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Fig. 2 Schematic of Two-Phase Nozzle Flow
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Single Two-Phase Nozzle
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Fig. 9 General View of 10kW VPC
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Table 1 Generator Power Output of 10kW VPC on Board

BB AT BBASR B ESER
S Wi 71 (kW) 1.20 0.91
PEREHETEME (kW) 1.27 0.86
EREEDHE 5.7% +5.6%
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Fig.12 Piping Diagram of 200kW VPC on the Test Engine
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Table 2 Specification of Heat Exchanger

Wa#Ea | EE H#%

VPC ik TL—Fh 71 BHER
fngadR | RMBE | 2,030 kW

AO/EO | Z&%: 185/60°C

BE B4k 28/130°C

Table 3 Specification of Turbine and Generator
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4 —E | kR 2 2T it el

> HA B®X 200 kW
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Abstract

Efficient resource utilization is critical in the viability of
geothermal projects. Novel thermodynamic energy conversion
cycles exist that are superior to the traditional organic
Rankine cycle. A new turbine has been developed that enables
the economic and efficient implementation of a cycle that
maximizes the geothermal resource utilization. The Variable
Phase Turbine can increase power production by as much
as 30-50% from low temperature resources and enhanced
geothermal resources when compared to commercially

available organic Rankine cycles.

The Variable Phase Turbine is comprised of discrete
nozzles and an axial impulse rotor and can be used for
transcritical or flashing liquid flow. The high isentropic
efficiency, typically greater than 80%, enables a liquid
heat exchanger cycle' to be used, avoiding the pinch point
limitations of the evaporator in an organic Rankine cycle. This
allows for extraction of more energy from the heat source,
i.e., a lower discharge temperature, which increases the power

production for a given resource.

Introduction

Low temperature geothermal resources, enhanced
geothermal resources and separated brine from flash plants,
are huge sources of energy. However, because of their
characteristically low temperature, the project and power
system costs per kilowatt of power generated are very high.

To produce power from these resources the energy
conversion system must maximize the conversion of available

energy to power.

The common characteristic of these energy sources is, as heat
is transferred to the power conversion system, the temperature

decreases nearly linearly (sensible heat). This behavior can be

szt 20134E 9 H24H

* 1 Energent Corporation, 2321 Pullman, St., Santa Ana, CA 92705.
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Fig. 1 ORC Temperature Profile

contrasted to evaporating flows, which absorb heat at a nearly
constant temperature, accompanied by a phase change (latent

heat). This is characteristic of organic Rankine cycles.

Figure 1 shows an example ORC operating with R134a.
The geothermal heat source enters the vaporizer at 220°F
and exits at 155 °F. Liquid R134a exits the refrigerant pump
(1) and is heated to boiling (1a) and then entirely boils in the
vaporizer (1b) and the vapor is subsequently superheated (2).
The superheated vapor is expanded through a turbine (3) and
is then condensed (3a and 3b) and subcooled (4), at which
point it is pressurized in the refrigerant pump to close the cycle.

The ORC creates a pinch point between (1a) and the
cooling geothermal flow that limits the geothermal water
return temperature. The ideal thermodynamic cycle would
eliminate this pinch point to recover more heat from the
geothermal resource while efficiently converting the
recovered heat into electricity. Until now, turbine technology

has been a barrier to usage of improved cycles.

-7 -
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Variable Phase Turbine

The Variable Phase Turbine (VPT) is comprised of a set
of individual, fixed nozzles and an axial impulse rotor. In the
VPT, the two-phase nozzle, illustrated schematically in Figure
2, is the thermodynamic energy conversion element. Enthalpy
is converted to two-phase kinetic energy in a near isentropic
expansion. Expanding gas breaks up the liquid phase into
small droplets. The gas transfers momentum to the droplets by
pressure and shear forces. The small diameter of the droplets
results in a close coupling of the gas and liquid, producing
efficient acceleration of both phases. The inlet to the nozzle

can be liquid, two-phase, supercritical, or vapor.

High Pressure Liquid
Or Two-Phase Flow

_ High Velocity
Two-Phase Jet

—_—

Fig. 2 Schematic of Two-Phase VPT Nozzle

The two-phase kinetic energy is efficiently converted
to shaft power by reversing the direction of the tangential
component of the flow velocity in an axial impulse turbine.
The turbine is designed with a special blade contour to
minimize momentum and friction losses of the liquid
impinging on the surface and flowing over the surface. A
schematic is shown in Figure 3. The turbine is a true impulse
turbine with no reaction or pressure drop in the rotor. This
design limits the runaway speed to no more than the two-
phase jet velocity and minimizes axial thrust. The maximum
droplet impact velocity for typical expansion conditions is
200-400 feet per second. No erosion results, as the threshold
impact velocity for erosion of the titanium alloy wheel is in

excess of 1,000 feet per second.

Two-Phase Jet
From Nozzle

Liquid Film

Fig. 3 Schematic of Flow Path in Two-Phase VPT Blades

The arrangement of the VPT (Figure 4) is similar to a
conventional axial impulse turbine. The nozzles are inclined
at a tangential angle to the rotor. The liquid leaving the rotor
separates onto the duct walls. The two-phase impulse wheel is

a blisk, i.e., an integrally bladed rotor, having low stress, with

Download service for the GTSJ member of ID , via 153.121.55.14, 2025/05/31.

a shroud to control the location of any stray liquid.

The two-phase nozzle efficiency is typically between
90% and 97%, influenced strongly by the surface tension of
the working fluid and the vapor density at the condensing
pressure. Standard refrigerants that are used in low
temperature geothermal are ideal in these aspects because of

their low surface tension and high vapor density.

The axial impulse rotor efficiency is typically between 78%
and 85%, influenced strongly by the vapor quality at the exit

of the nozzle.

Fig. 4 Variable Phase Turbine nozzle and rotor arrangement

Variable Phase Turbine: Experience

Refrigeration

The two-phase impulse turbine of the type described is the
only two-phase turbine with extensive commercial experience.

Failed attempts have been made to use radial inflow
turbines for refrigeration applications®. However, two-phase
axial impulse turbines, designed by Energent staff, have been
in refrigeration service for many years. Over 75 units have
been installed in Carrier commercial chillers. The earliest

units have operated for more than 15 years with no required

Two-Phase Turbine

Fig. 5 Carrier 19 XRT Chiller with Two-Phase Turbine



Vol.41 No.6 2013.11

Variable Phase Cycle 463

turbine maintenance. One of these 500 Ton chillers (the 19
XRT model) is shown in Figure 5.

In this application, the two-phase turbine replaced the two-
phase expansion valve, generating 15 kW from the flashing
refrigerant. The result was a 7-8% improvement in the chiller
system efficiency',

Figure 6 is a photograph of the two-phase impulse wheel
and nozzle assembly from a larger refrigeration installation.

The nozzles are removable inserts. The turbine wheel, to the

right, has blisk construction.

Fig. 6 Two-Phase Refrigeration Nozzle Assembly and Turbine Wheel

Low Temperature Testing

Figure 7 is a photograph of a Variable Phase Turbine
system pilot plant. This is the world's first closed cycle two-
phase power plant. The VPT shown in the figure has a vertical
axis and operates with flashing refrigerants. Testing with
flashing R227ea and R245fa refrigerants at the 7 kW level
verified the design codes utilized for predicting performance.
R134a has not yet been tested in the pilot plant. Refrigerant
temperatures exiting the heater were tested as high as 250 °F
(limited by the heater capacity). In addition to performance
testing, the unit was operated for 150 hours to determine
whether incipient erosion or cavitation would occur. The

wheel showed no signs of either erosion or cavitation.

Fig. 7 Variable Phase Turbine Operating in Pilot Plant
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Variable Phase Turbine: Application to the Variable
Phase cycle

The Variable Phase cycle (VPC), also known as the
triangular or trilateral cycle, is the ideal thermodynamic cycle
for low temperature sensible heat recovery™. The Variable
Phase Turbine allows for efficient utilization of the VPC.
The liquid working fluid is pressurized and then heated in
the heat exchanger with no vaporization. The use of a liquid
heat exchanger rather than a boiler enables the recovery of
more heat energy by eliminating the “pinch point” restriction
discussed above (Figure 8). The VPT is also suitable for

supercritical versions of the VPC.

The resulting system is simple and stable, both critical
factors in achieving a quick, successful start-up of a
geothermal power plant. Because the inlet to the Variable
Phase Turbine is a liquid, the jet velocities are quite low, thus
a synchronous or induction generator with no gearbox is used
in conjunction with a simple impulse rotor that undergoes no
erosion. The elimination of the gearbox increases efficiency
and reliability, reduces complexity and capital cost, and
eliminates the associated lube-oil subsystem present in typical
organic Rankine cycle systems. Discrete nozzles allow for
variations in resource production without bypassing flow or

operating at part-load efficiency.
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Fig.8 VPT and ORC Temperature Profile Comparison

In this scenario, the ORC only captures 59% of the heat
that is extracted by the VPC from the resource. The analysis
assumed an adiabatic pump efficiency of 77%, an adiabatic
turbine efficiency of 85% for the ORC, 80% for the VPT, and
a gearbox efficiency of 98% for the ORC. The VPC generated
35% more net electricity than the ORC.

Figure 9 is a schematic of the Variable Phase cycle applied

to geothermal power generation. Consisting of a pump, liquid
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heat exchanger, turbine, and condenser the VPC is a simple
system with lower cost elements than most ORC systems.

A significant advantage of this energy conversion system is
the heat exchanger. Instead of a heat recovery boiler (which
has a large separator drum and extensive operating and
maintenance labor) a simple counter-current, compact liquid

heat exchanger is used to recover the geothermal energy.
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Fig. 9 Variable Phase cycle process flow diagram

The geothermal fluid stream enters the heat exchanger
where the available heat energy is transferred into the energy

conversion working fluid.

After heating in the heat exchanger the liquid is flashed in
two-phase nozzles which are integral parts of the hermetic
Variable Phase Turbine assembly. The high momentum, low
velocity two-phase stream drives the turbine rotor at 3,600 or
1,800 rpm, enabling direct drive of an induction generator.

The expensive gearbox required for ORC vapor turbine

systems is eliminated, also improving reliability.

The use of refrigerant working fluids in the VPC enables
lubrication and cooling of the generator by the working fluid.
The lube oil system required for ORC systems is eliminated,
as are seals. The result is a zero emissions hermetic assembly
without the expense and reliability problems of those

components for an ORC.

The exhaust from the turbine is condensed in a compact
condenser. Standard refrigerant condensers are used, enabling
low cost and compact size. The condensate is then pressurized
by a hermetic pump and circulated through the liquid heat
exchanger to close the cycle. The lack of a phase change
in the heat exchanger makes the VPC stable and simple to

control.

A commercial geothermal demonstration plant was
constructed at an existing facility near Coso Junction,

California, United States. The existing facility has multiple

flashing steam turbines spread over a geographically large
area. A collection system gathers the output of multiple
wellheads for the use of one or more flashing steam turbines.

There is liquid and vapor as part of the wellhead flows
so it is necessary to separate out the liquid brine prior to the
steam turbines. This liquid is reduced in pressure to feed
some additional steam to lower-pressure steam turbines but
a significant amount of atmospheric-pressure geothermal
brine is generated with a temperature of 110C. Previously
this brine was simply being sent to re-injection wells. A low-
temperature Variable Phase Cycle was installed to convert
some of this wasted heat into electricity prior to re-injection
(Figure 10).

Fig.10 Two-Phase Refrigeration Nozzle Assembly and Turbine Wheel

The VPC plant is designed as a 1MW net plant with
approximately 1.4MW generated from the turbine and 300-
400kW in main pump losses. The total pumping power is
partially regained by the pressure energy provided to the
nozzles. The working fluid is R134a. A liquid-liquid heat
exchanger reduces the heat of the brine from approximately
110 C to approximately 75 C . The brine temperature could
be reduced further but the existing facility managers requested
that the brine return temperature be restricted to this minimum
value to avoid scaling of the re-injection wells. This return
temperature is therefore higher than the temperature to which
the Variable Phase Cycle is capable of reaching. With this

limitation the Carnot efficiency is 9.1%.

In Table 1 representative data from the system is presented.

At the time of the data point the net electrical output is
795kW including electrical losses and deducting pumping
losses from the main pump that is on the same shaft as the
turbine. Turbine shaft power is calculated at 1387kW for these
conditions. The refrigerant main pump is by far the largest
parasitic loss but as stated above a large fraction of the pump
power is recovered as pressure feeding the nozzles. There are

still other parasitic losses to consider such as cooling tower
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fan and pump losses (unknown), refrigerant boost pump losses
(~37kW), generator cooling fan losses (~7.4kW), oil pump
losses (~0.5kW), etc. Pressures and temperatures are values
reported from sensors and converted from Imperial units.

Flows are converted from volume flow rates to mass flow
rates based on the fluid density at those conditions. Enthalpies
are evaluated in a variety of ways that are discussed further in

the Calculation Methodology section.

Table 1 System conditions from a representative data point for
geothermal power plant. Electrical power output at this point is 795kW.
Power loss from refrigerant pump is already deducted.

Turbine | Turbine | Cooling | Cooling

Brine in |Brine out| HX inlet K R
inlet outlet | waterin |water out

Flow kg/s 135.1 - 105.5 - - - -
Temp C 111.9 83.3 29.6 99.8 28.4 19.7 29.2
Press. Barg 12.1 12.1 41.4 39.0 7.1 - -

Enthalpy ki/kg| 466.7 348.5 241.2 375.8 - - -

In Figure 11, actual power output is compared to expected
power output. The measured power output is the electrical
power output of the generator which is the turbine mechanical
shaft power less the pump mechanical shaft power losses as
they are on the same shaft and then reduced by the generator
efficiency. Significant scatter is present in Figure 11 due to
the difficulties in accurately determining flow quality and
enthalpy in a two-phase flow. Despite the scatter of the plot
the system output is very stable for a stable set of brine and
cooling water conditions. The overall plant power output
matches the predicted plant power output for the given brine
and cooling water conditions even if the exact refrigerant
conditions diverge from predicted refrigerant conditions.

Calculations could be made significantly more accurate if
the vapor quality of the refrigerant flow were known but at
this time no reliable and accurate method for measuring this

value has been determined.

Variable Phase cycle: Analytical comparison to ORC

A study was conducted to compare the VPC to the ORC.
The fluid chosen for the study was R134a, as its low critical
temperature (101 °C) and widespread use are conducive
to its use in low temperature geothermal. The component
efficiencies were selected by an independent party familiar

with typical ORC performance (Table 2).

Table 2 Component efficiencies and parameters for VPC/ORC study

Heat Exchanger Pinch Point 5.6 °C

Heat Input (@ 71 °C return) 29.3 MW

ORC expander shaft efficiency 82%

VPT nozzle efficiency 92-97% |Nozzle Code
VPT rotor efficiency 78-85% |Rotor Code
Pump shaft efficiency 77%

Generator Efficiency 97%

Gearbox Efficiency (ORC) 98%

Recuperator (optional) pinch 333 °C

Pump Motor Efficiency 95%

900.0 I
7000 —+—+— == — v - *

100.0 -

0.0 ¢ t
0.0 200.0 400.0 600.0 800.0 1000.0

Predicted Power, kw

Fig.11 Chart of measured vs. predicted generator electrical output. All
power values include losses from the main refrigerant

The results are shown in Figure 11 for 121 °C geothermal
inlet temperature. The net power is shown without taking
into account the parasitic cooling load, which will be site
dependent and equal for the ORC or VPT at a given return
temperature. Clearly, the power increases at the geothermal
return temperature is reduced. The VPC is able to produce
more power than the ORC under almost all conditions and

shows strong benefits as the return temperature is lowered.

R134a Perfi vs Geoth | Return Temp
7% Gen. 3% Gear, 7T% Pump. 85% Motor, 20.7 °C Teond. 20.3 MW @ 121 °C inlet. 71.1 *C return
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=
.g 3400
<]
o .
2 - \
gaoon ’ .
o
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=
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Fig.12 VPC vs. ORC for R134a - 121 °C geothermal inlet temperature
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Summary

A new turbines has been developed that enables the economic
and efficient implementation of a novel thermodynamic cycle
that maximize the geothermal resource utilization. The Variable
Phase Turbine and Variable Phase Cycle can increase power
production by as much as 30-50% from low temperature
resources and enhanced geothermal resources when compared
to commercially available organic Rankine cycles. The
resulting power advantage leverages the total development
cost of the geothermal project. That is, a 40% increase in
power production from a given geothermal resource lowers
the total capital cost including exploration, drilling, and
surface plant by 29%, in terms of $/kW.

Based on analytical and experimental test results, the power
advantages and performance of the Variable Phase cycle have

been validated.

The advantageous features of the Variable Phase cycle
utilizing the Variable Phase Turbine are:
» Efficient conversion of liquid, two-phase, supercritical, or

vapor pressure energy.

Download service for the GTSJ member of ID , via 153.121.55.14, 2025/05/31.

* Increased power recovery from a given geothermal resource.

* Reduced cost by the simplification and elimination of
components required in an ORC.

* Increased reliability through the elimination of high
maintenance items required by an ORC such as the waste
heat boiler, gearbox, seals and lube oil system.

* A compact, modular design resulting from the use of
compact heat exchangers,  enabling factory assembly and

checkout and reduced installation costs at the site.

Hays L., 1977, “Biphase Turbines for Diesel Bottoming,”
12" TECEC (779077), 473-480.

Dr. Joost Brasz, Carrier Corporation, Personal
Communication

i Hays L., and J. Brasz, 1996, "Two-Phase turbines for
Compressor Energy Recovery", International Compressor
Engineering Conference, Purdue University, Purdue.
DiPippo R., 2007, “Ideal Thermal Efficiency for
Geothermal Binary Plants”, Geothermics, V. 36, 276-285.
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Fig. 1 Schematic diagram of typical geothermal power plant

Table 1 Major characteristics of typical geothermal power cycle
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Fig. 3 T-h diagram example of butane and water
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Fig. 4 Example of latent heat ratio
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Fig. 5 Conceptual diagram of exergy loss
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Fig. 6 Humidity of turbine outlet
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Fig. 7 Schematic diagram of binary power plant

Fig. 8 Photograph of binary plant in Germany
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1. Introduction

In recent years, interest in maximizing the residual heat-
energy recovery of various processes has grown significantly.
An obvious application for this relative low temperature heat
is of course to use it for heating purposes like residential or
district heating. However, this means that such a heat sink
must be available at the location where the heat is generated.

Moreover, residual heat has often a much higher
temperature than the temperature needed in heat applications;
hence a considerable amount of exergy is lost. Furthermore
the need for heating is usually limited.

Converting this heat into electricity makes it transportable,
while the value may be appreciated well as this electricity can
replace purchase and/or can often benefit from the fact that
it is generated as a (renewable) extra: free from CO: or any
other harmful emission. For this reason, several initiatives
from academia and industries are being pursued, to develop
small power plants based on the principle of the Organic
Rankine Cycle (ORC).

This paper covers the successful development and
deployment of such a system, the Triogen ORC. The
development started in the early nineties at the Lappeenranta
University of Technology in Finland, and was industrialized
and commercialized by Triogen B.V. in The Netherlands
since 2002V, Deployment took place since 2006, resulting
in 20 units build so far, and 10 units on order or being

commissioned.

2. System Design

Considering the residual heat available in the world, one
can distinguish temperature, locally available amount and the
carrier of this energy being a gas or liquid, characterized by
its composition. Many attempts have been made in the past
to design a commercially feasible system, meaning that the

investment could be recaptured in an acceptable period.

JER A 2013459 H30H
* 1 Triogen B.V., PO Box 25, 7470 AA Goor, The Netherlands

Given the low electricity prices and available technology at
that time, many attempts failed, and gave ORC a reputation
of a too expensive technology. To overcome this, one should
aim for the highest possible efficiency, together with limited
investment cost. ORC process temperature proved to be a
determining factor: first to reach a high Carnot efficiency,
and second to limit the amount of heating surface needed to
convey the residual heat to the system working fluid.

The Triogen system was conceived bearing this in mind,
initially aiming for heat sources that can be found in the
exhaust of internal combustion engines and turbines. Here
the temperature is well below the well-known maximum live
steam temperature (540 °C) as is necessary to drive a steam
cycle, but not too low to lose too much on Carnot efficiency.

In order to exploit this, a chemically stable working fluid
had to be found, with a critical point at approximately the
minimum source temperature. For this application, Freon
114 was favored for a long time, until it was banned for its
ozone depletion characteristics. A good alternative was found
in toluene, as being chemically stable up the maximum heat
source temperature to be applied, and for having a suitable
thermodynamic diagram for designing different ORC cycles.

Based upon these characteristics, the decision was made to
aim for a power level, which could suit the residual heat flux
in the exhaust of gas engines from 1500 kW shaft power. This
size proved to be suitable to serve a vast range of applications
in bio-gas, landfill gas and combined heat and power (CHP).

The thermodynamic data then followed from cycle
optimization studies, using a conventional ORC cycle with
recuperator, and initially optimized for maximum power,
hence condenser conditions as low as ambient temperature
allows. Figure 1 shows the cycle scheme and the process in
the T-s diagram. Liquid is pumped from the storage vessel
to the main pump, which is mounted on the same shaft as
the turbine and the high-speed generator. There it will get
the maximum working pressure at which it will enter the
recuperator and subsequently the evaporator. Residual or

waste heat is led through the evaporator, where the working
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fluid is heated up to the boiling point, evaporated and a little
bit superheated. Although this is not necessary thanks to the
positive slope of the co-existence area, there is some superheat
needed for control purposes and to compensate for heat losses
between the evaporator and turbine. Then expansion takes
place in the turbine, which drives the high speed generator
and the main pump. After expansion, the sensible heat in the
fluid is re-used in the recuperator, to preheat the liquid before
it enters the evaporator. Below the recuperator the condenser
is situated, where the vapor is condensed by a liquid coolant,
before it flows back into the storage vessel. Table 1 contains
the main thermodynamic values as typical design values,

which of course can vary depending on the heat source data.

Low pressure system
High pressuie system

Fig. I Cycle scheme and T-s diagram

Table 1 Typical thermodynamic data

CONDITION PRESSURE TEMPERATURE [°C]
# [BAR]

I 0,2 55

1l 3 56

il 32 60

v 32 150

% 31,8 320

VI 0,4 200

VII 0,3 70

3. Design of Main Components
3.1 HTG: High-speed Turbo Generator

The most eye-catching part in the cycle scheme above is
the combination of turbine, generator and pump on one shaft.

This unique design feature allows for a completely hermetic
design. There are no external shaft connections, hence no
external shaft seals. Lubrication of the bearings is done by
the working fluid in liquid phase; the generator is cooled by
working fluid in the liquid and vapor phase.

This unique feature is made possible through the
availability of a high speed generator, running at a speed
which is equal to the optimal speed of the turbine. This

eliminates the need for a gearbox, and leads to high efficiency

for the expansion, still using a single stage radial turbine. The
same is more or less valid for the main pump, which can be
of extremely simple design. Another advantage of having the
pump on the same shaft is formed by a unique possibility for
power control, to be covered later in this paper.

The use of the working fluid as bearing lubricant and
generator coolant allows for having only one fluid circulating
in the high speed turbo-generator HTG. This eliminates
the necessity of a separate oil cooling system, but also the
need for separation of working fluid and lubrication oil, in
case there are leaks from one side to the other. All external
connections of the HTG casing are fixed flange connections
that can be made absolutely tight.

The HTG shaft has a design speed of over 28.000 rpm, but
for optimum performance generally runs at 25.000 rpm.

The hydrodynamic bearings are of the tilting pad design,
which has proven to be very reliable. The shaft is positioned
vertically, with the pump on top and the turbine at the bottom,
from where expanded gasses can flow downwards into the
recuperator/condenser and finally into the inventory vessel as
a liquid.

A simple flanged connection and flexible hoses are used to
connect the HTG to the static system components, allowing
fast and simple exchange of the HTG as a module in case of
servicing.

Figure 2 shows the HTG, and pictures of the main

components.

Fig. 2 High-speed Turbo Generator and turbine details.
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3.2 Evaporator

The evaporator is of simple smooth pipe design, made
up out of horizontal U-shaped piping fixed at one side for
free expansion. The small diameter pipes are of stainless
steel material, and there is adequate access for cleaning.
Allowable temperature is above the heat source temperature,
so the evaporator is sufficiently safeguarded against no-flow
conditions. The standard design can be sized to the specific
conditions of the applications, as heat source temperature and
flow.

Flue gasses are guided in a vertical direction from top to
bottom through the evaporator. The lowest temperature is
reached at the lowest point, where provisions are made to
collect possible condensate during start and stop.

The working fluid passes the series of pipes in a vertical
direction from bottom to top, in once-through mode. There is
no need for a drum, and the outflow conditions are controlled

such that no liquid can be present while entering the turbine.

3.3 Recuperator and condenser

The function of the recuperator is to make use of the
sensible heat in the working fluid after expansion. This heat
is exchanged with the pressurized liquid when it comes from
the condenser. The system is designed in such a way, that
the temperature of the liquid when entering the evaporator is
high enough to prevent condensation of the flue gasses. This
is done because in many applications flue gasses will not be
completely free of sulphur.

Both recuperator and condenser are very compact plate in
shell heat exchangers. They are factory assembled together
with the storage vessel as one unit, forming the core of the
ORC module assembly. The storage vessel is equipped with
level indication, while the fluid condition in the condenser
(sub-atmospheric) is continuously checked for ingress of non-
condensable gasses.

The condensing heat is taken by a coolant (typically water or
water/glycol mixture), which at its turn is fed to table coolers.

In cases where there is a heat sink available, this heat can
be usefully applied. For this, a special version of the Triogen
ORC is available (WB1-Vario), where condenser heat can
be taken at a desired temperature of up to 80°C. Of course
this will be at a cost of electrical power, but a control system
is available to suit this purpose on a real time basis, for

continuous optimization of the output.

3.4 Power electronics and control
In order to connect the high speed generator to the 50
or 60 Hz grid, an inverter is applied that allows for direct

connection on a 3-phase 400 V level. The grid is used for

initial start-up of the system, and through this system the
speed of the generator is controlled continuously on the basis
of the desired temperature of the fluid entering the turbine.

Here the integral design of turbine, generator and pump plays
an important role. Variation of heat input in the evaporator
will result initially in a change in working fluid temperature.

The controller than orders a different speed of the
generator, hence of turbine and pump, such that the working
fluid flow is adapted to the actual heat input for reaching
the desired temperature at turbine inlet. The result is a very
smooth operation, characterized by a high turn-down ratio
down to 25 % and almost constant efficiency down to 60 %
power.

Power electronics and PLC controller are assembled in
a separate module, which at site can be accommodated in

connection with other similar equipment.

4. The ORC 160 kWe power plant
After successful testing of the prototype, the first

commercial package was designed (called the WB1),

consisting of four modules for turn-key delivery @:

* The standard process module, consisting of HTG,
recuperator, condenser, storage vessel, pre-feed pump,
valves, including connecting piping and instrumentation

* The heat supply module: an evaporator tuned at the
conditions of the available heat, to be connected directly to
the heat source

* The heat rejection module: table coolers for the cooling
water which cools the condenser, tuned to the ambient
conditions at site

» The standard electrical cabinets, that contain the power
preparation module, which connects the high speed
generator directly to the grid to supply the power at 400 V,
3 phase, 50 or 60 Hz, the control module to control the unit

and the independent safety system.

4.1 Process Module

The process module is a standard factory assembled unit,
with external dimensions within transportation standards. The
unit is built around the recuperator/condenser/storage vessel
assembly, mounted in a steel structure which is covered and
sealed by special designed plating and doors. The components
are arranged vertically, with the HTG on top, so turbine outlet
flow is downwards into the liquid inventory at the bottom.
There are four main connections to the other modules:
* Liquid and vapor to the evaporator
* Cooling water to the table cooler or heat sink at site
* Electrical cables to the power inverter
* Connections for measurement and control to the control

module
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Apart from these main connections, there might be
pipes and ducting for package ventilation and discharge of
emergency valves. Figure 3 shows pictures of the process

module.

Fig. 3 Process Module (lower picture with opened yellow doors)

4.2 Plant integration

Figure 4 shows a typical turn-key supply of an ORC
connected to two bio-gas engines of 800 kWe each. Centrally
positioned is the process module. The heat supply module
(evaporator) is connected to the flue gas outlet of two gas
engines through a set of piping and valves, to allow single
engine operation and to isolate the ORC from the running
engines in the unlikely event of an ORC failure. All units
are to be used as a typical ‘end-of pipe’ solution: the process
feeding the ORC is never disturbed by the ORC, and

Fig. 4 Integrated power plant (heat source: exhaust gas from two gas

engines)

maintains completely its availability.

5. Applications
Although initially set up for the use of exhaust gas from
internal combustion engines, a number of other applications
arise, such as biomass combustion and residual heat
from industrial processes like incinerators. Here the high
temperature capability shows its merit: the heat can be
directly transferred to the working fluid, without the use of
an intermediate fluid as thermal oil or pressurized water. This
eliminates the complexity, investment and power consumption
of such a system. At the low temperature side, there is still
the possibility to use the heat for possible available heating
applications. Doing so the optimum use is made of the exergy
present: higher temperatures for power generation, lower
temperatures for heat, together with the flexibility to choose
real time between the two to a certain extent. Figure 5 shows
the typical application envelope, showing the performance
data that can be achieved by the Triogen ORC so far.
Applications envisaged are:
» Gas engines running on natural gas, bio-gas, landfill gas,
mine gas
* Diesel engines
* Small gas turbines
» CHP for green houses, district and residential heating
« Combustion of biomass, wood, residuals and waste ®-®
* Flares for landfill gas or other industrial flares
* Process heat form e.g. (petro)chemical, metallurgical, glass

or brick production plants
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HA#HR2-—EFR0

——— Bio-Gas Engines
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180 - 220 °C

ORC Power
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o

[ Ta: 35-70°C Tous? 55-90 °C |

Condesor Cooling Water
508 = 700 S

Fig. 5 Application Envelope Triogen ORC WB1 and WB1-VARIO

6. Reference plants

After having demonstrated more than 4000 hours
successful operation of the prototype, Triogen delivered their
first commercial ORC in 2007 for a greenhouse cogeneration
plant equipped with a 2 MWe Deutz gas engine. After that, 19
plants followed, which gathered up to almost 200.000 running
hours. Demonstrated availability amounts to more than 97
%. The fleet leader ran more than 36.000 hours now. An
overview of the plants is given below (status March 2013):

AD Digester gas engines:

7 plants in operation in The Netherlands, 2 in Czech
Republic, 1 in Belgium

Landfill gas engines:

* 2 plants in France (GdF-Suez)

* 2 plants in Portugal (AdP)

* 1 plant in Germany

Mine gas engines:

* 1 plant in Czech Republic

Landfill gas direct combustion:

* Netherlands (prototype)

* France: supplementary firing next to gas engines

Natural gas engine:

* 1 plant for greenhouse co-generation in The Netherlands

Bio-diesel engine:

* 1 plant in The Netherlands

Direct combustion of solid bio-mass:

* 2 plants in Italy

Order back-log and projects in preparation:

10 plants in Czech Republic, Italy, Latvia, Finland, Slowakia

7. Conclusions

A very versatile ORC concept as originally conceived by
the Lappeenranta University of Technology in Finland has
been developed into a real commercial product by Triogen of
The Netherlands, for a vast range of applications.

Production is well under way, and continuous product
development already led to several improvements. The
first unit was contracted for 145 kWe, now 165 kWe has
been demonstrated. In future, power range will be extended
stepwise from the current 60 — 170 kWe towards 1 MWe.
Further product development will include wider operating
range including CHP possibilities, and improved fluid
dynamics for turbine © and pump.

Based on the very positive experiences up to now, demand
is extending towards other applications like industrial waste
heat (such as steel mills, base chemical production, glass and
brick production, incinerators) and the use of heat from the
combustion of biomass and waste.

Reliability, availability, maintenance and safety are on
a professional level. Permitting was easily allowed in all
applications, including unsupervised operation.

Thanks to standardization and efficient production, the
investment proved to allow for very attractive returns.
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Strength of Friction Welded Joints Consisting of Ni-based Cast and Forged Alloy

ABSTRACT

PO B LSS

SEKIHARA Masaru HAYASAKA Yasushi

5 T 3

OKAZAKI Masakazu

B

TAMAKI Hideki

To develop a compact and highly reliable micro gas turbine rotor, a turbine wheel and rotor-stacking shaft were

integrated by friction weld. The characteristic strength of a friction-welded (FW) joint made of Ni-based cast alloy,
MM247, and Ni-based forged alloy, IN718, was investigated. The 0.2% proof strength of MM247 was lower than
that of IN718. The FW joint showed the same tensile strength as MM247 and the same creep rupture strength as

IN718. The low cycle fatigue strength of the joint was lower than that of MM247 under a large strain load or low

strain rate, but the joint showed the same fatigue strength as MM247 under other conditions. The creep fatigue

strength of the FW joint was lower than that of MM247 and of IN718. Four mechanisms were considered to explain

this deterioration: elastic follow up in IN718 due to low creep strength, a high triaxiality factor in IN718, anisotropic

behaviors in MM247 due to a large grain size, and secondary stress at the interface due to different resistances to

deformation.

Key words : Micro Turbine, Creep Fatigue, Ni-based Alloy, Friction Welded Joint, Elastic Follow Up
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Fig. 2 Schematic of Turbine Wheel and Shaft
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Fig. 3 Schematic of Friction Welding
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Fig. 1 Components of Micro Gas Turbine Fig. 4 Control Parameters
Table 1 Chemical Compositions
Composition Ni Cr Co Mo W Ta Nb Al Ti Fe Mn Si C B Zr Hf
IN718 52.5 19 - 3 - - 5.1 0.5 0.9 18.5 0.2 0.2 0.04 - - -
MM247 60 8.3 10 0.7 10 3 = 5.5 1 = = = 0.14 :0.015 : 0.05 1.5
Table 2 Test Conditions
. . . Strain Tension
S Test Temp. (°C) | St Rat : .
pecimen es emp. ('C) rain ratio Rate (%/s) Hold Time (min)
Tensile RT, 600 _ _ _
Creep
Fw Low Cycle Fatigue (Fast—Fast) 650 0.05 _
Low Cycle Fatigue (Slow—Slow) -1 0.001
Creep Fatigue 0.01 10
Low Cycle Fatigue (Fast—Fast) 0.1 -
MM247 650 -1
Creep Fatigue 0.01 10
Low Cycle Fatigue (Fast—Fast) 0.1 B
IN718 Low Cycle Fatigue (Slow—Slow) 650 -1 0.0017
Creep Fatigue 0.01 10

Download service for the GTSJ member of ID , via 153.121.55.14, 2025/05/31.



Vol.41 No.6 2013.11

NiZSRIEM, $HEM 5 43 EBREEMORESFE 501

\ to |
I 70.0 ]
I 160.0 i
(a) Tensile Test

¢6+0.01

<€

300.05
80

(b) Creep Test

ﬁ ’-20_ 0
‘ b6 5070. 01 ‘
‘ 140. 0 ‘

(c) Fatigue and Creep Fatigue Test

Fig. 5 Test Specimens

1,400
(]
1,200
o 0...
1,000 OfA-¢-&
! A A A e IO A
O o A
= 800 =
% AADL A AIA A A A
= A
© 600
A
400 | ew wmm2a7 nN7s oA
200 - GTS . A . A
w|] A O »
O i
0 500 1,000 1,500

Temperature (°C)

Fig. 6 Tensile Strength”

Interface
- l -

| Y iain -
IN718 " MM247

Fracture

Fig. 7 Specimen after Tensile Test

AFFETIE, Nik#HEASETH AMM2UTH L, Ni
RGBS TH DINTIZM V2 & 7 B BEHIT M %
T, %% OWMEOMBERMESEM X T L L COMER
PEICRATTRE L EBRNICH S e L, AifcRELL
VB PR B IS D W CIERHERRAT IS & D s i 2 BRI &
A7z

2. HEBHE

WA & BEEE BT X 0 A L2, eI
KOS, ¥ —E VR —VOEREICE L8770
DO EFE TSI, B & OHE B -5 1R R 1A BUS ) 25
DRLVERT 50 AWFETIE, RENLBERRTDH S
GlaER, 7V — 7B T L &b, KA 2
WG B L7 ) — TETRERE P TiT - 72
K1LIZEME OB E, £21CRBEEMFEERT, 2
Z TMM24744121%, 1080C /4h (ARIGEMEAT A% H) B
L O870C /20h (AIHEMEH A& H) 2T LY, IN718
DIRE F RS 5 72 O EE R IZINTISH o Fxh L3,
718C/8h (Z2#)+621°C /8h (Z2#) % i1 L7z,
FRBRIE (X SR & PR TEAR650TC 2 e L, ER K
DL e ) Mogthe Lz, 831 7 Vs E &
27 ) —7HEFRRTOOTARIE -1 L, OFTAHA
M & U CldFast-Fasti#i e, Slow-Slowikf, B L
GIERMNC TL05 M O PRFEZATH 7)) — TP 0 3 1
HEBEL, OTFAEED L OCREFSHHEREI~ L ITT
WEOFMERAL I E L LT,

ZARBR D72 BR AR Z X 5 1R T, e BEAR
fE, WTFNOREBFICBWTLEEIBoRIE L7,

3. BAREBRHLIUVER

3.1 BIREER

6 CHIRRBOK R AR T, 700CFHE F Tk
IN718% D J7 AAMM24TH £ 0 & HREM TH 5 2 & H
5, HEEMOTRR S (IR E M o MM2474 & (2 IZ[F
HTHY, 02%I00 )1 b MM2UTH IEVIETH - 720 F
72B 7R X 90T, BERTIHNIEMM247H O 12 TR T
BHolze T KD 02%IM T AN S R MM247H 12 %
ERDHERT 2L L 1S, BHIHOANE W L EE
L7zbDE#25N5%,

3.2 =7

M8127 ) —TRBOHKEET RT, RBEETH S
650°C TliZ, MM247#F © F ASINTISH & 1) b s EEM T
HY, FTLEEMOZ ) —FHEEIIINTISH LD b &5
IR R EM TH o720 FAKIWKRT XIS, B
WESRAL I FH & e & L TR RINTI8MIC A » 72 i T
Holzo BHEEEICBWTIZ, MM2U47THITIZRE 7%
ZALIEIR SN o/2b 00, INTISHITIZEARKOR
i COMK L MEREIZEE B L Z20BOBBERICXD,
MRS S & NDR ZREATER ST W5,

— 47 —
Download service for the GTSJ member of ID , via 153.121.55.14, 2025/05/31.



502

NiZSR&EH, $HiEM S5 BEBEEMOMERFE

Eli‘#JZ';‘l t/—?/r\wf

27 ) — TR NIINT 18 ONbR Z Jg & ik g D355

HEIELTBY, Zoffary
BIZER L0 EEI LN,

3.3 BYAVIEFSIVCT ) —TEHEHE
A A 7 VG ER B L O 7 ) — T ST

) — TIRE DA

HERDOFKER 2

K10127R 9o Fast-Fastii g T TOHE 375 @ IZINT1H A%

®bOEL,

WNT 1 %D T AEAM DT TIEMM247H#,

FEFM DI KRR TH - 720 #7‘5’(07~08%0)U‘T

REMO T TIX, MM24ATH & JEBM O
LEFRD SN Do T2,
KR &9

FariZK &

I EEMITI%0 3 AR AL L 72

B O A 7 VIEFTFABROWMLE I RETH Y, o
FIEMM2ATH DN TH o 720 T ARMIC X 258

BEDEWIL,
Ez bbb,

Slow-Slow# 2 T~ C @ 3% 57
W CdH o720 Slow-SlowikJE D F HFast-FastiiJE &
WHRGMOKREGZTBY, —HWRMAE—3K

C DOWWALEDEN & BRI DH 5 &

F B INTISH Ayl b B Ff

VR
L7z

L2 L7285 Fast-Fasti& T F CTIXIN718% @ N &R Tk

L7=DIZxf LT, Slow-Slowilt T T DM Wi {7 i

E®AT]

THolzZehb, AR FTIRINTISHN X 1 b Hiio

FHAMERECTH 72 ER BN D,

7)) — TG, DWBH,MMMﬁi
NHICEHHmTH oo
B L OEBEME WK O§F A AR T TORRI RS

FEHHM D
Z X ThlkRE, 2 —7°5'§FF

WT, HEEM OMEZIZZLNZEN OS5 T TINTISH J:
O'MM247H OEREEM & A L 2 2HINTH o720 L

NLGHL, BEMOZ ) — TS5

FHmix, b o0

BHIF L THRECE T LTS, THE7 ) — 757

1,200
o
1,000 0%
R0
800 ; -
© 0% oo
o o A
S 600 ©
- oo A
5 Oo A
400 8u
A
A
A
200 F FW  MM247 IN718 i~
O A O
0
16 18 20 22 24 26 28 30

LMP [T X 10-3 X (log(tr)+20)]

Fig. 8 Creep Rupture Strength”

MMm247

«<

IN718 MM247LC

>
Fine Grain Band |-

|
Nb Depleted Band

Fig. 9 Micro Structure of Creep Ruptured Specimen

2.5 :
| W MM247 IN718
Creep Fatigue D A O
2 e LCF (Slow-Slow) |:| O
LCF (Fast-Fast) X F' +
— 1.5 @)
S ;
w @]
R R X0 XA X-@D { n
O O O X0
m X
0.5 o
0
10 100 1000 10000 100000

Number of Cycles to Failure
Fig. 10 Low Cycle Fatigue and Creep Fatigue Strength

Download service for the GTSJ member of ID , via 153.121.55.14, 2025/05/31.



Vol.41 No.6 2013.11 NiBSREM, $HEMD S LIEREEMOBERE 503

KA DOFHlIZER LT, KREMOMEOMET— 5 & H
Wb ZEIFfERMTHL I LEBRLTEY, MEKT
DOV THE 21T ) LEVDH B0

IN718

Creep

3.4 JVU-TERFEEERTOER

1212, 7 ) — TG AR Z AT o TR D IEEM O R
AL 2B L EEERT . B EIREED D,
IN718# L2300 u mARFEA o 7B TH D, IR

Creep Fatigue

LCF Fast—Fast (High Strain)

LCF Slow-Slow
122 ) =TIk BWE L A% Th o720 SO Interface >
DINTIZF D 7 ) — THIERX = X A & OBEMMENE 2
LNELOD, Jekd X H 2, INTI8KM D 7 ) — 7957 Tensile
BREED AL ENBVEDDH S, — « ok~ LOF Fast-Fast
Z 2 CTHMREREZ AV, BRI 2 B L 75k
70— TR AT, INTI8M O Sl EToIT), O
TAHADOER RS2 L & L7 Brinkman® (ZIN718 MM247
MaENRE LT, BEQOWRE, I TTHO7)—=F07 Fig. 11 Schematic of Fracture Modes

ARAY =D —TEP/ELTBY, KWETIEE ST
BEOBR, BhTtorz)—70FazHEETE0I,
LUTF o2 1R L 7299

e, =A-0"-t" (1)
2T, A=34x10"% n=26, m=18T&H %, ()X %
v, 650CTo7 ) =709 hx TRl LKLY IS
R . 4B, HInEEO®EWMM247#1%, 650C Tl
)= TREIRS B EREL, WK ELTET IV
itsnrz el Fig. 12 Cross Section of FW Specimen
WEGEMEE 2 TR U2 ) — TS A Sk % Bl (Creep Fatigue, A ¢ = 0.8%)
L, HI4IZRT X9 12001%/sec TRIEZ ML, &K

1.0%

AT MO NG Lize 22T, BIBIRT & S —

AR AL 2 S T 50 0 A & i R VW CE 0.8% i weeene 100MPa S
FUALL, WA AT 720 BI5IZIE, 1001 £ 1 ol gy oo
DRS04 % O TR0 B & D 100 H A #1213 9 el
FREISNPERN L TB Y, INTISHTO 2 1) — 70 g 04%

AHKE BT LHT SIS, 2 o2% T -
10 £ 5 X L0012 81T B A TO O R 650C
HDOHRZ K61 T, INTISM TlE 27 ) — T OFTAD 0 5 10 15 20

BINAS, MM24TH CTIROTAOBIBELTBY, £ Time ()
DALY B LM E & &I 4 ICHATT 5 %8 Fig.13 Estimated Creep Strain Curve of IN718
ZRL72. ZHNIERKEAM TORENOTA—ETH D
T e, INTISHTO O AN % WIS 5 72012 06 -
MM2ATHHIC DO F RIS 2720 Th 5, 0.4

EHITHITIZE, 100H O Y K LA R TORT - $ 02 / \
DFREHOEERT. INTISHTIRZ ) — 7O F e 0 \
HORANIE S IEIFAAE L TH Y, — I MM2ATH 502 \/
TROTAHAOMDPEIRTETVPELTWE, Lz 0.4
T, IN7I8H CIZ T3 0§ A DB & F34I5 1 DA, 06 | |
MM247# TIEFEH O T A L FHR L I TS 0 005 01 015 02 025
WRE ol THIRRAEDZ 2 Y — THER AT 2HE Time (h)
o h, BMBAEHRICEHEEOMEEEA =X L TH Fig. 14 Load Conditions

— 49 —
Download service for the GTSJ member of ID , via 153.121.55.14, 2025/05/31.



504 NiZSEEM, $HEMD S LIEREEMOBER T AA#AR2-—EZER0

14
10 MM247 IN718
- . f\(\ 1.2mm
e — P ‘e,
1 § 1.0 NN
S 0.8 kS
w Y .
-330 -295 > <t 0.1lmm
MM247 \ IN718 T
N g g Interface =
_295\,,- —Z. a0 S 0.4
T - —— After 10min hold during 1st cycle
—260 -225 -190 02 Ll i
Fig.15 Axial Stress Distribution after 100 0.0 L After 10min hold during 100th cycle
Loading Cycles (MPa) :
-10 -5 0 5 10
€ (mm)

Fig. 18 Triaxiality Factor Distribution

0.0t EEZBND, LI oT, INTISH TR EHIEIZ
0,005 MM247#F & FSE RT3 5 00, FIH O A
_ T T T A e THEITFv T4 Y TEBERLTBY, ZOZERD
T o I T ! I .. INTISHF K X ) & b 5 A %R L 72 & % 2
RN RN one, -
0005 e 512, WATRD SN LR P RFEATIICBT
et MIM247 53 AR R (Triaxiality Factor) D446 % K18127R7
oo os o s 2o BHZMEN T IEETRIRE 2, 2 ) — T4l
Time (h) BRELBBEEZEZONBY,
(a) During 10 Cycles
TF:O-1+O-2+O-3 (@)
0.01 ; § § O mises
0005 i o WM BT, TRIXINTISH O R 5
. A 01mm TR < % Y, 100l B ICIE S 5127 ¢
g H afﬂegﬂi é fé il E | 70 1.2mmiCZ BB L Tz, TFRAAE ISR WAL iE &
s P ERMIC—HL2VL 00, BRIV 4 ICINTISH
<eOer IN718 WCTFDR KON EPBETL5IEEZRLTWS EE X
qop = Med i i bNhb,
0 > 1°Time (h)15 20 2 PLEX Y, 27— 79538 B TINTISH Ml T
(b) During 100 Cycles WFEa TN % %%%@%Ekl ELTIE, BRI X S
Fig. 16 Time Dependant Stress and Strain Behavior INTISHT D7 ) =7 O3 A OMM, INTISHM TOTE
' DM, FEZSNDL, MOERE LTI, IN7I18H B
X O'MM24A7H D #E R DEND B HIRERE L TW»
LUREMESEZ HNSL,
100 K19IZ/R$ X 912, MM247H 1213 2mmilt WAL O #
AR EMNEICR 5N 5 —T, IN7TISH O ki
R e #91/10002mmAEE Td - 72,
T 400 T mm2a7 7 L72%%5 T, ST B W TMM247H O 1 18
s BRIET RSB L COR MRS Z 2 5N, %
5 00 Fo i BARLER AT X < R 2 2k A 5 MM2ATH L INTLS
a0 MOERAS Ba b 2 EATHESR, H20IRT X
o # V< G B30 TP A L b 5 2 LIS & ) 2 WIS TIhe
001 -0.005 0 0.005 0.01 AT HIREEDEZONS,

Strain (-)

Fig. 17 Elastic Follow-up Behavior

— 50 —
Download service for the GTSJ member of ID , via 153.121.55.14, 2025/05/31.



Vol.41 No.6 2013.11

NiZSRIEM, $HEM 5 43 EBREEMORESFE 505

Fig. 19 Observed Image of Friction Welded Specimen

Secondary Stress from

Constraint
{
Higher Resistance to Lower Resistance to
Deformation Deformation
T
I
MM247 370 335 370 IN718

Sl |
D
7\
405 440 (MPa)

Fig. 20 Secondary Axial Stress from Constraint

4. 5

MM2ATH & INTISH % BESRIEHE\ & 0 64 L 72 5B
Foa T, B OBRIE & L D58 SRR IEIZ O C
Bt e 4iv, LFO/@E e,

(DM @5 1R S IEMM247TH L FSETH D, Bl
B2 MM24ATHNE TH - 720 Z ULFEIM D )5 25INT18
MEDBHERME, BLCHIMHOTDI NI nzdEE
AbN5b,

(2)27 1) — TR R IXINT IS & ) R EREM TH ),

AR E LT, IN7I8M ONbXRZJE & Mk g D Bs
FUZH > THMT 52 e LN E R o7,

(B DA A 7 W RIEIL, FOTAOFEMTIE
MM247#F & O ARG E CTHRIAICTHIEL, 2o
e TIEMM247H & 74 O R EE I TR o W EE Tl
Y HMICH - 72

(4)27 V) — ZREHTREE IZINTISH, MM247H D &5 5 X D
DALHEE & 5720 INTI8M D 7 ) — TEI % il L
To A RERNT 2 ML, VB E)IC X 2INT18
MTOZ ) =TT AOBIN%EfER L7,

(5)F VL EE O 3 B EEARBUIINT IS TR 1) 3K L Ek oo g
MEEBIIFHEL AL ENHL2ERD, INTI8H T
D7) —THREIEKE R BEMER S L Lz,

ZEXMW

(1)

Download service for the GTSJ member of ID , via 153.121.55.14, 2025/05/31.

S. Nakano, Y. Hayasaka, et al., Development of an
Advanced Micro Turbine System Using Humid Air
Turbine Cycle, ASME, GT2004-54337 (2004).

M. Okazaki, Y. Mutoh, T. Yada, and M. Yamaguchi,
Creep-Fatigue Behavior of Dissimilar Metal Electron
Beam Welded Joint, JSMS, Vol. 36, No. 410, pp. 1239 -
1245 (1986).

M. Preuss, P. J. Withers, and G. J. Baxter, A
comparison of inertia friction welds in three nickel
base superalloys, Materials Science and Engineering A,
437, pp. 38 - 45 (2006).

Z. W. Huang, H. Y. Li, M. Preuss, M. Karadge, P.
Bowen, S. Bray, and G. Baxter, Inertia Friction
Welding Dissimilar Nickel-Based Superalloys Alloy 720
Li to IN718, Metallurgical and Materials Transactions
A, Vol. 38A, pp. 1608 - 1620 (2007).

F. Daus, H. Y. Li, G. Baxter, S. Bray, and P. Bowen,
Mechanical and microstructural assessments of RR1000
to IN718 inertia welds - effects of welding parameters,
Materials Science and Technology, Vol. 23, No. 12,
pp.1424 - 1432 (2007).

M. Okazaki, M. Sakaguchi, et al, Creep-Fatigue and
Thermo-Mechanical Fatigue of Friction-Welded IN718/
MarM247 Dissimilar Joint, Superalloys 718,625 and
Various Derivatives 2008 (2008).

Aerospace Structural Metals Handbook, 1999 Edition,
Purdue Research Foundation (1999).

Hshin-Erh Huang, Chun-Hao Koo, Effect of Solution-
Treatment on Microstructure and Mechanical
Properties of Cast Fine-Grain CM247LC Superalloy,
Materials Transactions, Vol.45, No.4, pp.1360-1366
(2004).

K. Hayashi and K. Kakei, Effect of Heat Treatment
on Mechanical Properties of Inconel 718, J. Japan Inst.
Metals, Vol.74, No.8, pp. 501-507 (2010).

C. R. Brinkman, M. K. Booker, and ]J. L. Ding, Creep
and Creep-Rupture Behavior of Alloy 718, Superalloys
718,625 and Various Derivatives 1991, pp. 519 - 536
(1991).

R. L. Huddleston, An Improved Multiaxial Creep
- Rupture Strength Criterion J. Pressure Vessel
Technology, 107, 421 (1985).

M. Sakaguchi and M. Okazaki, Thermo-Mechanical
and Low Cycle Fatigues of Single Crystal Ni-Base
Superalloys; Importance of Microstructure for Life
Prediction, JSME International Journal, Series A,
Vol.49, No. 3 (2006).

K. Kuwabara, A. Nitta, and T. Kitamura, Elevated
Temperature Low Cycle Fatigue Strength of Forged
Ni-base Superalloy IN718, JSMS, Vol. 32, No. 357, pp.
657 - 661 (1983).



506 BAHX 4 —E %454

Vol.41 No.6 2013.11

| Beffrsm S

BB T OX RIS X 2 iR G

Fluid Mixing of Opposed Jet Flows in the rectangular duct

R B

NAGAO Takahisa

ABSTRACT

MATSUNO Shinsuke

R g™ D el

HAYASHI AKoichi

The opposed jet flow is measured and its CFD simulation is performed to study the flow behavior in a rectangular

duct. The jets are oppositely collided in a one-side-closed rectangular duct. In order to understand the whole

combustor flow field it is necessary to study air jet dilution effects which are typically arranged by opposed jets.

Experiments and simulations are performed using air, where the Reynolds number is 2x10%, based on jet diameter and

jet velocity. Velocity distribution and turbulent intensity are measured by Laser Doppler Velocimetry, and simulated

by a large-eddy simulation. LES results are generally in quantitative agreement with the experiment. The details of

fluid flow are discussed with the results of CFD. In the results of CFD, jets are impinged almost stably each other.

However, the radian jet which is generated on impinging plane is fluctuated. This result suggested that mixing of

opposed jets impinged flow are concerned with radial jet fluctuation.

Keywords: Y= v bV, MBESE HZemiE, LES

Jet Engine, Combustor, Opposed jets, LES
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Two-Dimensional Three- Components PTV Measurement of Film Cooling Flow
over Dimpled Cutback Surface at Airfoil Trailing Edge

i LY 3

SAITO Hiroshi WATANEBE Kaname

MH o A R

MURATA Akira IWAMOTO Kaoru

ABSTRACT

Cooling at trailing edge of gas turbine airfoil is one of the most difficult problems because of its thin shape:
high thermal load from both surfaces, hard-to-cool geometry of narrow passages, and at the same time demand for
structural strength. In this study, the turbulent flow over the dimpled cutback surface is experimentally examined
aiming at heat transfer enhancement without disturbing the cooling film. Three types of dimples (spherical,
teardrop, and 45deg angled teardrop) were examined by using two-dimensional three-component particle tracking
velocimetry (2D3C-PTV). Reynolds number of the main flow was 18,000, and blowing ratio was varied from 0.5
to 2.0. In the spherical dimple case, flow separation and reattachment occurred at the leading and trailing edges of
the dimple, respectively. On the contrary, flow separation was suppressed in the teardrop dimple case. In the 45deg
angled teardrop dimple case, secondary flow in the dimple was observed in addition to the flow separation and
flow reattachment at the leading and trailing edges. The effects of blowing ratio on the turbulent statistics were also

discussed.

Key words : Film Cooling, Dimple, Flow Visualization, Particle Tracking Velocimetry, Turbulent Flow
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Investigations of the Performance on Vaned Diffusers for Centrifugal Compressors
(3rd Report: Supersonic Diffusers)
I Hag™! et A Bk
KAWANISHI Tsukinami KUMAMARU Hiroshige SUGIMOTO Takao
ABSTRACT
In this report, the performance of supersonic diffuser was investigated, as part of the study about the performance
on vaned diffusers for centrifugal compressors. In the supersonic diffuser, not only non-uniform distribution of the
flow at impeller exit, but also shock loss generated by a shock wave deteriorates the performance of the diffuser.
This report shows the results of experiment and unsteady fluid analysis carried out with a high speed single stage
centrifugal compressor having a supersonic flow condition at impeller exit. The experiment was carried out to confirm
the performance properties of supersonic diffuser. And the unsteady fluid analysis was carried out by using a Non
Linear Harmonic method in order to understand the flow condition in the diffuser, focusing attention on a generation
of shock wave particularly.
Key words : Gas Turbine, Centrifugal Compressor, Impeller, Diffuser, Supersonic ,
Impeller-Diffuser Interaction,Unsteady Flow, CFD
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