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ABSTRACT 

 

This project investigates the performance of a Terry GS-2 turbine, and the attached 

trip-throttle valve and governor valve under two-phase (air/water) flow conditions. Because 

of their robust design, Terry turbines are used within the nuclear power generation industry 

in Reactor Core Isolation Cooling (RCIC) systems to remove decay heat during isolation 

events. During the Fukushima Daiichi nuclear power station disaster in Japan in 2011, the 

RCIC system and associated Terry turbine operated for over 70 hours: much longer than the 

8 - 12 hours typically expected of similar RCIC systems, as they are expected to over-speed 

and trip upon backup battery depletion and loss of flow control. Theories suggest the turbine 

was subjected to a two-phase flow, thus degrading the turbine performance, while the RCIC 

system was simultaneously experiencing conditions that promoted self-regulating operation. 

The project experimentally determines the flow coefficient of the two valves when 

subjected to single-phase air and single-phase water flow conditions over the range of valve 

stem withdrawal positions. The project also investigates the effect of inlet pressure, flow 

quality (air mass fraction), and turbine rotational speed on the performance of the turbine 

when subject to two-phase flows. The turbine was tested at inlet pressures ranging from 20 

to 70 psia, qualities from 100% (single-phase air) to 5%, and rotational speeds up to 3600 

RPM. The turbine performance is evaluated using torque and efficiency variation as a 

function of two-phase flow.  

A flow visualization study was included to better understand the interaction between 

the gaseous and liquid phases of the two-phase flow, especially at elevated pressures within 
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the turbine nozzles. The two-phase flow regimes are characterized as a function of pressure 

and flow quality. Preliminary data regarding the turbine bearing friction is also discussed. 

The results will be combined with previous data from a small-scale Terry ZS-1 steam 

turbine to understand the scaling relationship between large and small Terry turbines. 

Experimental data and analysis will assist investigators in understanding the performance of 

the Terry turbine as a component of the RCIC system, and provide experimental data for the 

validation of turbine models simulating the Fukushima accident. 
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NOMENCLATURE 

 

Acronyms: 

BDBE Beyond Design Basis Event 

BEP Best Efficiency Point 

GV Governor Valve 

IEC International Electrotechnical Commission 

RCIC Reactor Core Isolation Cooling 

RPV Reactor Pressure Vessel 

SBO Station Blackout 

TTV Trip-Throttle Valve 

 

Mathematical Symbols: 

!" Flow Coefficient 

# Molar Mass 

$̇ Mass Flow Rate 

& Polytropic Constant (1.4 for air) 

' Absolute Pressure 

'( Static Pressure Upstream of Valve Specimen 

)*+,  Power Flowing into Turbine due to Gas Phase 

)-./0.1  Power Flowing into Turbine due to Liquid Phase 

'.2-34  Turbine Inlet Static Pressure 
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'504-34  Turbine Outlet Static Pressure 

6* Gas Phase Volume Flow Rate 

6- Liquid Phase Volume Flow Rate 

7 Gas Constant 

8 Absolute Temperature 

8( Static Temperature Upstream of Valve Specimen 

9̇ Volume Flow Rate 

9̇.2-34 Turbine Inlet Gas Volume Flow Rate 

:̇,;+<4  Turbine Shaft Output Power 

= Dimensionless Pressure Drop Across Valve Specimen 

=> Pressure Differential Ratio Factor 

? Compressibility Coefficient 

?! Compressible Flow Coefficient (? ∗ !") 

 

Greek Letters: 

Δ' Differential Pressure across Valve Specimen 

B Turbine Efficiency 

C Liquid Density 

CD Reference Density of Water 

E Turbine Output Torque 

F Turbine Rotational Speed 
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1. INTRODUCTION AND BACKGROUND  

 

On March 11, 2011, there was a large earthquake beneath the Pacific Ocean off the 

coast of Japan. This magnitude 9.0 earthquake unleashed a large tsunami which inundated 

many coastal Japanese regions, particularly northeastern ones. Several nuclear power plants 

resided within the affected areas, most notably Fukushima Daiichi. The plant had to shut 

down unexpectedly upon the arrival of the tsunami. In the ensuing days, three of the six 

reactors at the main site melted down due to the loss of external power and damage from the 

flooding of the backup diesel generators, as auxiliary power is necessary to effectively 

operate cooling systems. One unit, unit 2, was damaged less severely than the others. In unit 

2, it is believed the reactor core isolation cooling (RCIC) system was running for nearly 70 

hours during the station blackout (SBO), thus mitigating the damage to the reactor and 

surrounding environment. This interval of operation greatly exceeds the 8 – 12 hours often 

attributed to other RCIC systems. The shorter operation period is based upon the assumption 

that the RCIC system fails after depletion of the backup battery, as the RCIC turbine is 

controlled by an electro-pneumatic system. Without power, the turbine is expected to 

activate the overspeed trip or ingest significant water through the steam lines to the point of 

losing functionality. Because of the SBO, the RCIC feedback and control mechanisms 

stopped regulating flow to the RCIC turbine, leading to unregulated operation for over 70 

hours. It is believed that the RCIC system eventually failed due to significant water presence 

in the turbine oil and associated bearing failure from high suppression pool temperatures [1]. 
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 The RCIC System 

The Reactor Core Isolation Cooling (RCIC) system is a safety-related standby 

system used for isolation events, but it is not considered an emergency cooling system [2]. 

As the name implies, the RCIC system is responsible for cooling the reactor core, while it is 

isolated from the main power generation turbines. The main components of the RCIC 

system include a steam turbine, water pump, and suppression chamber, a thermal reservoir 

partially filled with liquid water. When the main steam line isolation valve is closed, steam 

from the boiler is diverted away from the power generation turbines and into the RCIC 

turbine. After exiting the turbine, the expanded steam/water mixture fully condenses and 

cools in the suppression pool. The RCIC turbine powers the RCIC pump, which takes water 

from the suppression pool and returns it to the Reactor Pressure Vessel (RPV). The cooling 

water evaporates as it cools the core and is then sent back to the RCIC turbine, completing 

the loop. This process helps dissipate the fuel decay heat until another system comes online. 

Although RCIC was not originally designed for emergency shut down situations, the 

incident at Fukushima Daiichi demonstrated the system’s ability to remove decay heat in 

emergency shut down situations for extended periods of time. 

 

 The Terry Turbine 

The Terry Steam Turbine Company was founded in 1906 [3] and manufactured 

various steam turbines, which have been used in marine applications, petrochemical 

industry, and other industrial applications. These turbines have also been adopted for use in 

the RCIC system of nuclear power plants due to the turbine’s robust design. They are 
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excellent candidates for use in nuclear safety systems which require resiliency and 

dependability in potentially harsh operating conditions, including two-phase flow. The 

robust design, however, comes at the expense of the turbine’s operating efficiency. 

Therefore, these turbines are not used in nuclear power plants for electricity generation, 

which requires higher operating efficiencies. 

The Terry steam turbines used in RCIC systems are impulse turbines, similar in 

design to the Pelton wheel. Figure 1 shows the turbine design. Steam enters the turbine and 

is directed to converging-diverging nozzles which accelerate the flow. The steam impinges 

on the buckets of the turbine wheel, transferring kinetic energy to the wheel. In the wheel, 

steam flow direction is reversed in the U-pattern bucket. Upon bucket exit, it enters a 

“reversing chamber” on the inner surface of the turbine casing, where the steam is reversed 

and sent back to the turbine wheel to deliver more kinetic energy. This looping pattern is 

performed 3-4 times until the steam has imparted all of its available kinetic energy to the 

wheel, at which point the steam exits the turbine at exit pressure. The left side of Figure 1 

shows the steam’s spiral flow pattern.  

Under ideal (dry steam) operating conditions, the turbine behaves according to the 

characteristic curves provided by the manufacturer. However, when water is present, as is 

the case with two-phase flow, the expansion process across the nozzle may be significantly 

different from the ideal dry-steam case, and can degrade the turbine performance. 
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Figure 1: Terry Turbine Bucket Flow (Left) and Interior View of Turbine Case (Right). 
Adapted from [4] 

 

Terry turbines are made in a variety of different models. The Terry ZS-series and 

GS-series turbines are made from steel and are suitable for steam use. A Terry turbine model 

GS-2 was used for this work. The GS-series turbines have 24-inch diameter wheels, while 

the ZS-series turbines have 18-inch diameter wheels. Nuclear power plants use either Terry 

GS-1 or GS-2 models in their RCIC systems. The GS-series turbines differ in the number of 

steam inlet nozzles. The Terry GS-1 turbine, the model employed at the Fukushima Daiichi 

power station at the time of the accident, has 5 steam inlet nozzles along the bottom half of 

the casing. On the other hand, the Terry GS-2 turbine used for these experiments has 10 

steam inlet nozzles: 5 in the lower casing and 5 in the upper casing. The upper nozzles were 

plugged and only the lower 5 nozzles were used in testing, effectively mimicking a Terry 
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GS-1 configuration. Figure 2 shows two nozzles and reversing chambers installed on a Terry 

GS-2 turbine similar to the turbine that was used for this work.  

 

 

Figure 2: Terry GS-2 Turbine Lower Casing and Reversing Chambers 
 

 The Control Valves 

In order to control the flow of steam to the RCIC turbine, two valves, a Trip/Throttle 

Valve (TTV) and a Governor Valve (GV) are connected immediately upstream of the 

turbine. The TTV is a Schutte & Koerting brand, 4” plug valve with a handwheel for 

controlling the valve position [5]. In practice, the TTV serves two functions. First, the valve 

is intended to act as a quick-closing emergency, or trip, valve if the turbine exceeds a set 

speed. Second, the valve assists with turbine start up by throttling the steam flow to the 

Nozzle 
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turbine while bringing the turbine up to speed. The left side of Figure 3 shows a schematic 

of the test TTV, while the right side shows a newer drawing of the same model of valve 

from the manufacturer.  

                  
 

Figure 3: Trip-Throttle Valve Schematic. Reprinted from [5,6] 
 

The GV is a Terry brand, single seated, pressure balanced 3” diameter cylindrical 

plug valve with a nominal 4” inlet [5]. An external governor controls the plug position via 

linkages on top of the valve. This regulates the process fluid flow to the turbine in order to 

achieve the desired rotational speed. Figure 4 shows a schematic of the GV. 
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Figure 4: Governor Valve Schematic. Reprinted from [5] 
 

Within the RCIC package, the steam lines are connected to the TTV. The GV sits 

immediately downstream of the TTV and is mounted to the turbine on the exit side. Figure 5 

shows the flow path through the control valves upstream of the turbine. 
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Figure 5: Process Fluid Flow Path Through Valves 
  

1.3.1. Component Valve Testing 

In order to best understand the RCIC system behavior under air/water conditions, the 

control valves were included in the test loop. However, for the purposes of validating 

computer simulations, each valve must be modeled independently so its effects can be 

subtracted out from the aggregate, leaving solely the effects of the Terry turbine.  

A useful and widely accepted parameter for characterizing the effects of an 

individual valve is the flow coefficient, !". The flow coefficient is an empirically derived 

parameter which relates the flow rate through a valve (in GPM) to a 1 psi energy loss, 

Terry GS-2 
Turbine 

Governor 
Valve 

Trip/Throttle 
Valve 

Flow 
Path 
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measured as a pressure drop. In practice, knowledge of the flow coefficient allows for 

determination of the flow rates and energy losses through process valves [7]. Flow 

coefficient is a function of valve geometry and stem withdrawal position, and can be 

determined either experimentally or through theoretical estimation. Frequently theoretical 

estimations do not account for various intricacies of internal geometry and may lead to poor 

results [8]. Although more resource intensive, experimental measurements provide a more 

accurate picture of the valve characteristics. 

 

 Present RCIC System Self-Regulating Mode Theory 

Current hypotheses suggest the RCIC turbine was operating under two-phase 

(steam/water) flow during much of the 70+ hours, due to the presence of an abnormally high 

level of liquid water in the RPV. The water level was high enough to enter the main steam 

lines exiting the reactor, thus creating a two-phase mixture on the inlet side of the turbine. 

Due to the loss of control of the RCIC system through the governor valve and the extended 

70-hour system operation, it is believed the turbine was running in a self-regulating mode 

during much of the accident. If the inlet flow to the turbine was largely steam, the turbine 

could extract more work and thus power the pump to provide more water to the reactor core. 

The additional water in the vessel core would cause the water level to reach the main steam 

line exit and enter the turbine inlet flow, decreasing the power output of the turbine and the 

water supplied by the pump. 
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2. LITERATURE REVIEW 

 

Studies by the Terry Company [9] showed the turbine can withstand the injection of 

water slugs; however, little is known about turbine performance under continued liquid 

water injection and its ability to recover from such events. Therefore, characterization of the 

Terry turbine’s behavior and performance curves under two-phase conditions is necessary 

for a better understanding of the RCIC system’s potential to remove decay heat under 

emergency situations when regulation and control of the turbine is unavailable. 

Before the Fukushima accident, the assumed operational envelope of the Terry 

turbine was mostly based upon the manufacturer’s data. Operating limits and system models 

assumed ideal Terry turbine and pump performance. Under beyond design basis event 

(BDBE) conditions, RCIC system performance is not well understood. The events during 

the Fukushima accident prompted several research studies to better understand the operating 

envelope of the Terry turbine, especially under BDBE conditions. 

Initial accident models were developed in a severe accident simulation code, 

SAMPSON, by Suzuki [10]. These simulations assumed a reduced power output from the 

RCIC turbine due to the presence of water, and torus room flooding. The simulation could 

reproduce physical parameters during the accident in the RPV and the primary containment 

vessel, and also predicted the eventual RPV failure; however, there were multiple remaining 

unknowns. Subsequent studies further investigated the RCIC system behavior and accident 

progression. 



 

11 

Lopez [11,12] modeled the RCIC system on unit 2 during the 70 hour self-

regulating, two-phase flow window, under the assumption that the presence of water would 

reduce the power output of the RCIC turbine. Subsequently, a degradation coefficient, 

representing the turbine power reduction as a function of flow quality, was developed from 

the non-homogeneous equilibrium model for two-phase flow. When including the 

degradation coefficient in accident simulations, results aligned more closely with the 

accident investigators’ findings and the data recorded from the actual accident. This model 

demonstrates the self-regulating phenomenon, indicating the RCIC system had some sort of 

internal feedback mechanism to control behavior without human intervention. Kim [1] 

found that the unit 2 accident progression is dependent upon the RCIC system’s operating 

conditions. RCIC conditions affected fuel temperatures and the rate of fission product 

release into the environment. The effect of torus room flooding, due to the tsunami, was also 

shown to affect RCIC system performance. Li [13] performed a sensitivity analysis of the 

unit 2 accident and provides a possible accident progression. The effects of void fraction, 

suppression pool thermal stratification, and the introduction of seawater to the RCIC system 

by fire engines are considered. Fernandez [14] modeled the events in unit 3 during the 

accident. The unit 3 RCIC system ran for approximately 20 hours before it tripped, likely 

due to a high exhaust pressure signal. Pellegrini [15] modeled unit 3’s accident progression 

from start to vessel failure. This analysis focused on cooling water levels and flow rates and 

considered the effects of multiple different cooling systems, including RCIC, throughout the 

accident. Zhou [16] developed a series of analytical models characterizing the turbine 

nozzles. The models predict a two-part expansion process for the steam: first, adiabatic 
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expansion across the turbine nozzle, and second, free-expansion after exiting the nozzle. The 

two-part model can predict steam flow rates and velocities, both of which are necessary for 

accurate turbine modeling; however, these models are unable to incorporate two-phase flow 

scenarios. An aim of this work is to provide experimental data for a two-phase flow, nozzle 

expansion model. 

Multiple previous studies have aimed to characterize two-phase flow regimes. Baker 

[17] was the first to publish a two-phase flow characterization map. His map, along with 

maps by Spedding and Nguyen [18], and Hewitt and Roberts [19], are some of the 

commonly used maps for classifying two-phase flows. Generally, these maps do not 

incorporate the effect of elevated pressures on flow regime. Some studies have aimed to 

classify two-phase flows through microchannels [20,21], and some have studied the 

interfacial area between the phases [22,23]. However, there is not much data available in the 

literature characterizing two-phase flow regimes at elevated pressures. 

Previous research at Texas A&M, by Luthman [24], led to the development of 

experimental methods for characterizing Terry turbine performance given a two-phase inlet 

flow. A Terry ZS-1 turbine was tested under both air/water and steam/water conditions over 

a range of inlet qualities (gas mass fraction) and turbine rotational speeds. Patil [25,26] 

conducted further testing on a Terry ZS-1 turbine under air/water two-phase inlet conditions. 

The results indicated torque decreased with increasing shaft speed, or with decreasing air 

mass fraction (increasing water content), or with decreasing inlet pressure while holding the 

other parameters constant. Efficiency appeared to peak over the rotational speed range, but 

decreased with decreasing inlet pressure or decreasing air mass fraction (increasing water 
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content). The efficiency appeared to rise again at extremely low air mass fractions (below 

10%); however, this was likely due to the inaccuracy of the isentropic assumption at low air 

mass fractions. At low air mass fractions, an isothermal assumption was suggested instead to 

improve agreement between experimental data and expected results. These results agreed 

with the preliminary testing done by Luthman [24]. 
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3. OBJECTIVES 

 

The disaster at Fukushima demonstrated that the RCIC system has a larger operating 

envelope and a greater ability to dissipate decay heat than previously expected. The project 

sponsors want to have a better understanding of the RCIC system’s performance and 

potential for use as a failure mitigation system. The project’s findings may help engineers to 

implement safety related design and operational changes in new and existing facilities alike. 

The overall objective of this work was to develop an experimental database for 

validating computer simulation models of the Fukushima accident. Sandia National 

Laboratories and Idaho National Laboratories are leading efforts to model the overall 

accident, as well as key subsystems, such as the RCIC system. Sandia National Laboratories 

is using their internally developed MELCOR simulation code, while Idaho National 

Laboratories is using the RELAP simulation code. 

This work had several experimental objectives. The first was to characterize the TTV 

and GV through individual component testing to experimentally determine the flow 

coefficient, !", at a variety of valve positions. An accurate understanding of the flow 

coefficient is important for understanding and predicting how the TTV and GV affect the 

incoming flow to the turbine.  

The larger, second objective was to demonstrate the Terry turbine’s ability to 

withstand repeated water injection and to develop performance curves under two-phase 

(air/water) inlet conditions. The turbine was tested under numerous operating conditions 

with the inlet pressure of the turbine, the quality (or air mass fraction) of the incoming flow 



 

15 

and the rotational speed of the turbine varied with each test. This information allows for a 

better understanding of the decay heat removal potential of the RCIC system and quantifies 

the performance degradation of the Terry turbine under two-phase flow. 

A third objective was to understand the interaction between the gaseous and liquid 

phases of the two-phase flow, especially at elevated pressures within the turbine nozzles. A 

flow visualization section was installed adjacent to the trip throttle valve and governor valve 

mounted to the turbine. A high-speed camera recorded the two-phase flow, which changed 

with pressure and quality, as it entered the turbine skid. 

This work was a continuation of the work performed by Patil [25]. Instead of using 

the small scale ZS-1 turbine, a full-scale GS-2 turbine was used for this study. The data was 

collected using the same techniques and similar equipment as the data from the Terry ZS-1 

turbine. 
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4. EXPERIMENTAL FACILITIES 

 

A multiphase test loop was constructed for testing the individual valves (denoted 

valves) and the Terry turbine skid (denoted turbine). The test loop was modified and adapted 

as necessary to meet the required specifications for a given test. The flow loop utilizes air, 

water and mixed process lines. Air is supplied to the air process lines via oil-free, screw 

compressors. These compressors have a total capacity of 2500 cfm at 120 psig. Inline air 

filters maintain the air supply cleanliness and humidity. There are two air supply lines 

connected to the valve or turbine entrance due to the large volume of air necessary to test the 

given specimen. The first air supply line has three parallel flowmeter lines and the 

volumetric flow rate determines which flow meter is used for best accuracy. The second air 

supply line has a single flowmeter, and is used to supplement the first air supply line when 

higher volumetric air flow is needed. 

Outside, a 5000-gallon water tank is filled with city water, which is connected to a 

centrifugal pump to boost process water pressure and a water filter to help clean the loop 

water. As with the first air supply line, the water line splits into multiple parallel metering 

lines to measure the flow rate. The test’s required flow rate determines which of the four 

meters is used, depending on the specific flow meter capacities. 

After flow measurement, both air process lines and the water process line combine to 

create a multiphase flow line, which enters either the valve or the turbine, depending on the 

test. Upon exiting the valve or turbine, the multiphase process fluid returns to the outdoor 

tank. The air vents to atmosphere while the water is recirculated within the flow loop. 
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 Valve Test Rig Components 

The test loop was set up to accommodate testing of the flow coefficient of the TTV 

and the GV according to the International Electrotechnical Commission (IEC) 60534-2-

3:2015 standard [27]. Figure 6 shows a schematic of the valve flow coefficient test loop. In 

order to ensure a well-developed flow pattern at the entrance to the valve, the IEC standard 

specifies an entry length of 20 times the nominal diameter (20 D). Similarly, to ensure the 

downstream flow does not affect the fluid flow exiting the valve, a 7 D exit length is 

specified. To measure the energy losses across the valve, pressure taps are placed at 2 D 

upstream of the valve, and 6 D downstream of the valve. A longer downstream pressure tap 

location is required to allow the velocity profile to re-normalize after the valve, so as to 

capture both static and dynamic pressure losses through the valve [7]. These lengths are 

depicted graphically in the schematic. Pictures of the TTV and GV installed in the test loop 

are shown in Figure 7 and Figure 8, respectively. 
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Figure 6: Valve Test Loop Schematic 
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Figure 7: TTV Flow Coefficient Test Setup 
 

 

Figure 8: GV Flow Coefficient Test Setup 
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 Turbine Test Rig Components 

Figure 9 shows a schematic of the turbine performance test loop. After the air and 

water process lines combine to create a multiphase flow line, there is a 32-inch (8 D) entry 

length to the turbine and attached valves in order to homogenize the flow. To better 

understand the effects of two-phase flow, especially within the turbine nozzles, a flow 

visualization section is installed within the entry length, adjacent to the attached valves.  

A water brake dynamometer directly coupled to the turbine output shaft loads the 

shaft, and varies the angular velocity. A load cell, connected between the dynamometer arm 

and a fixed support, measures the turbine torque. A thermocouple, epoxied to the front 

bearing housing, measures the external housing temperature. This data shows the heat 

buildup over time and the effect of water slug injection on bearing housing temperature. 

Figure 10 highlights the locations of the water break dynamometer, load cell, and bearing 

housing thermocouple on the turbine skid. Figure 11 and Figure 12 show the inlet and outlet 

sides of the turbine and the connected piping.  

.
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Figure 9: Turbine Test Loop Schematic
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Figure 10: Turbine Test Rig with Detailed Location of Water-Brake Dynamometer, Load 
Cell, and Bearing Housing Thermocouple 

 

 
Figure 11: Turbine Test Rig with Detailed Location of Inlet Pressure Transducers while 

Looking at Inlet Side 
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Figure 12: Turbine Test Rig with Detailed Location of Exit Pressure Transducers while 

Looking at Outlet Side 
 

During testing on the small-scale Terry ZS-1 turbine, Patil [25] observed sub-

freezing temperatures (of water) at the turbine exit when testing with single-phase air, due to 

the significant expansion of air across the turbine. The MELCOR accident simulation code 

being developed by Sandia National Laboratories does not predict system behavior well 

near or below the freezing point of water. Since these experimental results will be used for 

validation of the MELCOR code, the temperatures on the discharge side of the turbine 

needed to be raised. To do so, an inline air heater was added to preheat the incoming air 

stream. Similarly, in this work, an inline air heater was connected to the second, larger 

capacity, air supply line to preheat the process air. 

Exit Pressure 
Transducers 

Tachometer 
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Similar to the inline air heater in the air process lines, an inline water heater is 

connected to the smaller liquid metering lines. This tank-less water heater is included 

because of the possibility of sub-freezing discharge temperatures when testing high air mass 

fraction, multi-phase process flows. 
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5. ANALYSIS METHODS 

 

 Valve Analysis 

Evaluation of the valves followed the IEC 60534-2-3:2015 standard [27], which 

outlines the testing and evaluation procedures for flow capacity in industrial process control 

valves. Both valves were tested with both incompressible (water), and compressible (air) 

mediums. When using water as the process fluid, the IEC standard calculates the flow 

coefficient as 

 !" =
$%

&.&()* +
,/,.	
01

 (1) 

with 23 as the gas flow rate in 4
5

67
, 8/8& = 1 for water at 15 °C (59 °F), and Δ; as the 

pressure differential across the test specimen in kPa. Testing of the valve should be done at 

various back pressures (pressure drops). The flow coefficient is calculated at each of the 

back pressures, and the average value is taken as the flow coefficient for the given valve and 

position.  

Alternatively, when using air as the process fluid, the compressibility of air must be 

considered. The flow coefficient equation is modified using an expansion factor, <.   

 <! = $=
>>.*	1?

+@A?
B

 (2) 

In equation <! = $=
>>.*	1?

+@A?
B

 (2), 2C is the liquid flow rate in 4
5

67
, ;D, is the absolute 

pressure upstream of the test specimen in kPa, E, is the molar mass of the compressible 
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process fluid in F3
F4GC

, HD, is the upstream absolute temperature of the process fluid in K, and 

I is the dimensionless pressure ratio, defined as 

 I = 01
1?

 (3) 

with both parameters the same as previously defined. Data is recorded at various pressure 

drops (with a constant upstream pressure) to vary dimensionless pressure ratios. The results 

are plotted on linear coordinates as <! vs. I, with a linear trendline applied to the data. The 

trendline is extrapolated to the y-axis where < = 1 when	I = 0. This intersection is denoted 

(<!)& and is the value for !" for the given valve and position. Additionally, the IA value is 

taken from the curve as the pressure differential ratio at (<!) = >
M
(<!)&. The IA value is the 

pressure differential ratio factor for a valve for choked flow. 

 

 Turbine Analysis 

An energy balance was employed to evaluate the work transmitted out of the Terry 

turbine shaft. The power input into the turbine has two separate components: one from the 

gas, and one from the liquid. The gas input power is modeled using isentropic expansion 

equations, while the liquid input power is modeled using isothermal, steady flow equations 

for incompressible substances. The turbine isentropic efficiency is given by, 

 ƞOPQRS7G1OT =
UGVQ7WXYZXY
UGVQ7[\ZXY

= ]̇_`abY

U%a_cU=deXdf
 . (4) 

The shaft power, given below, is a function of torque, g, and rotational speed, h. 

 i̇P6jkS = gh (5) 
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The torque, g, is calculated from the dynamometer arm length and force reading from the 

attached load cell. The gas input power is a function of a polytropic constant, l, the turbine 

inlet pressure, ;ORCQS  turbine inlet volume flow rate, ṁORCQS, and turbine outlet pressure, 

;GnSCQS . For isentropic expansion, the polytropic constant, l, is the specific heat ratio (1.4 for 

air). 

 o3jP =
R

(DpR)
;ORCQSṁORCQS qr

1WXY=sY
1d\=sY

t
\u?
\ − 1w (6) 

The pressure values are measured directly, while the inlet gas volume flowrate is calculated 

from the ideal gas equation. At the upstream gas flow meter, the gas pressure, ;x@ , 

temperature, Hx@, volume flowrate, ṁyz, and gas constant, {, are known. Using the ideal 

gas equation of state, 

 ;ṁ = |̇{H, (7) 

the gas mass flow rate, |̇3jP, is calculated. As mass is conserved, the gas mass flowrate is 

the same at the turbine inlet, as at the flowmeter. With the measured temperature and 

pressure at the turbine inlet, the ideal gas equation can be used again, to calculate the turbine 

inlet volume flowrate ṁ}~�ÄÅ. Lastly, the liquid input power is a function of the liquid flow 

rate, 2C, and the pressure drop across the turbine, (;ORCQS 	–	;GnSCQS), which are all measured 

directly. 

 oCOÉnOÑ = 2C ∙ (;ORCQS − ;GnSCQS) (8) 
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6. OPERATING PROCEDURES 

 

 Valve Procedures 

Both the TTV and GV were tested at multiple positions throughout their respective 

range for experimental determination of !". The TTV had a total stem withdrawal of 1.73”, 

which corresponded with approximately 9.0 revolutions of the valve’s hand wheel, while the 

GV had a total stem withdrawal of 0.68”, which corresponded with approximately 8.5 

revolutions of the positioning nut. As the GV does not have a mechanism for manually 

setting the stem position, a ½”-13 hex nut was threaded onto the valve stem in order to 

manually vary the stem height during testing as shown in Figure 13. The black marks on the 

nut and valve were used as indicators for determining the nut/stem position. 

 
Figure 13: Governor Valve Linkages with Attached Stem Positioning Nut and Positioning 

Nut Indicators 
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The TTV was tested for leaks at the fully closed position (0 revolutions) and at the 

contact point (approx. 0.25 revolutions), where the internal plug mechanism is initially at 

contact with the valve seat without a pre-loaded force. Flow coefficient tests were executed 

at every half hand wheel revolution of stem position from 1 revolution to 4 revolutions 

open. Between 4 and 9 revolutions open, !" tests were executed at every whole revolution. 

The GV was tested in a similar manner. Leak tests were done at the fully closed position (0 

revolutions). Flow coefficient tests were run at every quarter revolution between 0 and 1 

revolutions, at every half revolution between 1 and 4 revolutions, and every whole 

revolution between 4 and the fully open position (~8.5 revolutions). 

Separate procedures were used for testing the flow coefficient with air and with 

water. For air testing, the “alternate method” according to the IEC standard was used. As 

with the single-phase turbine tests, the air inlet is regulated by two electro-pneumatic control 

valves. A large pressure drop is desirable in order to choke the air flow and achieve the 

maximum mass flow rate through the valve for the given stem position. At lower (more 

closed) valve positions, the air flow through the valve was choked with an upstream 

pressure of at least 50 psia and atmospheric downstream pressure. To check if the process 

air is choked, the pressure drop across the valve is reduced to 90% of the previous value. If 

the new flow rate is within 2% of the original flowrate, the first point is considered choked. 

After the TTV and GV were more than 3 revolutions open, the flow could no longer be 

choked due to the capacity limitations of the facility. For each valve stem position, the back 

pressure was gradually increased by closing a downstream throttling valve. Steady-state 
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process parameters were recorded at 4 or more conditions between the maximum achievable 

flow rate and zero flow (zero pressure differential).  

Flow coefficient tests with water followed a similar procedure. While testing at low 

valve stem positions, the process fluid was choked through the valve in order to achieve the 

maximum mass flow rate for the given stem position. After the valve was 1.5 stem 

revolutions open, the flow was no longer choked through the valve due to the limitations of 

the facility. As with air, for each stem position, the back pressure was gradually increased 

by closing a downstream throttling valve. The process parameters were recorded at steady 

state for 3 or more conditions between the maximum achievable flow and zero flow for the 

given test valve position. For each condition, the flow coefficient is calculated, and the 

average value is taken as the flow coefficient for the given test valve position. The main 

notable difference between the water and air tests was that the water flow was choked in the 

upstream metering lines after the valve stem was 3 revolutions (~ 1/3) open. Due to the 

facility limitations, the TTV and GV were not tested at higher (larger flow area) stem 

positions with water as the process fluid. 

 

 Turbine Procedures 

6.2.1. Test Ranges 

The turbine is operated at inlet pressures ranging from 20 psia (1.38 bar) to 70 psia 

(4.83 bar) with the air mass fraction at the turbine inlet varying from 5% to 100%. 

Dynamometer loading controls the shaft speed, which varies from ~300 RPM to ~3600 

RPM. Table 1 summarizes these process parameters and gives values that were used during 
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testing. These variables are commonly used to characterize rotating equipment such as 

pumps, turbines, and compressors. 

 

Table 1: Testing Variables and Values 
Parameter Values Units 

Inlet Pressure 20 (1.38), 30 (2.07), 50 (3.45), 70 (4.83) psia (bar) 

Flow Quality 100, 95, 90, 80, 70, 60, 50, 40, 30, 20, 10, 5 % 

Rotational Speed ~300 to ~3600 (multiple points) RPM 
 

6.2.2. Single Phase Tests 

For single-phase tests, the turbine inlet flow is 100% air, with a relative humidity of 

about 20%. The air inlet pressure is controlled by using two electro-pneumatic control 

valves as explained in the operating procedure. The turbine is initially loaded by supplying 

water to the dynamometer. Air is gradually introduced until the inlet pressure reaches the 

desired levels. The dynamometer is loaded to control the turbine shaft speed. Water flow to 

the dynamometer is regulated via an electrically controlled needle valve. The air inlet 

pressure and flow quality are specified prior to testing. Rotational speeds are not specified 

prior to testing, as it is extremely difficult to control the turbine to within ±20 RPM of a 

given target. Steady state data is recorded at multiple speeds within the operating envelope 

of the turbine. To shut down after testing, the air supply is first closed, then the 

dynamometer is drained and turbine unloaded after the turbine has come to a stop. 

As previously mentioned in the EXPERIMENTAL FACILITIES section, while 

running the small-scale ZS-1 turbine, exit temperatures of the single-phase air flows were 
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below the freezing point of water. Shakedown testing on the GS-2 turbine showed a similar 

behavior at 50 and 70 psia inlet pressures. Since this experimental data will be used to 

validate the MELCOR simulation codes, the inline air heater is utilized to preheat the 

incoming air flow in order to help boost exit temperatures. 

 

6.2.3. Multiphase Tests 

Procedures for the multiphase tests are identical to the single-phase tests except for 

the addition of water to the process flow. Water is supplied to the dynamometer to load the 

turbine, and the external booster pump is started to pressurize the water supply line. The air 

supply line(s) are opened, using two electro-pneumatic control valves, until the desired inlet 

turbine pressure is achieved. Next, the appropriate water control valve is opened, depending 

on the necessary flow rate to achieve the specified inlet air mass fractions. Subsequent 

adjustments to the air and water supply control valves may be necessary to reach the desired 

inlet pressure. The dynamometer loading is changed to obtain various rotational speeds. As 

with the single-phase tests, rotational speeds are not specified prior to testing. 

During testing, steady state data is recorded at the specified conditions. To shut 

down after testing, the water supply valve is first closed, then the air valve(s). The 

dynamometer control valve is closed after the turbine has come to a stop. 
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7. TWO-PHASE FLOW ANALYSIS 

 

Gas volume fraction (GVF) and gas mass fraction (quality) are two different ways of 

quantifying two-phase flow. As their names imply, GVF describes the amount of gas in the 

flow by volume while gas mass fraction describes the amount of gas in the flow by mass. 

The significant difference between gas and liquid densities frequently causes a multi-order 

relationship between GVF and gas mass fraction. Generally, GVF is more sensitive to the 

addition of gas to mostly liquid flows, while gas mass fraction is more sensitive to the 

addition of liquid to mostly gaseous flows. As the incident at Fukushima involved the 

addition of liquid (water) to primarily gaseous (steam) flows, gas mass fraction is used to 

quantify the two-phase flows in this work. 

 

 Flow Visualization 

A flow visualization section was installed immediately upstream of the TTV to 

characterize the flow as it entered the turbine skid. Directly upstream, there was a 6-

diameter entry section in order to establish a well-mixed flow entering the turbine. A 

Phantom V711 high-speed camera was used to capture and record images of the two-phase 

flow. The camera was set to record at 400 frames per second (fps). A backlit board was 

utilized to help distinguish between the air (white/light grey) and water (dark grey) phases. 

Figure 14 shows both the high-speed camera and the backlit board. Figure 15 shows images 

of the two-phase flow over the range of air mass fractions tested and for three inlet pressures 

ranging from 30 to 70 psia. 
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Figure 14: High Speed Camera and Backlit Board 
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Figure 15: Flow Visualization at Various Air Mass Fractions and Pressures 
 

 Comparison with Existing Two-Phase Flow Maps 

Before visual analysis of the flow regimes, a quantitative analysis was attempted for 

the flows displayed in Figure 15. Two different horizontal two-phase flow maps were used 

to classify the flow regimes based upon process parameters and flow medium properties. 

The Baker [17] map, shown in Figure 16, classifies the flow based upon mass flux and 

scaling parameters based upon density, surface tension and viscosity. At both the high (70 
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psia) and low (30 psia) range of pressures tested, all of the flows fell within the “Bubbly or 

Froth” section, as Figure 16 highlights. Characteristics of bubbly or froth flow include flows 

that are mostly liquid, but contain some gaseous phases as bubbles along the upper portion 

of the flow. This description clearly does not align with observations taken from the flow 

visualization pictures. 

 

Figure 16: Baker Horizontal Two-Phase Flow Map 
 

The Spedding and Nguyen [18] two-phase flow map, shown in Figure 17, 

characterizes the flow based upon the volumetric flow rate ratio and the square root of the 

Froude number. The Froude number relates the inertial forces to the weight of a fluid. At 

both 30 and 70 psia flows, the flows fell within the “Stratified” or “Stratified + Ripple” flow 

regimes. Flows at 70 psia and 5% air mass fraction fall along the “Slug/Stratified + Ripple” 
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border. Stratified flow is characterized by a clear vertical division within the pipe with the 

liquid on the bottom and the gaseous phase on top (i.e. the two phases do not mix). Stratified 

with ripple flow maintains the vertical division, but the interface between the two phases has 

ripples along the liquid surface due to shear stresses from the average velocity difference 

between the phases. As with the Baker map, these descriptions clearly do not align with the 

visual observations from the photographs. 

 

 

Figure 17: Spedding-Nguyen Two-Phase Flow Map 
 

Neither of the horizontal two-phase flow maps accurately predict the flow regime. 

The disagreement between the maps and the images from this work is likely due to pressure 

differences. Both maps were developed for flows near atmospheric pressure. The flows 
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analyzed in this study operate at 2 - 4.5 times atmospheric pressure. The elevated pressures 

in a given cross-section increase the flow velocity and reduce the effect of body forces on 

the flow; thus, there is less vertical stratification. Further analysis was done using vertical 

two-phase flow maps as body forces are not considered. 

The Hewitt and Roberts map [19] is widely cited for classifying vertical two-phase 

flow regimes. This map classifies flows based upon phase density and superficial velocity as 

shown in Figure 18. For high air mass fractions at 30 psia, the flows fell below the 

minimum range of the plot. If the plot were to be extrapolated, all of the flows would likely 

fall within the annular region. The flows at 5% air mass fraction fall near the annular-churn 

boundary. Overall, this prediction is much more adequate than those given by the horizontal 

flow maps, but inconsistencies still exist. The elevated pressure appears to shift the annular-

churn transition to higher superficial velocities than predicted by the Hewitt-Roberts map. 

Additionally, the combination of multiple process fluid lines into the single entry section in 

the flow loop may contribute to instabilities that promote a churned regime at lower air 

fractions. 
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Figure 18: Hewitt-Roberts Vertical Two-Phase Flow Map 
 

Generally, the two-phase flow maps do not predict flow regime well outside of the 

conditions for which they are prepared. Nevertheless, the vertical map was more accurate 

than the horizontal maps due to the diminished effect of body forces. Within horizontal 

flows, the elevated pressures cause better flow homogenization and a shift in flow regime as 

compared to two-phase flows at atmospheric pressure. 

 

 Visual Analysis 

Visual inspection allowed for identification of various two-phase flow regimes 

within the range of air mass fractions tested in this experimental work. Churn and annular 

flow regimes are seen most often, with some mist flows as well. Slug and bubble flow 
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regimes are not seen as they typically occur in low GVF flows. As the lowest air mass 

fraction covered in this experimental work is 5%, the GVF for any trial was never below 

90%; therefore, no slug or bubble flow regimes were encountered.  

The first row in Figure 15 shows images of the two-phase flow entering the turbine 

over the range of air mass fractions tested at 30 psia inlet pressures. At high air mass 

fractions (top row, left image), the flow is in the annular regime with the majority of the 

water adhered to the pipe wall. The water layer appears fairly uniform with some ripples 

visible. Differences in fluid density and viscosity contribute to the significant segregation 

between the phases. At 60% air mass fraction (top row, left-middle image), the majority of 

the water still appears to be adhered to the pipe wall; however, the water layer is thicker, 

with a higher spatial density of ripples. There is also a small, yet noticeable churn region 

developing in the bottom part of the pipe. This water moves with a higher velocity as it is 

not subjected to the boundary layer near the wall (no-slip condition). As water is added and 

quality continues to decrease, the flow shifts to an annular and churn mixture. A thick water 

layer with ripples is still visible on the pipe walls, but a pronounced churn regime is also 

seen in the bottom section of the pipe. Images at medium-low air mass fraction (top row, 

right-middle), show better mixing than images at high air mass fraction, however, the flow 

is still far from homogenized. An image at 30 psia and lower air mass fractions is not 

provided in Figure 15 due to the significant performance degradation in the Terry turbine at 

such conditions. 

The middle row in Figure 15 shows images of the two-phase flow entering the 

turbine over the range of air mass fractions tested at 50 psia inlet pressures. At high air mass 



 

41 

fractions (middle row, left image), the flow is again annular with the water largely adhered 

to the pipe wall with some ripples visible. The flow is visibly churned at high-moderate air 

mass fractions (middle row, left-middle image) but still has most of the water concentrated 

in the bottom half of the pipe. The increase in water droplets suspended in the freestream 

flow as compared to 30 psia is due to the increase in water mass necessary to maintain a 

constant air mass fraction as the pressure increases. At low-moderate and low air mass 

fractions, (middle row, right-middle and right images respectively), the flow is well within 

the churned regime. The majority of the water is suspended in the free stream away from the 

walls. The flow is less separated along the vertical direction than at 30 psia, as significant 

amounts of water are visible in the upper sections of the pipe. 

The final row in Figure 15 shows various images of the two-phase flow over the 

range of air mass fractions tested at 70 psia inlet pressures. As before, the flow is annular at 

95% air mass fraction (bottom row, left image) with the liquid primarily adhered to the pipe 

wall and visible ripples at high air mass fractions. The flow is on the border of the annular 

and churn regimes at medium-high air mass fractions (bottom row, left-middle image). 

Some liquid is flowing along the wall, while a significant portion is also flowing in the air 

stream. As the air mass fraction continues to decrease the flow transitions to a more solidly 

churned regime. At low-moderate and low air mass fractions (bottom row, right-middle and 

right images respectively), more water is seen flowing through the pipe and is suspended in 

the air stream. All of the images shown in the bottom row of Figure 15, taken at 70 psia inlet 

pressure, show an even vertical distribution of the water inside of the pipe. Body forces have 

a severely diminished effect at such high pressures and velocities. 
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When comparing the images at the same air mass fraction across the various inlet 

pressures, different trends are noticed. At 95% air mass fraction, the flow is in the annular 

regime with a significant portion of the water adhered to the wall at all three pressures. As 

the pressure increases, the ripples in the water layer adhered to the wall appear smaller and 

more spatially dense. This suggests a thinner water surface layer and more water flowing 

through the pipe as a mist in the air stream. At 60% air mass fraction, the flow generally 

seems to be in an annular to churn transitional regime. As pressure increases, the flow is 

more churned and coalesced into smaller beads as more water is visibly mixed with the 

flowing air in the pipe. At 30% air mass fraction, the flow is still in the annular to churn 

transition, but closer toward the churned side. As the pressure increases, there is a 

diminishing water layer adhered to the wall and a more vigorous churn flow with smaller 

droplets. Finally, at 5% air mass fraction, the flow is well within the churned regime. The 

main difference due to the pressure change is the vertical uniformity of the water 

distribution at 70 psia as compared to 50 psia. 

A compilation of the high-speed videos of the two-phase flow for a given pressure at 

varying air mass fractions are provided in the supporting files. The original images were 

taken at 400 fps and are replayed at 24 fps or 6% of real speed. The video images help to 

support the previously discussed observations in the static pictures. In particular, the videos 

show a much clearer distinction between water that is adhered to the outer pipe wall and 

water that is suspended in the free stream air due to the significant velocity difference. This 

difference is especially useful in evaluating the transition from the annular to the churned 
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flow regime. Similarly, the videos show the substantial velocity increase of process fluid 

due to the elevated pressures through the flow visualization section. 

In general, the two phases were fairly well mixed despite flow through a horizontal 

piping section. The flow is mixed at lower static pressure, but the water distribution is 

skewed toward the bottom of the pipe. This is due to the disparity in body forces on the 

fluids because of the large difference in density. At higher pressures, body forces, which 

separate the flow, have a diminished effect due to the elevated mass flow rates and 

velocities through the visualization section which cause greater flow homogenization. 

Additionally, the increase in pressure leads to smaller water beads within the pipe. The 

elevated pressures induce higher shear stresses which tend to break slugs into smaller beads. 

For this study, qualitative visual analysis yields better results than two-phase flow maps in 

classifying the two-phase flow regimes. 
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8. EXPERIMENTAL RESULTS AND ANALYSIS 

 

The experimental results of the valve testing and of the Terry turbine’s performance 

are presented below. The valve testing results show the flow coefficient, !", at different 

valve positions while using air or water as the process fluid. Meanwhile, the turbine testing 

results present the overall performance maps of the Terry GS-2 turbine for single-phase 

(100% air) and two-phase (5 – 95% air mass fraction) flow tests at pressures ranging from 

20 psia to 70 psia. Torque and efficiency curves, as a function of rotational speed, are 

generated to characterize Terry turbine performance. 

The valve data is presented in terms of number of handwheel or positioning nut 

revolutions from the closed position, as it is a more useful parameter from an operator 

standpoint. Stem withdrawal, however, is a more precise parameter for describing stem 

position. Figure 19 and Figure 20 show the valve stem withdrawal as a function of 

handwheel and positioning nut revolutions, respectively. Both the Trip-Throttle Valve 

(TTV) and Governor Valve (GV) exhibit a linear relationship between these two parameters 

over the range of the valve. 
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Figure 19: Stem Withdrawal vs. TTV Handwheel Revolutions 
 

 

Figure 20: Stem Withdrawal vs. GV Positioning Nut Revolutions 
 

 Trip-Throttle Valve 

As described in the Procedure section while using air as the process fluid, several 

data points were recorded at a given valve position by incrementally closing the back-
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pressure gate valve, which in turn varied the dimensionless pressure drop across the test 

specimen. As expected, there is a linearly decreasing relationship between the compressible 

flow coefficient (<!) value and the dimensionless pressure drop (I). Figure 21 displays this 

trend with TTV when testing at 3 handwheel revolutions open.  

 

 

Figure 21: TTV Compressible Flow Coefficient (YC) vs. Dimensionless Pressure Drop (x) at 
3 Revolutions Open (Air) 

 

Data at four and fewer revolutions open shows similar linear results. Above four 

revolutions, the data becomes erratic and inconclusive. As the test specimen is opened 

further to allow more air to flow, a greater volume of air is needed to maintain a given 

dimensionless pressure drop. Facility limitations on air capacity restrict the maximum 

achievable dimensionless pressure drop to approximately 20% at five revolutions open and 
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dimensionless pressure drop window leads to a limited understanding of valve behavior at 

higher stem positions, which likely is causing the erratic data. 

On the compressible flow coefficient vs. dimensionless pressure drop graph, the 

linear best fit line is extrapolated back to the vertical axis. At this intersection, < = 1, and 

the !" value can be read directly. From Figure 21, the flow coefficient, !", at three 

revolutions open is 64 ± 1. A similar analysis is used to calculate the flow coefficient at 

other valve positions. Combining the results, Figure 22 shows the experimentally 

determined flow coefficient at valve positions between one and four revolutions open. 

 

 

Figure 22: TTV Flow Coefficient vs. Handwheel Revolutions (Air) 
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linear regime with an increased slope. The transition point between the two regions appears 

to be at a stem withdrawal around 0.34 inches or approximately two handwheel revolutions. 

The increase in the rate of change of the flow coefficient as a function of handwheel 

revolutions may be from the changing position of the internal plug mechanism. As shown in 

Figure 3, most plug valves have a conically shaped plug (label 44) that moves up and down 

to throttle the flow through the valve seat (label 23). At and below two revolutions, the tip 

of the plug mechanism is still crossing the horizontal plane at the top face of the valve seat. 

This limits the cross-sectional fluid flow area to the lateral surface area of a conoid slice. As 

the valve opens, however, the plug moves further away from the valve seat and the tip no 

longer crosses the plane of the valve seat face. At this point, the cross-sectional fluid flow 

area is circular and has a greater rate of change. 

Figure 23 compares the flow coefficient, when using water, to the valve stem 

withdrawal. As with the air case, there are two distinct linear regions with an increase in the 

rate of change of the flow coefficient around 0.35” of stem withdrawal.  
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Figure 23: TTV Flow Coefficient vs. Handwheel Revolutions (Water) 
 

For each position, the flow coefficient calculated using air as the process fluid is 

greater that when using water as the process fluid. Table 2 summarizes the flow coefficient 

values using both air and water, the IA value, and the ratio of !" air to !" water, for the 

TTV. Instrument and calculated parameter uncertainties are summarized in the Appendix. 

 

Table 2: Summary of TTV Flow Coefficient Values 
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2.5 0.46 29 ± 0.6 0.49 ± 0.06 23 ± 1 1.3 
3 0.55 64 ± 1 0.49 ± 0.04 46 ± 1 1.4 

3.5 0.67 80 ± 2 - - - 
4 0.76 112 ± 3 - - - 
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 Governor Valve 

Analysis of the GV is similar to that of the TTV. When plotting the measured 

compressible flow coefficient (YC) values against the dimensionless pressure drop for 

various back pressures at a given valve position, the data, again, fall into the expected, 

consistent linear trend. Figure 24 shows this trend on the GV when the positioning nut is 

three revolutions from the closed valve position. 

 

 

Figure 24: GV Compressible Flow Coefficient (YC) vs. Dimensionless Pressure Drop (x) at 
3 Revolutions Open (Air) 

 

The compressible flow coefficient vs. dimensionless pressure drop (YC vs. x) data 
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open, the maximum dimensionless pressure drop is about 63%, while it is only 26% at six 

revolutions and 18% at the fully open position. The !" value for three revolutions, read 

directly from the graph, is 70 ± 3. Figure 25 shows the combined !" values for the various 

GV positions tested.  

 

 

Figure 25: Flow Coefficient vs. GV Positioning Nut Revolutions (Air) 
 

Unlike the TTV, the flow coefficient shows a single distinct linear correlation with 

stem withdrawal. A similar single linear trend, as shown in Figure 26, appears when 

evaluating the GV flow coefficient with water. This linear behavior is imperative for the GV 

as it is the main mechanism for controlling the speed of the turbine. Non-linear or piecewise 

correlations could severely complicate the controlling mechanism and make turbine controls 

less effective.  
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Figure 26: Flow Coefficient vs. GV Positioning Nut Revolutions (Water) 
 

Although the GV shows a similar linear trend when tested with either air or water, 

the trends have differing slopes, with the water data being steeper. The flow coefficient 

values using both air and water, the IA value, and the ratio of !" air to !" water, for the GV, 
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Table 3: Summary of GV Flow Coefficient Values 

Revolutions Stem 
Withdrawal (in) Üá air xT Üá water Üá air/Üá 

water 
0.25 0.01 5.5 ± 0.3 0.45 ± 0.1 - - 
0.5 0.03 10.8 ± 0.4 0.48 ± 0.08 8.9 ± 0.1 1.2 
0.75 0.05 15 ± 1 0.46 ± 0.07 - - 

1 0.07 20 ± 1 0.46 ± 0.07 15.0 ± 0.5 1.3 
1.5 0.10 33 ± 1 0.45 ± 0.08 34 ± 1 0.95 
2 0.15 43 ± 2 0.43 ± 0.08 47 ± 2 0.91 

2.5 0.18 57 ± 3 0.43 ± 0.08 63 ± 2 0.90 
3 0.21 70 ± 3 0.42 ± 0.07 79 ± 3 0.89 

3.5 0.26 84 ± 3 - - - 
4 0.31 96 ± 3 - - - 
5 0.38 124 ± 4 - - - 
 

 Turbine – Single Phase Flow 

As previously mentioned, an air heater was used to pre-heat the air stream entering 

the Terry turbine in order to help bring the exit temperatures above the freezing point of 

water. The addition of the air heater raised the inlet temperatures by 25-35 °F and raised exit 

temperatures by 5-15 °F, depending on other test parameters. This successfully elevated the 

exit temperature above the freezing point for the single-phase air trials at 20, 30 and 50 psia. 

The exit temperature for the 70 psia inlet trials remained below freezing. 

Figure 27 and Figure 28 show the performance parameters, torque and efficiency, of 

the Terry GS-2 turbine at 100% air fraction. Data sets for trials with and without the air 

heater are displayed. Figure 27 shows no appreciable difference on torque between the tests 

with and without the air heater while holding the inlet pressure constant, while Figure 28, on 

the other hand, shows noticeable differences in efficiency when including the air heater. The 
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trials utilizing the preheated air have an increased efficiency compared to those without 

preheated air. This is because the heated air has a greater expansion potential than the non-

heated air.  

 

 

Figure 27: Torque vs RPM for 100% air fraction 
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Figure 28: Efficiency vs. RPM for 100% air fraction 
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pressure ratio across the turbine nozzle is enough to choke the flow but is not sufficient to 

accelerate the flow to the designed supersonic nozzle exit velocity. The over-expanded flow 

passes through a shock wave, which reduces flow velocity and thus decreases turbine 

efficiency. Flows at 50 and 70 psia have large enough pressure ratios to accelerate the flow 

to the nozzle design point, and therefore, have the largest peak efficiencies. 

 

 Turbine – Multiphase Flow 

Shakedown testing showed that the Terry GS-2 turbine will begin rotating when 

subjected to an inlet pressure of approximately 17 psia. The lower end test pressure was set 

at 20 psia in order to better evaluate performance at the lower end of the turbine’s 

operational capabilities. 

The output shaft torque and turbine efficiency at 20 psia inlet pressure at varying air 

mass fractions are given in Figure 29 and Figure 30. The torque output from the turbine 

follows a linearly decreasing trend with increasing rotational speed. The efficiency follows a 

parabolic trend with a peak efficiency at a moderate rotational speed for the given 

conditions. The peak or best efficiency point (BEP) moves up and toward the right with 

increasing air mass fraction. The series of torque curves and efficiency curves both collapse 

down as the air mass fraction is varied, following expected turbine performance trends. As 

anticipated, the addition of water to the flow degrades the turbine’s performance as it 

reduces the amount of energy the turbine can extract from the process fluid. Air mass 

fractions below 50% were not tested as the turbine was not able to extract enough energy to 

produce meaningful results. 
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Figure 29: Two-Phase Shaft Output Torque at 20 psia Inlet Pressure 
 

 

Figure 30: Two-Phase Turbine Efficiency at 20 psia Inlet Pressure 
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Figure 31 and Figure 32 show the torque and efficiency plots at 30 psia (0.21 MPa) 

inlet pressure. For tests at the same air mass fractions, both the output torque and 

efficiencies were higher at 30 psia than at 20 psia due to the increase in available energy 

injected into the turbine. Some lower air mass fractions were also able to be tested because 

of the increase in available energy. Overall, at 30 psia the Terry turbine exhibits similar 

trends and behaviors to those seen at 20 psia. 

 

Figure 31: Two-Phase Shaft Output Torque at 30 psia Inlet Pressure 
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Figure 32: Two-Phase Turbine Efficiency at 30 psia Inlet Pressure 
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expected trends in one significant way. At 50 and 70 psia, high two-phase air mass fractions 

resulted in suppressed or lower than expected output torque and efficiency values, as 

denoted by the long-dashed trendlines in Figure 33 to Figure 36. 

 

Figure 33: Two Phase Shaft Output Torque at 50 psia Inlet Pressure 
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Figure 34: Two-Phase Turbine Efficiency at 50 psia Inlet Pressure 
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Figure 35: Two-Phase Shaft Output Torque at 70 psia Inlet Pressure 
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Figure 36: Two-Phase Turbine Efficiency at 70 psia Inlet Pressure 
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This suppressed behavior was not observed at air mass fractions of 80% and lower, 

likely due to the heat capacity of water. If the turbine inlet pressures continued to increase, 

this lower threshold would likely continue to decrease as well due to the larger temperature 

drops across the nozzle. Below the threshold, the water has sufficient heat capacity to supply 

thermal energy to the surrounding air as it expands while maintaining its liquid state. Above 

the threshold, the water does not have sufficient heat capacity to provide heat to the 

expanding air while remaining a liquid. The large pressure and temperature drop and 

associated heat transfer from water to air causes the water to freeze at high air mass 

fractions.  

To prevent the suppressed output, the air heater was again employed to preheat the 

inlet air stream. This additional heat improved the data sets taken at 50 psia, 95% air mass 

fraction and 70 psia, 90% air mass fraction by raising the output torques and efficiencies to 

within their expected ranges. The data set at 70 psia, 95% air mass fraction improved, but 

the system still needed more heat. Therefore, a household, instant hot-water heater was used 

to preheat the water stream as well.  

The water heater also contributed to an improved turbine performance, but the 

unexpectedly low torque persisted due to the winter weather combined with the rigorous 

testing schedule. Interpolating from the “100% with air heater” and “90% with air heater” 

data sets at 70 psia inlet pressure, the expected BEP for the 95% air mass fraction inlet 

condition was 36%. After waiting for warmer weather in late spring, this same data set was 

tested again, using both the air and water heaters to preheat the incoming flow. In Figure 35 

and Figure 36, this data set is labeled “95% air + water + summer”. The 40-50 °F exterior 
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temperature increase led to a significant rise in the inlet flow temperature and the torque and 

efficiency curves fell within expected ranges. The BEP was 35.5%, near the previously 

expected value. Figure 37 shows the peak operating efficiency increase as the inlet 

temperature increases. The first point corresponds to the non-heated “95%” data set; the 

second and third points correspond to the “95% with air heater” and “95% air + water 

heater” data sets respectively, while the last point corresponds to the “95% air + water + 

summer” data set. 

 

 

Figure 37: Peak Operating Efficiency vs. Inlet Temperature given a 70 psia, 95% Air Mass 
Fraction Inlet Flow 
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inlet pressure. Within a phase regime, the temperature change is expected to be proportional 

to the heat transferred. Around 95% air mass fraction (circled on the graph), the temperature 

drops are suppressed since the temperature stays constant during phase change as enthalpy 

of fusion heat is released. 

 

 

Figure 38: Dimensionless Temperature Drop by Air Mass Fraction1 Highlighting 
Suppressed Temperature Drops at 95% Air Mass Fraction 

 

 Bearing Friction 

To better understand the role that the bearings play in the performance of the turbine, 

it is important to understand the drag friction as a function of rotational speed. The Terry 

                                                

1 The data at 50 psia, 95% air mass fraction, and 70 psia, 90% air mass fraction, includes the use of the air heater. 
The data at 70 psia, 95% air mass fraction includes the use of the air and water heater during the winter months. 
All other multiphase data does not include any pre-heaters. 
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GS-2 turbine utilizes fluid film journal bearings to support the rotating shaft. The drag 

friction is the force associated with shearing the oil film at the given rotational speed. This 

parameter quantifies the bearing energy losses (excluding oil churning losses) associated 

with rotating the turbine. 

The drag friction is measured as torque using the water brake dynamometer without 

a water load while the turbine is subject to single-phase air flows. The required start-up 

torque is 4.1 ± 0.1 N-m. When operating under steady-state conditions, the drag friction 

increases with rotational speed over the operating range of the turbine. As shown in Figure 

39, at 500 RPM, the drag friction is approximately 0.8 N-m, while at 3500 RPM, the drag 

friction is slightly below 2.5 N-m. 

 

 

Figure 39: Turbine Drag Friction as a Function of Rotational Speed 
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The turbine drag friction behavior during a transient condition also yields interesting 

results. Figure 40 shows the dynamic response of the turbine after the supply air has been 

abruptly shut off and the turbine is allowed to coast to a stop. As with steady state operation, 

higher rotational speeds yield elevated drag friction. As the turbine gradually slows, the drag 

friction diminishes correspondingly. As the turbine approaches its resting point, less 

lubricating oil is pulled into the journal bearing and the bearing enters the mixed boundary 

lubrication regime. This transition is indicated by the dashed green oval in Figure 40. This 

drag friction spike was repeatedly observed during testing shutdowns. 

 

 

Figure 40: Transient Frictional Drag of a Terry Turbine Coasting to a Stop 
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 Bearing Housing Temperature Observations 

Understanding how heat builds in and dissipates from the turbine bearings may help 

with investigations of the Terry turbine bearing failure. During single-phase air testing, the 

bearing housing temperature rose to ~100-105 °F. When injecting small amounts of water 

(~60-65 °F) to the flow, around 95% air mass fraction, the bearing housing temperature 

would fall about 10-15 °F within ten minutes. As additional water was added, the bearing 

housing temperature continued to fall to approximately 70-75 °F at 5-10% air mass fraction. 

During multiphase tests, the front seal consistently leaked, especially at low air mass 

fractions. These leaks raised some concerns that the cool process water, seeping through the 

front seal, may have been entering the oil reservoir in the bearing housing during the 

accumulated 75 hours of turbine runtime. However, after opening and inspecting the oil 

reservoir and repeatedly flushing the sight-glass at the bottom of the reservoir, there was no 

evidence of water in the lubricating oil. Therefore, the cooling of the bearing housing with 

increasing water fraction in the flow was likely due to conductive heat transfer through the 

turbine’s main shaft. 
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9. CONCLUSIONS 

 

RCIC system component testing has been executed on a Terry GS-2 steam turbine 

and associated valves in a multiphase test loop. This work was aimed at evaluating the 

operational capabilities of Terry turbines for extended use in nuclear power generation 

facility cooling systems by experimentally characterizing the turbine’s operational 

performance under multiple operating conditions. 

The Trip-Throttle Valve and Governor Valve were each tested individually to 

experimentally determine their corresponding flow coefficients, !". When testing with 

either single-phase air or water, the TTV showed a bi-linear correlation between stem 

withdrawal and flow coefficient with the coefficient changing more quickly when the valve 

was above 0.35” of stem withdrawal or about two handwheel revolutions. The GV, on the 

other hand, showed a single linear trend between stem withdrawal and flow coefficient for 

both process mediums. When comparing the process mediums, on the TTV, using air 

always resulted in a higher flow coefficient at a given valve position; however, on the GV, 

using air resulted in a higher flow coefficient at and below 1 revolution of opening but 

above one revolution, the flow coefficient was higher when using water. 

A visualization study was performed on the air-water flow entering the turbine. At 

high air mass fractions, the water phase is largely flowing along the wall resulting in an 

annular flow regime. As the air mass fraction decreases, the flow transitions to a churned 

regime with the majority of water beads suspended in the air stream. The effect of 

increasing pressure is two-fold: higher pressures lead to smaller water beads within the flow 
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as well as a more uniform vertical distribution within the pipe. The flows were also analyzed 

quantitatively using existing two-phase flow maps for horizontal and vertical flows. 

Generally, the horizontal two-phase flow map predictions disagreed with the recorded 

images because of the elevated flow pressures. The vertical flow map better predicted the 

flow regime, but still contained inconsistencies. 

Turbine performance is presented in terms of shaft output torque and turbine 

efficiency as functions of rotational speed. The torque curves follow a linearly decreasing 

trend with increasing rotational speed, while the efficiency curves follow a parabolic trend 

with a maximum efficiency at moderate rotational speeds. Both the shaft output torque and 

the turbine efficiencies increase as the inlet pressure and inlet air mass fraction increase. The 

peak efficiency occurs at higher rotational speeds as air mass fraction and inlet pressure 

increase. 

Anomalous performance behavior was observed at elevated inlet pressures with high 

air mass fractions. Within this range, the torque and efficiency were both suppressed. By 

preheating the process fluid, by use of an air heater and instant water heater, the torques and 

efficiencies were elevated to expected levels. This anomalous behavior is likely due to the 

formation of a 3rd phase (ice) within the Terry turbine as the water supplies heat to the 

expanding air. Otherwise, the Terry turbine generally follows expected performance trends. 

 

 Future Work 

The Terry ZS-1 turbine, which was tested and reported on by Patil [25], will be 

tested using steam and water under similar pressures and gas mass qualities as the air-water 
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tests. This will allow for the development of a scaling relationship between the air-water 

tests and the steam-water tests. Additionally, a second scaling relationship between the 

aforementioned Terry ZS-1 turbine (1 nozzle, 18-inch wheel), and the Terry GS-2 turbine (5 

nozzles, 24-inch wheel) used for this work will be developed to understand the scaling of 

parameters between the small-scale and full-scale system.  
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APPENDIX A INSTRUMENTATION AND CALIBRATION 

 

Table 4: Equipment Locations and Calibrations 

Sensor Location in Facility Accuracy 

Pressure Transmitter Rosemount 
0-300 PSIG Air supply line 1 ±0.04% of span 

Pressure Transmitter Omega 
0-250 PSIG Air supply line 2 ±0.08% of span 

Differential Pressure Transmitter 
Rosemount 0-1000 in H2O 

TTV inlet to Turbine 
inlet ±0.04% of span 

Pressure Transmitter Rosemount 
0-300 PSIG Turbine inlet ±0.04% of span 

Pressure Transmitter Rosemount 
0-150 PSIG Turbine exhaust ±0.04% of span 

Pressure Transmitter Rosemount 
0-150 PSIA Outlet piping ±0.04% of span 

NI 9213 Module DAQ PASSED 

NI 9205 Module DAQ PASSED 
Load cell Omega 

0-25 LBS; 0-100 LBS; 0-200 LBS Dynamometer Linearity: ±0.03% 
FSO 

Gas Vortex Flowmeter 
Rosemount 0-30 ACFM Air supply line 1 ±0.75% of RD 

Gas Turbine Flowmeter 
Omega 10-100 ACFM Air supply line 1 ±1% of RD 

Gas Turbine Flowmeter 
Omega 25-250 ACFM Air supply line 2 ±1% of RD 

Tachometer Turbine ±1% RPM 
Khrone Electromagnetic 
Flowmeter 0-134 GPM Water line ±0.2% of reading 

Water Turbine Flowmeter 
Omega 0-50 GPM Water line ±0.91% of reading 

Badger Electromagnetic 
Flowmeter 0-1 GPM Water line ±0.11% of reading 

Water Coriolis Flowmeter 
Rosemount 0-20 GPM Water line ±0.10% of span (from 

manufacturer) 
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APPENDIX B UNCERTAINTY ANALYSIS 

 

Sensors were calibrated to the project’s required standard by external calibration 

facilities. The measurement uncertainty uses the Kline-McClintock method [28]. For 

example, the measurement uncertainty associated with the gas input power is 

 àU%a_ = âr äU%a_
ä1d\=sY

à1d\=sYt
>
+ r äU%a_

äåd\=sY
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>
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>
ç
D/>
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Uncertainty of the curve fit analysis for determination of flow coefficient parameters 

with air followed Stone’s tutorial [29]. The random uncertainty for the valve testing 

parameters is included in the tabulated data in section 8.1 and 8.2. The random uncertainty 

for the turbine performance parameters at or above the BEP were within 3%. Below the 

BEP, uncertainty is within 8% as the turbine becomes difficult to control outside of the 

dynamometer’s linear range. Table 5 shows the systematic uncertainties associated with the 

calculated parameters for valve flow coefficient and turbine performance. 

 
Table 5: Maximum Systematic Uncertainty Associated to Desired Outcomes as a 

Percentage of Calculated Value 

Outcomes Systematic Uncertainty 

Valve Flow Coefficient (Air) 1.6% 

Valve Flow Coefficient (Water) 1.1% 

Turbine Output Torque 1% 

Turbine Efficiency 2% 

Turbine Power Output 1% 

Turbine Input Gas Power 1.9% 

Turbine Input Liquid Power 1% 
 


