment speed. The 
acceleration is a significant factor in total torque requirement for 
the starter motor. A comparison of the speed schedules for the two 
strings is shown in Figure 13. With the concurrence of the gas 
turbine vendor, the revised acceleration schedule resulted in 
reduced acceleration torque loading. 
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Figure 13. Gas Turbine Acceleration Rates. 

Similar to the MR string, the propane string is isolated from the 
process and the gas is vented to a suitable starting pressure ( 15 psia) 
that will keep the starter motor sizing reasonable, while minimizing 
subatmospheric operation. With the antisurge valve and bypass 
valves open, the string is started and traces a path as shown on the 
performance curves (Figures 14, 15, and 16). The predicted flange 
pressures as a function of time are shown in Figure 17. The suction 
pressure falls to approximately 11.6 psia at the empowerment speed. 
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This pressure was judged acceptable as a short term situation. After 
reaching minimum governor speed, the loop pressure will be 
increased above atmospheric pressure. Figure 18 shows all torque 
contributing components plotted as a function of speed. The third 
compressor section torque could have been reduced further by using 
a larger bypass valve, thus reducing the section head and work. 
However, this would have required a much larger valve and would 
have only reduced the motor loading by approximately 15 percent. 
The motor speed torque curve (shown in Figure 18) is enlarged in 
Figure 19. A combination of the above factors contributed to lower 
torque requirements for the starter motor, which permitted the use 
of a duplicate (8 MW) starter motor as used on the MR string. 
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Figure 14. Propane Compressor Section 1 and Recycle Valve. 
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Figure 16. Propane Compressor Section 3 and Recycle Valve. 
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Figure 17. Propane Compressor Flange Pressures. 
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Figure 18. Propane Compressor String-Speed/Torque. 
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Figure 19. Propane Compressor String-Motor Speedfl'orque. 

TESTING 
A full load mechanical test was specified for the compressors to 

demonstrate the overall mechanical design, prove the gas turbine 
and starting motor integrated control system, and to verify the 
engineering procedures utilized to size the starter motor. The 
design operating pressures and temperatures could not be 
duplicated with the inert (C02) gas used for the full load test. Also, 
the gas turbine torque output for the test was expected to be much 
higher than the predicted field output, as the test ambient 
temperature is considerably lower than site temperatures. In 
addition, the turbine, as tested, was in a new, clean condition as 
compared with the condition used for design and simulation, which 
assumed a deteriorated turbine output (due to worn clearances and 
a dirty compressor and air filter). 

It was decided to set the compressor test starting pressures and 
flows to emulate the peak compressor (field condition) torque 
during the starting cycle. Matching predicted compressor load 
during the test would verify the technique used for simulation and 
compressor load predictions during compressor start, when the 
stage flows and pressure ratios are near stonewall. 

The predicted compressor loading during test was established 
through the use of the simulation program, as described above. The 
string was assembled on the test floor in the field configuration, 
with the exception that the coupling between the main starter 
motor and the compressor was modified to include a torquemeter. 
The torquemeter was needed to accurately measure the motor 
torque during the acceleration to the self sustaining speed. 

MR Compressor String 

The test arrangement for the MR compressor string is shown in 
Figure 20. The compressor bodies were totally isolated during the 
testing. The main and bypass valves in the compressor discharges 
were sized to emulate the field antisurge valves. The valving was 
large enough to load the compressors in the stonewall region. Table 
I shows a summary of the field startup simulation (Run 2e) that 
was the basis for the main starter motor selection. The predicted 
compressor torque at 3280 rpm is 16,189 ft-lb. Multiple simulation 
tuns were made in an attempt to emulate the field conditions, 
matching head and torque as close as possible for the test gas 
conditions. It was not possible to also match the compressor 
volume flows, due to the differing characteristics of the test gas as 
compared with the field gas. A summary of the simulation tun that 
most closely approximates the field startup conditions is shown as 
Run 34. The desired loading was achieved by establishing a setting 
for the discharge throttle valve and loop starting pressures and 
temperatures. The gas turbine acceleration rate was set in the 
turbine controls to simulate the design rate. 

MOTOR 

Figure 20. MR Test System Arrangement. 

Table 1. MR Simulation Versus Test Results. 
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Pressures and temperatures at the compressor inlet and 
discharge along with tlow and the motor torque were recorded on 
a high speed data acquisition system. The results of the startup test 
are shown in Table 1 (Point 3 and Point 9). Plots of motor torque, 
string acceleration, compressor pressures, and compressor flows 
are shown in Figures 21, 22, 23 and 24. In order to verify that the 
compressor power was representative of the predicted field 
conditions, an ASME PTC 10 based performance point was taken 
just after reaching minimum operating speed (3420 rpm). The 
calculated power at minimum operating speed was then fan law 
corrected to the empowerment speed (3280 rpm). Comparing the 
simulation prediction (run 34) with the test results (point 3) shows 
that the measured compressor torque during test of 16,909 ft-lb 
was just slightly higher than prediction (16,229 ft-lb). Similarly, 
the actual accelerating torque (5064 ft-lb) was slightly higher than 
the predicted (4935 ft-lb). However, as expected, the measured 
motor torque (3700 ft-lb) was considerably less than predicted 
(12,154 ft-lb), due to the expected higher turbine output. 

1500 2000 2500 
Speed, RPM 

Figure 21. MR Motor Speedfl'orque Test Results. 
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Figure 22. MR String-Speed Versus Time. 

35 

30 
� � 25 

u.i 20 0:: ::l � 15 
w 0:: a. 

1000 1500 2000 
SPEED, RPM 

Figure 23. MR Compressors Test-Pressure Versus Speed. 
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Figure 24. MR Compressors Test-Flow Versus Speed. 

Propane Compressor String 

The test arrangement for the propane compressor string is shown 
in Figure 25. During startup, the side load valves were fully closed 
and the main inlet and bypass valves were positioned to emulate 
field loading on the compressor. These valves were sufficiently 
large to load the compressor in deep stonewall. Table 2 shows a 
summary of the field startup simulation (Run 12) that was the basis 
for the main starter motor selection. The predicted compressor 
torque at 3293 rpm is 19,135 ft-lb. Multiple simulation runs were 
made in an attempt to emulate the field conditions, matching head 
and torque as close as possible for the test gas conditions. It was 
not possible to also match the compressor volume flows, due to the 
differing characteristics of the test gas as compared with the field 

gas. A summary of the simulation run that most closely 
approximates the field startup conditions is shown as Run 19. The 
desired loading was achieved by establishing a setting for the 
discharge throttle valve and loop starting pressures and 
temperatures. The gas turbine acceleration rate was set in the 
turbine controls to simulate the design rate. 

PROPANE 
COMPRESSOR 

Figure 25. Propane Test System Arrangement. 

Table 2. Propane Simulation Versus Test Results. 
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Pressures and temperatures at the compressor inlet and 
discharge along with flow and the motor torque were recorded on 
a high speed data acquisition system. The results of the startup test 
are shown in Table 2 (Run 7 and Run 13). Plots of motor torque, 
string acceleration, compressor pressures, and compressor flows 
are shown in Figures 26, 27, 28, and 29. In order to verify that the 
compressor power was representative of the predicted field 
conditions, an ASME PTC 10 based performance point was taken 
just after reaching minimum operating speed (3420 rpm). The 
calculated power at minimum operating speed was then fan law 
corrected to the empowerment speed (3290 rpm). Comparing the 
simulation prediction (Run 19) with the test results (Run 7) shows 
that the measured compressor torque during test of 18,780 ft-lb 
was just slightly lower than prediction (19, 231 ft-lb). Similarly the 
actual accelerating torque (3789 ft-lb) was slightly higher than the 
predicted (3286 ft-lb). However, as expected, the measured motor 
torque (8332 ft-lb) was considerably less than predicted (13 ,489 ft­
lb), due to the expected higher turbine output. 
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Figure 26. Propane Motor Speed!I'orque Test Results. 
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Figure 27. Propane String-Speed Versus Time. 
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Figure 28. Propane Compressors Test-Pressure Versus Speed. 

CONCLUSION 
This paper describes the characteristics of the major components 

of the mixed refrigerant and propane strings, how the simulation 
program was used to model these components, how the results of 
the simulation were used to select the main starter motor, and a 
comparison of the full load test results with the simulation 
prediction. 

The torque balance relationship for the MR string is shown in 
Figure 9 and the propane string in Figure 18. The auxiliary starter 
motor is used to accelerate the string to· approximately 800 rpm 
for purge purposes, then decelerate the string to approximately 

500 1 000 1500 2000 2500 3000 3500 
SPEED, RPM 

Figure 29. Propane Compressors Test-Inlet Flow Versus Speed. 

400 rpm, at which time ignition occurs and the string is accelerated 
per the programmed schedule in the gas turbine (Figures 1 and 13). 
The gas turbine absorbs power up until approximately 2250 rpm. 
Above this speed, it begins to produce power in a nearly linear 
relationship with speed, until reaching 91.5 percent design speed. 
At this speed, the turbine bleed valves are closed, and the gas 
turbine is able to absorb full design load. As can be seen, the gas 
turbine and the auxiliary starter motor do not have sufficient torque 
capability to drive the total torque requirement of the compressors 
(LP MR and HP MR). In addition, a torque of approximately 4935 
ft-lb is required to accelerate the string at the required rate. The 
shortfall is made up by the main starter motor. The torque 
requirement for the main starter motor peaks at the 91.5 percent 
speed and is ramped to zero as the gas turbine picks up the load. 

The use of the simulation program to predict starter motor 
loading during runup of the gas turbine driven strings proved to be 
an invaluable tool. It was also used to predict string component 
loading during full load test startup, so that representative 
compressor loading could be established emulating field 
conditions. Simulation results showed that the propane compressor 
could be started without the use of an inlet throttle valve, with both 
side loads closed, and do so at considerably reduced power without 
surging. This was verified by the testing. 

The results of the load test demonstrated that the design 
assumptions of compressor starting torque (deep stonewall 
loading), which were used in the simulation, were accurate. Good 
correlation between the simulation results and test results was 
shown except for the higher than predicted gas turbine output. 
This, however, was explainable due to lower test ambient 
temperatures and an as-new condition. Test results also proved that 
the compressor pressure and flow conditions defined by the startup 
simulation study can safely be utilized for sizing of the compressor 
recycle and bypass valves. 

NOMENCLATURE 
A 

c 
cP 
Cv 

cl 
c2 
G 
GHP 

�c 
I 
K 
� 
m 
M 

Area 
Speed equation constant 
Specific heat at constant pressure 
Flow coefficient 
C.jCv 
Correction factor for variation in specific heat ratio, k 
Gas specific gravity 
Gas horsepower 
Bulk enthalpy initial condition 
Shaft rotational inertia 
Ratio of specific heats 
Pressure drop constant 
Mass flowrate 
Mass of gas in a control volume 
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Mic Mass of gas in a control volume at initial condition 
N Rotative shaft speed 
Nic Rotative shaft speed at initial condition 
P Internal pressure of control volume 
P1 Valve inlet pressure, psia 
P2 Valve outlet pressure, psia 
M Pressure drop 
M1 Differential pressure across valve, psi 
%P Proportional band 
PR Pressure ratio 
Q Gas flowrate, scfh 
R Gas constant 
t Time 
T Temperature into or out of control volume 
T 1 Absolute temperature of gas at valve inlet, oR 
T d Exit temperature 
T r Reset time 
v Specific volume 
VOL Internal volume 
Z Compressibility factor 

REFERENCES 
Buresh, J. F. and Schuder, C. B., October 1964, "Development of 

a Universal Gas Sizing Equation for Control Valves," 
Reprinted from ISA Transactions, 3, (4), Fisher Controls 
Company, Marshalltown, Iowa. 

Condrac, E. J., March 26-28, 1984, "Digital Computer Modeling 
of Turbomachinery," Fluid Machinery Congress in the Hague, 
Elliott Company, Jeannette, Pennsylvania. 

Ekstrom, T. E. and Garrison, P. E., 1993, "Gas Turbines for 
Mechanical Drive Applications," GER-3701B, GE Industrial 
& Power Systems, Schenectady, New York. 

ACKNOWLEDGEMENTS 
The following individuals provided a significant contribution to 

the writing of this paper and the successful completion of the 
design, manufacture, and testing of this equipment: Charles 
Colledge, Mike Gribbin, Ross Hackel, Nick Kosanovich, Dennis 
Paluselli, and Rege Stegman, Elliott Company, Jeannette, 
Pennsylvania. 


