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Abstract

In Germany a comprehensive research and development program was initiated in 1968 for a
Brayton (closed) cycle power conversion system. The program was for ultimate use with a high
temperature, helium cooled nuclear reactor heat source (the HHT project) for electricity generation
using helium as the working fluid. The program continued until 1982 in international cooperation
with the United States and Switzerland. This document describes the designs and reports the
results of testing activities that addressed the development of turbines, compressors, hot gas ducts,
materials, heat exchangers and other equipment items for use with a helium working fluid at high
temperatures.

The program involved two experimental facilities. The first was an experimental cogeneration
power plant (district heating and electricity generation) constructed and operated by the municiple
utility, Energieversorgung Oberhausen (EVO), at Oberhausen, Germany. It consisted of a fossil
fired heater, helium turbines, compressors and related equipment. The second facility was the
High Temperature Helium Test Plant (HHV) for developing helium turbomachinery and
components at the Research Center Julich (KFA). The heat source for the HHV derived from an
electric motor-driven helium compressor. These facilities are shown in the photos on the
following pages.

In both facilities negative and positive experiences were gained. At initial commissioning
operation difficulties were encountered with the EVO facility, including failure to meet fully the
design power output of 50 MW. The reasons for these difficulties were identified and as far as
economically feasible the difficulties were corrected. At the HHV some start-up problems also
occurred, but were soon corrected. The research and development programs at both facilities can
be judged successful and fully supportive of the feasibility of the use of high temperature helium
as a Brayton cycle working fluid for direct power conversion from a helium cooled nuclear
reactor.

Unfortunately, the HHT project was terminated in Germany and both test facilities have been shut
down. Except for information on life testing the facilities accomplished their missions. If helium
turbomachinery technology is reconsidered for power conversion from a helium cooled nuclear
reactor, no unresolvable problems have been identified in these turbomachinery test facilities.

* Present address: Loner Hdhenweg 22,
D-52491 Bergish Gladbach 1,
Germany
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1. Introduction

This report gives a survey of the design and operational experiences gained from high
temperature, helium turbomachinery testing in Germany, which formed a portion of the high
temperature turbine (HHT) development program. In addition appendices have been provided on
other experimental programs relevant to the HHT project and on a short history of the HHT
project (Appendix I).

This report describes the initial difficulties, the improvements made and the results achieved.

Some of the experimental results achieved are not publicly available, because they are classified
as "proprietary information" within the gas-turbine-technology and high-temperature-technology
industrial communities of Germany. Therefore in some cases only a short survey could be
given.

2. Design of Test Facilities and Description of Turbomachinery

2.1 Helium Turbine Cogeneration Power Plant (EVO)*

2.1.1 Development Goals

(Ref. [ 1 ] , [ 2 ] , [ 3 ] )

Beginning in 1960 the municipal energy utility of Oberhausen (EVO) operated on its grid a
closed-cycle, hot-air turbine plant for the combined generation of electricity and district heat.
Due to increasing demand, an extension of the power plant capacity was decided upon in 1971.

EVO: Energieversorgung Oberhausen AG

OBERHAUSEN II
HELIUM TURBINE PLANT
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The EVO decided to apply a closed-cycle helium turbine cogeneration power plant in
consideration of the requirements for a commercially operated power plant for the cogeneration
of electricity and district heat. This decision recognized the favorable thermodynamic properties
of helium, which promised an attractive application of closed-cycle gas turbines, as well as the
goals for the international development of the High Temperature Reactor (HTR) using a direct
cycle High Temperature Helium Turbine (HHT) power conversion system, as defined in the 4th
Atomic Program of the Federal Republic of Germany. With this plan a large-scale practical
contribution to the German nuclear program in a commercially operated power plant could be
made. In order to optimize the experiences to be gained, it was decided to provide a "nuclear
design" for the helium-systems and the turbomachinery and to use as high helium-temperatures
and helium-pressures to the greatest extent possible, taking into account the staterof the art of
materials and components at the decision date.

2.1.2 Test Operation Goals

(Ref. [ 3 ] )

The following experiences were to be gained with the test plant:

• Nuclear design of the helium systems and of the turbomachinery

• Mechanical, thermal, aero-dynamic and dynamic behaviour of the helium-turbine and
of the low-pressure (LP) and high-pressure (HP) compressors, including rotor shafts,
blades, shaft seals and cooling systems

• Acoustic emissions and propagation within the plant and into the environment

• Behaviour of hot gas ducts, bellows, valves and insulation under thermal loads, pressure
gradients, acoustic emissions and helium impurities

• Experience with different operating conditions (start-up, steady state power and shut-
down)

• Power regulation

• Remote operation (simulating nuclear reactor applications)

• Behaviour of all other helium-components including heat exchangers and purification
system (except radioactive impurities)

• Longterm operational behaviour of all helium components and helium systems as well
as of the turbomachinery under the conditions of a commercially operated, cogeneration
plant
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2.1.3 Design and System Description

(Ref. [ 4 ], [ 5 ], [ 6 ], [ 7 ], [ 8 ], [ 9 ], [ 10 ], [ 11 ], [ 12 ] , [ 13 ], [ 14 ], [ 15],[ 16 ])

a) Overall Design

The design of the EVO test plant provided for an electrical power of 50 MW and a heating
power (district heat) of 53.5 MW. The inlet temperature into the turbine was limited to 750 °C,
taking into account the life endurance of the materials for the first turbine stage blades and of
the helium heater.

A two-shaft design was selected for the turbomachinery. The high- pressure turbine drives the
compressors on the first shaft and the low-pressure turbine drives the generator by a separate
shaft. Both rotors are interconnected by a gear.

Air was applied as the working media for all previously operated closed-cycle gas turbines at
EVO, because the physical properties of air had been well known. Compared to air, helium has
distinct advantages for a closed-cycle gas turbine. First of all it is a chemically inert gas.
Moreover, it has very advantageous physical properties as can be seen from Table 2.1./I.

Table 2.1./1: Physical Properties of Air and Helium

Sound velocity at

Specific heat cp at

Isentropic coefficient

Heat conductivity

Dynamic viscosity

20 °C
600 °C

1 bar 20 °C
30 bar 600 °C

1 bar 20 °C
30 bar 600 °C

1 bar 20 °C
30 bar 600 °C

1 bar 20 °C
30 bar 600 °C

Air

343 m/s
584 m/s

1010 J/kg K
1120J/kgK

1.40
1.36

0.0265 W/m
0.0628 W/m

1.82 10-5
3.87 10-5

K
K

kg/ms
kg/ms

Helium

1007 m/s
1738 m/s

5274 J/kg K
5274 J/kg K

1.665
1.665

0.1466 W/m
0.3287 W/m

1.98 10-5
4.18 lO-5

K
K

kg/ms
kg/ms

The specific heat of helium (a measure for the heat capacity and heat transport) is five times
larger than that of air, thus requiring smaller heat transfer areas. The sound velocity is three
times as large, resulting in design advantages for the turbomachinery. In particular, the
permissible circumferential velocity of the heliumcompressor is no longer limited by sonic speed
consideration but by the centrifugal stresses of the blades. A characteristics of helium's large
specific heat is that the enthalpy difference between preselected temperatures is accordingly
large, resulting in a larger number of stages for a helium than for an air turbine.
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b) Flow Scheme

The basic flow scheme of the EVO helium turbine plant is shown in Fig. 1.

The helium working media is initially compressed in the low pressure compressor (1), recooled
in the intercooler (2) and additionally compressed to the plant design pressure of 30 bar in the
high pressure compressor (3). Preheating occurs in the recuperater (4) and final heating to the
plant design temperature of 750 °C occurs in the gas-fired heater (5). The compressed and
heated helium then expands in the high-pressure (HP) and low-pressure (LP) turbines, (6) and
(9) respectively. The compression ratio between the low-pressure and high-pressure compressors
was selected in such a way as to optimize the heating power for district heating, which is
transferred within section (8.1) of the precooler, while section (8.2) further cools the helium
working fluid prior to its entering into the low-pressure stage of the compressor (3).

1

2

3

4

5

6

8.2 8.1

Low pressure compressor

Intercooler

High pressure compressor

Recouperator

Heater

High pressure turbine

Fig.

Legend:

7

8

8.1

8.2

9

10

1: Flow-scheme

.

Low pressure turbine

Precooler

District heat removal section

Precooler section

Gear

Regulation bypass
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The thermodynamic cycle point conditions for the plant are shown in Table 2.1/2.

Table.2.1/2: Thermodynamic Cycle Point Conditions Data

No.

1
2
3
4
5
6
7
8.1
8.2

Component

Low Pressure Compressor
Intermediate Cooler
High Pressure Compressor
Precooler High Pressure Side
Heater
High Pressure Turbine
Low Pressure Turbine
Heater Inlet
Cooler Inlet

Temperature ° C

25
83
25

125
417
750
580
460
169

Pressure bar

10,5
15,5
15,4
28,7
28,2
27,0
16,5
10,8
10,6

The inlet pressure of 27 bar into the HP turbine was selected as a compromise. The largest
pressure for closed cycle gas turbines with air was 40 bar at that time. Conditions for a nuclear
heated plant provided with a helium-turbine were foreseen as about 60 bar, a helium-temperature
of 850 °C and a plant capacity of 300 MWe. The low pressure turbine was selected to deliver
power at a frequency of 50 Hz or 3000 rpm and is connected by a gear arrangement to the high
pressure turbine shaft that rotates at 5500 rpm. It has dimensions and stress loadings for the
rotor shaft for the blades and for the turbine housing which are very similar to those of a
300 MW helium-turbine plant considered at the time as the reference size. In addition to
optimization requirements a reason for the limitation of the primary pressure was the permissible
stresses for the material of the tubes of the fossil-fired heater.

2.1.4 Turbomachinery Description

(Ref. [ 4 ], [ 5 ], [ 6 ] , [ 7 ], [ 12 ], [ 13 ], [ 14 ], [ 15 ])

The rotor shafts of the LP compressor (see Fig. 2) and the common rotor shaft of the HP
compressor and HP turbine (see Fig. 3) were coupled by a gear assembly for the nominal
revolution of the HP shaft is 5500 rpm. The LP compressor was located in its separate housing
and the HP compressor and the HP turbine were located within a common housing. The split-up
of these three machines into two housings was made to avoid natural frequencies of the rotor
shafts at run-up, operational speed and rundown.

In order to ensure an easy accessibility to the bearings between the LP compressor and the HP
compressor without requiring the removal of the main housings the two housings were
interconnected by a pressure-tight tunnel.

As shown in Fig. 2, a ball-shaped housing, horizontally divided and welded from 8 ball-shaped
segments, was provided for the LP compressor. Thus led to minimizing both the housing wall
thickness and the helium-leak rate. The LP compressor had 10 stages. The blading was
designed according to the potential vortex theory. Along the complete blade length a reaction
ratio of 100 % was provided.
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As shown in Fig. 3, a common housing was provided for the HP compressor and the HP
turbine, similar to the provisions for the proven hot air turbine plants. In view of the natural
frequencies, the rotor shaft of the HP compressor was provided with a bore, whereas the rotor
of the HP turbine was formed by single disks connected via a Hirth-type coupling. Both rotor
sections were firmly bolted to each other by a tube-shaped bolt. The design of the HP turbine
housing was made with regard to the design of large-scale turbines for nuclear heated plants.
Therefore no inner insulation, be it foils or fibres, was provided. Rather a separate inner
turbine housing was provided, which was cooled by the passage of outlet helium from the HP
compressor.

The common housing of this unit is made of 8 ball-shaped segments at the ends and a cylindrical
center section.

The HP compressor has 15 stages, which like in the case of the LP compressor are designed for
a reaction ratio of 100 %. The HP turbine has 7 stage blading with a reaction ratio of 50 % for
the medium blade-length of the final stage. The turbine rotor is provided with cooling for the
rotor disks and for the blade feet. Since at nominal power the HP turbine power is just
sufficient to drive the LP compressor as well as the HP compressor, the gear interconnected
between HP section and LP turbine transfers only a small amount of power.

Fig. 4 shows the 11-stage LP turbine provided with a ballshaped housing also made of 8 ball-
shaped segments. In accordance with the prevailing grid frequency of 50 Hz the LP turbine
operated at 3000 rpm. The inlet nozzle (a) was located at the top of the housing and the outlet
nozzle (b) was at the bottom, thus minimizing the forces on the connecting pipes. Like in case
of the HP turbine, no inner insulation was provided. However an outer insulation on the outer
housing made of mineral wool was provided. The inner housing as well as the inlet nozzle and
inlet housings, located inside the outer housing, were cooled by the outflowing helium. The
inlet section of the housing (d) as well as the stationary blade carrier (e) were accurately adjusted
by means of several screw bolts (f) located on the outer housing. In order to ensure a better
thermal insulation the stationary blade carrier (e) was enclosed by a thin sheet-plate envelope (g).

For the sealing between bearings and the helium-circuit, a seal gas system consisting of 3
labyrinth seals (i, j , k) was chosen. Into the chamber 2, provided between the labyrith seals (i)
and (j) sealing helium was introduced. (In the case of a nuclear plant, clean helium would there
be introduced). In the labyrinth seal (i) the helium-flow was directed toward the bearing
(chamber 1). The sealing helium was mixed there with the oil drained from the bearing and was
subsequently regained in an oil-helium-seperation system.

Helium from the primary side was directed into chamber 3 and mixed there with the sealing
helium flowing from chamber 2 through the labyrinth seal (i). From there it flowed through the
labyrinth seal (k) into the primary helium-system.

By means of an adequate regulation of the pressure levels within the chambers provided between
the labyrinths seals it was ensured (for future application to a nuclear heated system) that under
no conditions of operation would primary helium carry radioactive impurities into the oil circuit.
In order to seal the shaft penetration at the housing, a floating ring seal and a static seal were
provided. This sealing principle was used for all 3 turbomachines.

The common rotor shaft of HP turbine and HP compressor was supported on two bearings
provided with multiple plain surfaces. The compressor section of the rotor shaft was made of
one forged piece using low-alloyed steel. This semi-finished forging was then machined to a
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a) Inlet nozzle
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/) Screw bolts

g) Sheet plate envelope
h) Radial bearing

i), j), k) 3-stage labyrinth seal
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1, 2, 3 Labyrinth chambers
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drum-shaped rotor. The turbine rotor shaft was made of high-alloyed austenitic steel disks
connected by means of a Hirth-type coupling and screw bolts to form the turbine rotor. HP
compressor rotor and HP rotor were both connected by screw bolts to form the complete
common rotor shaft. In spite of the provided blade foot cooling, austenitic steel was chosen for
the turbine rotor in order to ensure an appropriate behaviour in case of all credible operationing
conditions.

The blades for the HP compressor were made of forged semi-finished parts, which subsequently
were precisely machined. The blades for the HP-turbines were made by precision forging.

Due to the high sonic velocity of helium, it was possible to provide higher circumferential
speeds without closely approaching the sonic range. Therefore, it was possible to design the
compressor at the same circumferential speed for a 100 % reaction ratio, resulting in a higher
enthalpy increase step than in case of a compressor stage with a 50 % reaction ratio.

The bearing housings of all three turbomachines could be removed separately without opening
the horizontal flanges of the main housings. The flanges were provided with welded lip seals.

For the cooling of the housings of the three turbomachines, a multiple housing system with a
flow of low-temperature helium at the outer section was provided in order to avoid inner
insulation. In order to cool the HP turbine rotor and blade feet, a cooling flow of helium was
extracted from the HP compressor outlet and guided through the bore of the rotor shaft to the
ring-shaped chambers of the turbine rotor disks and then finally, after the last turbine stage,
ducted into the main helium-stream. The ring-shaped chambers were formed by the outer
surfaces of the rotor disks and the blade shoulder.

2.1.5 Power Regulation

(Ref. [ 4 ], [ 5 ])

The power regulation of the closed-cycle, helium turbine plant was designed using the same
principles used for the closed-cycle air turbine plants. In the normal case the power was
regulated by means of a pressure level regulation. When lowering the load, helium was
extracted from the main stream after the HP compressor through a regulation valve into storage
tanks. In case of a load increase, helium was returned from the storage tanks through an inlet
valve arranged ahead of the LP compressor into the main system.

For plant operation prior to grid-synchronization the regulation of the machine revolutions occurs
by means of a regulated bypass line provided between outlet of the HP compressor and outlet
of the LP compressor. Thus the high-pressure section of the heat exchanger and the helium-
heater as well as the turbines would be bypassed. Since the required compressor power
remained nearly constant, only about a third of the circulated helium must be bypassed in order
to achieve zero net power output.
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2.2 High Temperature Helium Test Plant (HHV)

2.2.1 HHV Goals

(Ref. [ 1 7 ] , [ 1 8 ] , [ 1 9 ] )

The HHV plant was to be an integral part of the development project for a high-temperture
reactor with a direct-cycle, helium turbine of large capacity (HHT). This project was carried
out in an international cooperation between the Federal Republic of Germany, Switzerland and
the United States.

Although proven gas turbine technology was used to the largest possible extent, the development
work for HHT has shown that experimental tests of the new and vital HHT components were
required. Since no test facility of sufficiently large size was avaible, it was decided to set up
a new test facility at the Research Center Jiilich (KFA). This should meet the HHT
requirements with regard to the necessary test conditions (sufficiently large helium flow, high
helium temperature).

2.2.2 Test Operation Goals

(Ref. [ 16 ], [ 17 ], [ 18 ])

The goal HHV plant was to test HHT components of sufficiently large size to permit the
extrapolation for HHT use.

The following test loop conditions were specified:

• Helium mass flow:approximately 200 kg/s

• Helium temperature: 850 °C with the possibility to reach 1000 °C for short time
periods

• Helium operating pressure:50 bar

• Adequate helium atmosphere with regard to non-radioactive impurities

• Sufficiently large test section for employing sufficiently large components to enable an
extrapolation to the HHT.

Test results were to be achieved in the HHV for the following main HHT components and
systems:

• Helium turbine with gas seals, oil seals, bearings, cooling systems, insulation
• Helium compressor with gas seals, oil seals, bearings
• Helium/helium heat exchangers/recuperators, coolers
• Hot gas ducts with valves, butter fly valves, bellows, bends
• Helium purification
• Coatings in helium atmosphere
• Material behaviour in helium atmosphere at high temperatures
• Instrumentation
• Acoustic emissions and propagations
• Dust and particles in the helium-circuit
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2.2.3 Design and System Description

(Ref. [ 17 ], [ 18 ])

a) Basic Design

The first design considerations for the HHV plant began with a system, where a fossil-fired
heater replaced the nuclear heat source. However, because of the desired peak temperatures of
850 °C (1000 °C for shorter periods) and the design pressure of 50 bar mere were feasibility
concerns about the lifetime capability of such a fossil-fired heater. Thus a test circuit was
chosen comparable to a closed-cycle gas turbine plant as shown in Fig. 5.

In this arrangement the compression heat from the compressor is used to heat up the helium to
the desired temperature. The required compressor power was 90 MW with 45 MW generated
and regained by the expansion in the gas turbine and 45 MW introduced by the
electric drive motor. The selected combination of the turbine and compressor on one shaft
resulted in dimensions being comparable with a helium turbine of 300 MW capacity (the
reference plant size at the time).

b) Design Description

The flow scheme of the HHV test loop is shown in Fig. 6.

Helium was circulated in the hot gas system by means of the electrically-driven turbomachinery.
A synchronous-motor at 3000 rpm was used as the electrical drive.

Test Section
1

Legend:

1 Test section

2 Helium-turbine

3 Duct to compressor inlet

4 Compressor

Fig. 5: HW test circuit
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Legend:

1 Turbomachinery
2 Synchronized motor 45 MW
3 Start-up motor 4.5 MW
4 Cooling gas compressors
5 Motor for cooling gas

compressors, 6.5 MW
6 Hot-gas duct
7 Bypass
8 Coaxial test section
9 Test section vessel

10 Hot-gas outlet
11 Emergency relief
12 Cooling gas inlet
13 Heater
14 Main cooler
15 Intermediate cooling

water circuit
16 Cooling water pump
17 Water-air cooler
18 Sealing gas cooler
19 Hot-gas cooler
20 Helium storage
21 Piston-type compressor
22 Vaccum pump
23 Helium purification system

Fig. 6: Overall flow scheme of the HHV



The highest helium-temperatures were achieved at the HP compressor outlet. Hot helium could
be conducted completely or partially through the test section or directly bypassed back to the
turbine for expansion by means of hot gas ducts provided with regulation valves.

A helium/water cooler was provided in order to ensure the desired temperature equilibrium
between added and removed heat as well as to supply cooling gas and sealing gas.

The principal design parameters for the helium circuit are given in the following Table 2.2/1.

Table 2.2/1: Principal Design Parameters of Helium Circuit at
Nominal Power

Compressor outlet
Test section inlet
Turbine inlet
Main cooler inlet
Cooling gas compressor inlet
Cooling gas for coaxial hot gas duct
Sealing gas outlet

Temperature
°C

850
850
826
390
236
300
50

Pressure bar

51.20
51.20
49.70
49.50
49.00
51.20
52.75

Flow Rate
kg/s

212.0
201.0
209.0
53.5
56.8
22.9
2.3

The total helium content in the circuit was approximately 8000 Nm3 and the helium throughput
for purification was approximately 1000 Nm3/h.

2.2.4 Description of Turbomachinery

(Ref. [ 17 ], [ 18 ])

As shown in Fig. 7, the turbine and the compressor were arranged on a single shaft. The
turbine has two stages, the compressor eight.

Helium flowed through the inlet nozzle into the turbine section. Behind the compressor outlet
helium flowed through the outlet diffusor into the outlet nozzle and from there into the hot gas
duct. Inside the turbomachinery only the inlet and outlet nozzles, the diffusors and the blading
channel were exposed to high temperatures. All other sections of the machine (blade feet, rotor
and housing) were cooled by means of the cooling gas system or the sealing gas system (see Fig
8).

The rotor provided for the turbomachine had a weight of 60 Mp, a bearing distance of 5.7 m
and a total length of about 8 m. The blading channel had an inner diameter of 1.6 m and an
outer diameter of 1.8 m at an overall length of about 2.3 m.

The rotor was constructed by welding several forgings of heat-resistant ferritic material and was
provided with longitudinal grooves for attaching the blading. The turbine was equipped with
two blade rows, each consisting of 84 rotor blades and 90 stationary blades, while the
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5 3 2 4 6 72 7.1

Legend:

1 Rotor
2 Outer housing
3 Bearing
4 Labyrinth seals

5 Shaft seal

6 Stationary blade carreir
7 Blading
7.1 Turbine section

7.2 Compressor section
8 Connecting nozzles to and from hot-gas ducts

Fig. 7: Longitudinal section of turbomachine



Legend:

1 Inlet at stator compressor section
2 Sealing gas outlet
3 Inlet into rotor

4 Low pressure side
5 Sealing gas inlet

6 Gas outlet nozzle

7 Gas inlet nozzle
8 Outlet at stator
9 Inlet at turbine section

10 Sealing gas outlet
11 Outlet from rotor
12 Drive-motor side

13 Sealing gas inlet
14 Gas outlet nozzle
75 Gas inlet nozzle

Fig. 8: Cooling and sealing gas flow in the turbomachine



compressor had 8 blade rows each with 56 rotor blades and 72 stationary blades. All blade feet
were provided with a helium cooling. The blades were manufactured from Nimocast 713 LC
using a vacuum precision casting procedure.

The rotor was supported on two segmental shoe bearings with forced oil lubrication. The one
bearing located outside the turbomachine between drive motor and turbomachine at the interim
shaft was designed as the axial fixed point of the rotor shaft (thrust bearing). The fixed point
for the turbomachine housing was provided at the compressor outlet stud.

The turbomachine housing was made of cast steel and was horizontally divided at a flange joint.
The flange surfaces had been growned and a sealing paste (Poly-Butyl-Cuprysil) was used to
ensure the tightness. However, at the first leak tests it became evident that this sealing was not
sufficient. Thus three additional grooves for accommodation 0.3 mm diameter gold rings and
a purge groove were provided (see. Fig. 9).

The schematic designs of the shaft seals for operation and for shutdown, and for the bearing
lubrication oil supply are shown in Fig. 10. The shaft seals are connected to the front flanges
of the turbine housing.

The chosen floating ring seal design corresponds to the proven technology used for hydrogen-
cooled generators. In addition, this design has been pretested at Brown Boverie Cie (BBC) -
now Asea Brown Boverie (ABB) - in a special seal testing stand.

2.2.5 Power and Temperature Regulation

(Ref. [ 17 ], [ 18 ])

The power and temperature regulation of the test plant occured at constant revolutions of the
turbomachinery. The temperature as well as the pressure were regulated by adjusting the helium
flowrate, respectively the cooling water massflow at the cooler in the helium bypass line (see
Fig. 5).

The nominal operating temperature of the helium main circuit could be regulated between 850
°C and 1000 °C. The nominal pressure of 50 bar remained constant.

3. Technical Experiences gained from the Test Plants

General Remarks

The technical experiences gained from EVO and HHV test facilities are summarized from
numerous reports. It was to be expected that the judgements of different companies or persons
on the same subject would not always be consistent. The largest portion of those discrepancies
might be explained by a different background of experiences or different technologies known and
applied by the different companies and persons. Nevertheless it was attempted to select the most
competent judgements on the specific items. But in case of the most important items (e. g. the
turbomachinery) different judgements or statements or details are retained with respect to the
same subject in order to ensure that no important aspects were omitted.
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Legend:

7 System pressure

2 Purge groove

3 Sealing wire

4 Outer atmosphere

5 Bolt chamber

Fig. 9: HHV flange joint seal
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Legend:

1 Helium sealing oil

2 Vacuum sealing oil
3 Air sealing oil

4 Air oil storage tank

5 Vacuum oil storage tank
6 Air

7 Helium separation tank

8 Helium sealing oil storage tank

9 Standstill seal

10 Helium/bearing oil

11 Helium/bearing oil storage tank

12 Helium

Fig. 10: Schematic designs of the shaft seals for operation and for stiiistand
and of the lubrication oil supply for the bearings



3.1 Turbomachinery

3.1.1 EVO - Turbomachinery

3.1.1.A Summary on the operational experiences as published by EVO

(Ref. [ 19 ], [ 20 ], [ 21 ], [ 22 ], [ 23 ], [ 24 ], [ 25 ], [ 26 ], [ 27 ], [ 28 ])

General Operation Experiences

The turbogenerator was initially synchronized to the grid on November 8, 1975. Up to the end
of 1988 (final shut-down) the helium-turbine plant had achieved approximately 24,000 hours of
operation, not including periods when it was used for test purposes in isolated operation. A total
of 11,500 hours of operation had been at the design temperature of 750 °C.

During the operation many components and systems showed good performance. However, for
some components unexpected problems arose.

Vibration Problems

Since it was known and expected that the long and slender rotor of the HP-set would be
susceptible to vibrations, the vibration behaviour was carefully precalculated in the planning
phase. The dynamic behaviour of the rotor was distinguished as follows:

• forced oscillations (due to unbalances and/or thermal distortions)

• resonance frequencies and

• self excitated oscillations (sealing gap excitations, hydromechanical forces in the
lubrication oil film, elastic hysteresis, shrink fit friction)

The first resonance frequency of the HP-set was originally calculated to be about 2050 rpm,
assuming stiff bearings. The first resonance frequency of the LP-set was calculated to be about
1800 rpm.

These calculations indicated that a large safety margin for the stability limit was to be expected.
Nevertheless, at the first startup and as soon as the pressure and temperature had been increased
a sudden rise of the shaft oscillation amplitudes at the rotor of the HP-set was detected. These
oscillation amplitudes were so large that the design value of speed and power could not be
attained. Moreover severe damages occured at the sliding surfaces of the bearings including
partial tearing the bearing surfaces.

At about 1450 rpm excessively large oscillations due to self-excitated vibrations were observed.
The measured first resonance frequency was about 1950 rpm (as against 2050 rpm in the
precalculation). The conclusion is, that approximately 100 to 200 rpm must be deducted from
the theoretical calculations for stiff bearings to meet the realistic conditions.
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Time

Fig. 11: Measurements of the vibrations actually accrueing

at the bearings of the HP-turbine (measuring points

staggered by 90°) before performing modifications

In order to overcome the large oscillation amplitudes which mainly were due to large imbalances
and thermal distortions of the rotor, new balancing was carried out and the gear was modified
to permit a lower running speed of the HP-set. As further reasons, a gap excitation was
suspected together with a "unfavorable design" of the bearings. To clarify these latter items
special measurements for different types of bearings were performed.

Fig. 11 shows a record of the overall amplitude of the rotor oscillations measured at two
measuring points staggered by 90°. These measured oscillations were typical for the vibrations
observed with the EVO-turbomachinery and indicated self-excitated vibrations. Taking into
account the known effects that influence a self-excited vibration, various countermeasures were
taken including providing transverse strips in the labyrinth seals.

Instead of orginally provided cylindrical bearings various types of bearings, multiple plain
surfaces bearings with/without grooves, different wedge-type of bearings with different
width/diameter ratios and various tilting-segment-type bearings, were also tested in the course
of further operation.

It was also decided to modify the rotor support that had a large influence on the vibration be-
haviour. The rotor design was changed in order to shorten the bearing distance and to achieve
a stiffer drum shaft within the compressor section. Fig. 12 shows a longitudinal section of the
rotor of the HP-set before and after the modification. This change led to a substantial increase
of the critical rotor frequency and the running behaviour became very quiet and satisfactory.
The theoretically calculated resonance frequency (assuming stiff bearings) was then
approximately 2600 rpm.

The result of these efforts was that there was a distinct rise of the stability limit with regard to
higher operating pressures and higher speeds (speeds increased in steps from 4532 rpm to 5136
rpm, to 5300 rpm and finally to 5500 rpm). The power of the turbo-set did not reach the nomi-
nal power, however.
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Fig.12: Modifications of the rotor shaft of the HP-set



The unexpected vibration problems and severe bearing damages were a large part of the cause
of the unplanned plant shutdowns. However, the countermeasures taken were so effective that
the problem of the rotor oscillations is considered solved. After having carried out the above
modifications new measurements were taken for the total turboset and especially for the HP-set.

Fig. 13 shows the measurements of the vibrations actually accrueing at the bearings of the HP
turbine (measuring points staggered by 90°) after the modifications.

This figure shows distinctly that the turboset was running quietly and that the oscillation
amplitudes still observed, in the order of 10 (im, were sufficiently low for turbosets of this size.
Only at one measuring point was an amplitude of 110 pm measured. Overall, the vibration
pattern was smooth and the machine ran quietly.

Fig. 14 shows the runup spectrum measured by a sensor located at the turbine side of the HP
shaft rotor (measuring point VO 4). This is further proof of the success of the improvements.
The indicated retention times in Fig. 14 have been shortened substantially. This figure too
shows, that the oscillation amplitudes at all frequencies have become reasonably low and accept-
able.

Analysis of Vibration Problems

The self-excitated and gap-excitated oscillation and bearing problems of the turbine revealed a
surprising discrepancy between theory, state of the art at the time when the helium-turbine was
designed, and the actual results. It must be pointed out, however, that fundamental
investigations regarding gap excitation and bearing characteristics had only been initiated at the
time when the helium-turbine was under construction. Moreover, during the design the
excitation forces resulting from the blading and accrueing in the labyrinth seals could only be
roughly estimated. The excitation forces accrueing in the labyrinth seals were also known only
approximately.

pro

500

Time

Fig. 13: Measurements of the vibrations actually accrueing

at the bearings of the HP-turbine (measuring points

staggered by 90°) after the modifications
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Fig. 14: Runup spectrum of the EVO-turbomachinery (October 1980)

The bearing characteristics knowledge was only improved continuously from the beginning of
the 1970's onward. In 1987 EVO initiated a comprehensive summarizing analysis and
judgement of the bearing problems, carried out by competent experts. The characteristics of
many types of bearings and bearing geometries applied in the course of the operation of the
turbine, were recalculated in terms of a permissible gap excitation coefficient, qer. The
summarizing results are given in Fig. 15.

The so-called gap excitation coefficient was introduced to characterize the ratio of gap excitation
force and rotor bending amplitude. The gap excitation coefficient to be achieved by the
bearings, as calculated, is given on the ordinate. It can be seen that the original bearings even
had a negative or extremely low qCT being the cause for the unfavorable vibration behaviour.
From bearing No. 5 onwards qer is distinctly larger than zero. The measures subsequently taken
led to a further improvement of the qer. Thus it can be seen that the countermeasures taken were
correct.

A theoretical calculation of the prevailing gap excitation coefficient on the basis of the excitation
forces resulted in a value of about 18 KN/mm as indicated by the horizontal line in Fig. 15.
This shows that the bearing modifications using the original rotor were not qualitatively
sufficient.

202



A distinct improvement of the overall oscillation behaviour becomes evident only after having
decreased the bearing distance on the rotor.

For the design of new helium turbines, it is recommended that to ensure a quiet running and
stable behaviour the first critical frequency should be as high as possible and that turbulence
straightening sheets arranged in the shaft seals should be provided. In addition, non-sensitive
bearings such as tilting segment bearings, should be used whereever possible.

Non-Achievement of the Nominal Power

Within the first three years a maximum electrical power of 28 MW could not be exceeded
because of the seal-gap-excited oscillations, the bearing problems, the shaft imbalances and the
thermal distortions. After having modified the rotor of the high pressure stage, nominal values
of pressure, temperature and could be reached, but nominal power could not be reached. In
order to understand the reasons for this power deficit, measurements were taken at various
steady-state operating levels. Of particular interest was that level of operation where the actual
operating values largely corresponded with the nominal design parameters.

q e r

No.

B/D

SV

1

0.72

-

0,68

2

0.72

-

—

3

0.72

2,75

—

4

0.72

3.5

-

5

0.5

4.0

10,12

6

0.5

4.0

1,6

15,40

7

0.5

4.5

1.6

18,67

8

0.5

4.5

1,7

21.82

9

0.5

4.5

1.6

47.95

10

0.3

-

1.6

31,63

11

0.5

-

1.6

23.57

Unit

-

-

kNymm

B/D Ratio bearing width / shaft diameter
SV Ratio bearing gap / shaft diameter
Y Minimum relative bearing gap

5 0 T

25"

0 H 1 H-H 1 1 1 1 1 1
Nr. 1 2 3 4 5 6 7 8 9 10 11

1 - 2 Bearings consisting of multiple plain surfaces with/without groove

3-9 Wedge-type bearings

10-11 5 tilting segment bearings

Fig. 15: Permissible gap excitation coefficient qer for the different

applied bearing types resp. bearing geometries
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At these conditions the nominal speed, the helium-inventory, temperatures at the inlets into the
compressors and the HP turbine, and the inlet pressure into the compressor corresponded with
the design. The plant should have reached its nominal design power, but the actual electrical
power of the plant amounted to 30.7 MW (nominal: 50 MW) and the heating power reached
66.5 MW (nominal: 53.5 MW).

An accurate analysis has shown, that the deficiency of power production was due to deficiencies
inside the turbo-set. The blading efficiencies did not reach the nominal design values and the
helium-mass flow rates for the cooling and the sealing gas (which are deducted after the
compression) had been far larger then predicted. Since mis lost helium-flow does not produce
power in the turbine, an accordingly large power loss resulted. Additionally, large losses
occured due to insufficient flow guidance from the inlet diffusor into the first blade row.

Finally, EVO had decided to accept the helium turbine from the manufacturer in spite of non-
conformance with the supply contract. This decision was made because helium-specific
experiences could nevertheless be gained with the actual plant conditions and because the plant
could be operated (in spite of the lower electrical power) as a cogeneration plant satisfying the
required district heat demand.

Design Modifications to Reduce the Power Deficit:

As the observed power deficit had been explained to a very large extent, several measures were
identified to enable its reduction. One measure would be to optimize the flow conditions for the
inflow and outflow areas of the compressor and turbine sections in order to minimize the
pressure drop losses and to achieve an optimum inflow into the blading. Moreover, a reduction
of the blade gap losses would be required. That could be achieved by a reduction in rotor
vibration and better selection of materials. The materials for both the rotor and the stationary
blade carrier should be selected to optimize thermal expansions to achieve minimum gaps at
operating conditions. One approach would be the replacement of the non-cooled austenitic
stationary blade carrier in favor of a ferritic one, with cooling provided at necessary locations.
Preferably no cooling at 750 °C should be provided at all, taking into account possible improve-
ments in avaible blade and rotor materials. A third approach that seems to be possible would
be a further optimization of the stationary blade profiles and rotor blade profiles.

The modifications required to achieve the nominal power for the current design would have
required such large expenses, that a new design would have been economically preferable.
Therefore a new concept for the turboset had been prepared, as shown in Fig. 16. The essential
difference in this new design is that the turbine is no longer split up into high pressure and low
pressure sections. Moreover both the high pressure and low pressure sections of the compressor
have been optimized. A larger number of blade rows, compared to the former design, because
a reaction ratio of 50 % instead of 100 % was selected for the blading design. All turbo-
machines run at a speed of 90 Hz, so that a gear must be provided between turboset and genera-
tor. If this concept is applied the nominal power could be reached at the previously provided
circuit parameters.

Rotor Seals

The sealing systems of the rotors at the penetrations through the housings are a good example
for the numerous systems which have proven an excellent functionality since the commissioning
of the EVO facility.
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Fig. 17 shows the schematic design which seals the main circuit against the bearing oil circuit,
and the bearing oil circuit against the atmosphere.

Sealing against the atmosphere occurs by means of a sealing oil type gasket. One half of the
introduced sealing oil flows together with the discharged bearing oil from chamber (6) into a
closed low pressure oil tank. The other half of the sealing oil gets into contact with the ambient
atmosphere and returns through pipe (8) directly into the sealing oil tank.

For the orderly functioning of the system it is most important that the pressure differentials
indicated are maintained. Since the power of a closed gas turbine cycle is regulated by means
of a pressure change in the main circuit, it is necessary to regulate the pressures in the auxiliary
circuits accordingly in order ensure the appropriate sealing function. The provided system has
proven its orderly function without any operational problems.

The last stage of the HP turbine can be seen on the left side of the figure. Between that stage
and the bearing three labyrinth seals, separated by the inner chamber (2) and the outer chamber
(3), are provided. Pure helium at high pressure is introduced with a defined overpressure into
chamber (2). From there it flows to the left into the main circuit as well as to the right, in the
direction of the bearing. From the outer chamber (3) one portion of the sealing helium is
directed to the corresponding system at the LP turbine. The other portion of helium flows to
the right through a third labyrinth seal and there, together with a part of the bearing oil, through
pipe (4) to a helium-oil-separation stage, where both media are returned to the corresponding
circuits.

Summary

At the design and construction stage of the EVO plant new and still insufficiently known
technologies had to be applied. Nevertheless this prototype plant demonstrated, after having
settled initial difficulties, that such a helium turbine plant can run in a continous and reliable
operation.

3.1.1.B Shortened Summary of the Necessary Improvements, as proposed by
Siemens/Kraftwerksunion (KWU)

(Ref. [ 2 1 ] , [ 2 9 ] )

The operational experiences with the turboset as well as the results of the power measurements
of the EVO-turbomachinery are summarized below. Based on these results improvements and
modifications have been proposed by Siemens/KWU (see Fig. 16).

Operational Experiences

Self-excited shaft bending vibrations, induced by seal-gap excitations at the HP-turbine rotor and
amplified due to an unfavorable bearing design, resulted in a rubbing within the labyrinth seals
and at the radial blade and caused blade defects. The radial gaps had to be enlarged, leading
to a large increase of the sealing gas and cooling gas losses, that were not considered in the
original thermodynamical design.

Subsequently, the bearing axial distance at the HP rotor was reduced by 600 mm in order to
improve the running behaviour of the rotor. In addition, the slide plain bearing design was
modified in order further to stabilize the rotor.
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Legend:

1 Sealing helium and HP-circuit-helium

2 Sealing helium inlet
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5 Bearing oil inlet

6 Bearing oil and sealing oil outlet
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8 Sealing oil outlet
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Fig. 17: Sealing helium and sealing oil systems at the HP-turbine



2. Power Measurements

After having carried out the above described modifications, there still were large deficits of the
turboset power generation compared to the original design. Whereas the nominal power was 50
MW, the actual maximum power was 30.5 MW. The nominal design heating power of 53.5
MW was exceeded however and amounted to 66.5 MW. Power measurements and recalulations
were carried out for three different operating conditions. For the nominal operating conditions,
it was confirmed that the applied KWU computer code came to the same result for the nominal
power of 50 MW, when using the same assumptions for the thermohydraulic and mechanical
design of the turbomachinery and circuit that had formerly been used by Gute Hoffnungshutte
(GHH). When inserting the latest measured actual parameters of the turboset and of the circuit,
the measured electrical power of 30.5 MW at nominal conditions was recalculated to be
30.7 MW, which is nearly identical.

The following power losses have been measured and recalculated for the 100 % nominal circuit
conditions:

Turbomachinery:

• Flow losses in the inlet diffusor and in the 1.3 MW
blading of the LP compressor

• Flow losses in the inlet diffusor and in the 4.0 MW
blading of the HP compressor

• Blade gap losses, flow losses in the HP-turbine 3.9 MW

• Profile losses due to remachined blades 2.4 MW
after having detected damaged blades
in the LP turbine

• Increased sealing and cooling gas flow 5.3 MW
rate in all four machines

Total Turbomachinery Loss 16.9 MW

Additional loss due to higher pressure 2.6 MW
drop in the circuit

The total power loss in the circuit was 19.5 MW .

This means that in order to overcome the power deficit, it was necessary to modify the
turbomachinery and its components as well as the main circuit in such a way that the
theoretically assumed design parameters would be fulfilled by the mechanical design of the
turbomachinery and of the circuit.

Flow and Blading Losses in the Turbomachines

In order to overcome the power losses due to flow and blading losses, the following
countermeasures could have been taken:
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Modification of the inflow and outflow sections of the compressors and turbines
(experimental tests would be required).

Reduction of the blade gap losses by designing essentially vibration-free rotors. The
materials for the rotor and the stationary blade carrier should be related to each other
in such a way that minimum gaps will be achieved at operating conditions ( e. g.,
replacement of the non-cooled, austenitic stationary blade carrier by a ferritic one).
Cooling must be provided as needed when the ferritic material requires lower operation
temperatures.

Optimization of the applied profiles for the stationary blades and the rotor blades by
using a reaction ratio of 50 % at both compressors instead of 100 %.

Sealing and Cooling Gas Losses

Due to the excessive vibrations of the rotors, parts of the labyrinth seals had to be removed by
machining, thus increasing their clearances. This resulted in the additional sealing and cooling
gas losses amounting to 5.3 MW.

Summary

Proposed improvements:

• By designing nearly vibration-free rotors, the gaps required in the labyrinth seals could
be reduced. Rotor improvements could have been achieved by reduction of the rotor
weights, provision of a single shaft turboset (see Fig. 16), reduction of the bearing
distance, and the use of bearings with a degree of high damping.

• The required cooling gas flow rates should be minimized. The currently available
technology for the cooling of rotors and blades as well as the availability of high
temperature resistant materials permit reduction of the cooling gas flow rates.

3.1.1.C Generation of Acoustic Emmissions by the Turbomachinery and Propagation into
Circuit (EVO)

(Ref. [ 3 0 ] , [ 3 1 ] , [ 3 2 ] , [ 3 3 ] )

The EVO plant is located close to the center of the city Oberhausen. Therefore it was necessary
to ensure a nearly noise-free plant operation. The operator measured a noise of 70 - 80 dB
directly in the area around the turboset and outside of the machine hall of < 50 dB.

Like for all turbomachines the largest portion of the acoustic emissions of the EVO
turbomachineries is propagated, even against the helium flow direction, into connected piping,
where it can excitate vibrations and thus develop mechanical loads on portions of the piping,
thereby possibly leading to fatigue fractures. In order to investigate these problems numerous
measurements were carried out. In this report only one typical example, namely the coaxial gas
duct between recuperator and HP turbine, is described. Figure 18 shows the schematic
arrangement of this piping including the flow baffles and the measuring points.
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Fig. 18: Koaxial gas duct between heater and HP-turbine
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Fig. 19 shows the noise spectrum level at measuring G3 at nominal power parameters at a total
sound power level of 140 dB emmitted from the turbomachinery.

The measurements have shown that the overall level of the acoustic emissions rises with
increasing electric power. At nominal plant parameters the maximum sound level within the
piping section investigated was 148 dB. Fig. 20 shows the total sound power level, averaged
over the level circumference of measuring point G3 depends on the power level.

The measured frequency values of the averaged rotary sound power at the maximum achieved
electrical power ( = 3 0 MW) was 3770 Hz. Fig. 21 shows the rotary sound power averaged
over the circumference as dependant on the electric power level (measuring point G3). These
measurements have a broad range of scatter but generally increasing with the generator power.
Small changes in operating conditions result in large changes of the sound propagation, so that
at the same measurement position large fluctuations of the rotary sound power at the same modal
composition of the sound field have been measured.
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Fig. 19: Noise level spectrum at measuring point G3 at nominal power parameters
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Knowledge of the modal composition of the sound field enables the calculation of the spatial
distribution of the sound pressure, which is the cause for the piping vibrations. It has been
observed, that large differences occurred in the circumferential pressure level distribution, with
observed peaks at the bottom. The measured values at measuring point G3 showed a good
coincidence between all measurements and the precalculated values for the sound pressures.The
effect of acoustic emmissions and their propagation into the piping have been investigated
regarding their influence on the mechanical loads induced by excitated vibrations. These
investigations have shown that a fatigue failure of the liner guiding the flow between the fossil-
fired heater and HP-turbine is not credible, because the largest stresses have been determined
to be approximately 25 N/mm2.

A fundamental fact that has been found is that oscillation amplitudes are larger in the low-
frequency range than those measured at the rotary tone frequency of the HP turbine.

3.1.2 HHV - Turbomachinery

(Ref. [ 2 3 ] , [24] , [ 3 4 ] , [ 3 5 ] , [ 36 ] )

The HHV facility was operated by a consortium of German utilities, participating in the HHT-
project.

Main Problems at the Commissioning

The main difficulties occurring at the commissioning in 1979 were:

Oil Ingresses

Oil ingress into the main helium circuit occurred twice from the turboset seals. The first
ingress, which amounted to between 600 to 1200 kg of oil, was due to a serious operator error
during the commissioning phase. The HHV-plant was shut down over the weekend, but one
auxiliary oil pump was unfortunately not switched off, transporting this oil quantity. This acci-
dent made evident that an interlock and a detector were needed. The second oil ingress event
occurred due to a mechanical defect of a sealing element. However, in that case the ingressed
oil quantity was negligibly small and was immediately indicated by the detector. At the first
incident the ingressed oil was partly coked and formed thick deposits on the cold and hot
surfaces of the turbomachinery and of the circuit, especially in the hot gas ducts and in the test
section. The effected surfaces had to be cleaned mechanically, by baking-out (partial
evaporation or coking of oil), or by chemically cracking with the addition of hydrogen or other
additives. At the second incident, as the quantity of ingressed oil quantity was very small, it
was removed by cracking at 600 °C (with the use of additives).

Excessive Helium Leakrate

After having modified the main turbine flange joint (see chapter 2.2.4) the pressure and leak
tests of the HHV at ambient temperature showed a good leak tightness for the flange joints of
the turboset and of the main and auxiliary helium circuits. But at operating conditions (850 °C)
large helium leaks were detected, and comprehensive work and countermeasures had to be taken.
A first measure was to weld the lip seals provided at the flange joints of the main circuits. Later
a large leak was detected at the front flanges of the turboset, caused by a non-uniform tempera-
ture distribution during operation resulting in thermal stresses forming local gaps of about
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1/10 mm. To overcome this problem, the cooling gas distribution and flow rates within the
turboset housing were modified and improved and the temperature distribution was improved
sufficiently so that the local gaps were prevented. In the course of the commissioning runs
another large leak occurred at the main flange joint of the turboset (when the lip seals had not
been welded). The outer sealing ring was partly ruptured due to operator's overpressurization
of the purge groove. Modifications to the interlock system were then made.

Trial Run: Demonstration of Safe Quick Shutdown

After having overcome the leaks of oil and helium, and the associated cooling problems, the
HHV was stepwise brought to full operating conditions at 850 °C and 51 bar. During a 60 h
trial run the functioning of the instrumentation, control and safety systems and the general
operating function of the HHV were demonstrated. A principle task was to demonstrate the
emergency shutdown and the reliability of countermeasures in case of incidents. For this
demonstration the turboset and the cooling gas compressor had been switched off at full
operating conditions. The turboset must be slowed down electrically within 90 s to a full stop
in order to prevent an unpermissible heatup of the circuit by the rotation energy of the rotor
shaft. Subsequently, the HHV was returned to the full operating condition. This safety
demonstration for the turbomachinery is shown in Fig. 22.

Overall Operational Performance

After having overcome its initial problems, the HHV was sucessfully operated for about 1100
hours,of which the turbomachinery operated for about 325 hours at 850 °C.

MW
— Hot-gas temperature T

— Cooling gas temperature . K

— Drive power P

System pressure p

40-40 500

Intentional shutdown J

Turbomachinery in operation I
I

Cooling gas compressor in operation

19.S.1M1 Time 1 2

Fig. 22: Startup of the HHV from cold condition and
after a quick shutdown (hot condition)
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During the design of the HHV turbomachinery comprehensive precalculations were made
regarding the operational behaviour at various partial loads and at nominal load. These
precalculations were be counterchecked during the experimental operation of the HHV plant for
the nominal plant parameters. Comparisons between the precalculated and the measured
parameters are given as follows:

Table 3.1.2/1: Plant Parameters at Nominal Load

Turbine inlet

Between turbine and
compressor

Behind compressor

Required motor power

He mass flow

Pressure drop

Precalculated

49.4 bar
820 °C

45.1 bar
785 °C

51.6 bar
850 °C

45 MW

212 Kg/s

2.2 bar

Measured

49.1 bar
818 °C

44.8 bar
780 °C

51.9 bar
849 °C

39.2 MW

211 Kg/2

1.9 bar

The agreement between precalculations and measurements was excellent. When the following
uncertainties in the precalculations and the restrictions at the measurements during the operation
are considered:

• mass flow in the turbomachine cannot be measured directly
• mass flows in stuffing boxes and labyrinth seals can only be estimated
• cooling gas flows in the rotor and the stator can only be estimated

it can be concluded that the thermodynamic design data were achieved and even exceeded. For
example the compressor and the turbine had a better efficiency than assumed at the design. This
was derived from the measurement of the electrical drive power and from the direct or indirect
measured mass flows, pressures and temperatures at the turbine and compressor inlet and outlet

Dynamical Behaviour

Extensive measurements were made during the commissioning phase as well as during the 60
h trial run with regard to the shaft rotor oscillations of the turboset with the measured results
compared with the precalculated values. Thus the first resonance frequency was calculated to
be approximately 1700 rpm, whereas the measurement showed, that it is in the range between
1700 and 2000 rpm. The second resonance frequency was precalculated to be far above the
nominal speed, which was confirmed by operation.

The rotor shaft was running quietly at all operating conditions. The running behaviour was
better than preplanned with the shaft oscillation amplitudes at nominal speed in the order of 40
to 60 fim. This is usual for large steam turbines. A detailed comparison was carried out for
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three startup and shutoff runs as well as for the 60 h trial run. The measurements and com-
parisons concerned rotation-frequency, double-rotation-frequency and self-excitated vibrations.
The coincidence of measurements and calculations was good. The measurements confirmed that
the rotor shaft was satisfactorily balanced and yielded valuable information regarding the rotor
shaft behaviour at the startup and at the resonance frequencies. However, it should be pointed
out that the good agreement between measurements and precalculations most probably occurred,
because the rotor shaft had only slight imbalances and only slight thermal distortions. Other
concerns of the precalculations were the bearing properties. More details about the dynamical
properties and behaviour are shown in the following figures.

Fig. 23 shows the mass distributions of the HHV rotor shaft and indicates the measurement
points. Fig. 24 shows the dynamical behaviour of the main rotor shaft at the runup, measured
at point A. The figure shows clearly, that the rotor shaft was excellently balanced. Fig. 25
shows the dynamical behaviour of the main rotor shaft at rundown, also measured at point A.
The figure indicates, that there had been some slight thermal distortions of the rotor shaft. Fig.
24 and 25 show moreover that the first resonance frequency is at 1700 - 2000 rpm.

Required Modification of Instrumentation Monitoring the Temperature of the Rotor

The continous temperature measurement provided at the rotor, which consisted of a slip-ring-
transmitter, did not prove to be reliable and was replaced by a telemetric measurement.

Cooling of Turbomachinery

Rotor, stator, blade feet as well as the inlet and outlet nozzels of the turbomachine were cooled
by means of cold helium conducted through cooling channels. Satisfactory rotor cooling was
especially important for the safe operation of the plant. The newly designed rotor cooling
proved to be very effective, assuring that the disk temperatures could easily be kept below
400 °C. The measured coolant gas flow rates were 10 to 20 % larger than the planned flow
rates, so that the actual temperatures of the rotor disks and blade feet were distinctly lower than
forecasted. Only at the turbine inlet (where the cooling helium temperatures are the highest),
were the measured values 20 - 30 °C higher than estimated by the design, but distinctly below
permissible values. Fig. 26 shows the pressure and temperature patterns in the blading channel
and in the cooling channels as well as the rotor disk and blade feet temperatures. It may be
noted that in addition:

• The cooling for the stator and for the nozzles was functioning well. The temperature
at the inlet nozzle flanges was lower by 30 to 35 °C than precalculated.

• The only modification of the cooling system that was required was for the front flanges
of the turboset (equilization of the cooling, in order to prevent flange splitting).

• The cooling system functioned so well, that an operating temperature of 1000 °C for
the turbine seems to be possible.

Shaft Seals: Helium-Tightness

Shaft seals generally performed well as follows:

• The 3-circuit floating ring seal used for the rotor shaft seal, which had been pretested
in a special test stand, demonstrated adequate behaviour under helium operating
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conditions of 850 °C and 51 bar. Minor modifications had been required for the
regulation of the sealing oil system in order to eliminate the disturbing effect of gas
bubble releases. In total, the HHV operation showed that the selected shaft seal
fulfilled expectations. The observed rotor shaft oscillations did not have any effect on
the sealing behaviour.

• The static seal at the rotor shaft also functioned without any problems.

• After performing the above modifications, the sealing and cooling gas system including
the cooling helium compressor, functioned well. The purification system for the
circulating sealing gas did not function satisfactorily, however. The sealing gas flowing
from the labyrinth seals to the bearing pedestal chamber becomes loaded with oil
aerosols ( « 50 grams per hour oil at steadystate operation) and must be cleaned by
means of a separater and filter system in order to reach the required cleanliness of the
gas before it is returned into the circuit. This oil separation system, consisting of a
cyclone separator and a wire-mesh and down stream fibre filters, needed further
improvement. An oil ingress into the inner helium circuit was no longer observed after
performing the above modifications.

• After performing the above described modifications the seal of the horizontal turboset
flange as well as the front seal of the shaft seal carrier proved their reliability. The
measured leak tightness of these flange joints was better than 10"3 Torr 1 per second.
The weld lip seals of the hot gas duct were tight. Thus the helium losses against the
ambient environment amounted to 10 - 20 NmVd at 51 bar (out of total helium
inventory of about 8000 Nm3).

Generation of Acoustic Emissions by the Turbomachinerv and Propagation into the Circuit and
Environment

The noise level specified outside the HHV concrete building was less than 50 dB. The actual
noise level the HHV-turbomachinery had inside the building (in close vicinity of the turboset)
was so low (estimated approximately 50 - 60 dB) that no further measurements were necessary.

During the trial run measurements of the sound power spectrum were taken at four different
measuring points (two at the connection nozzles of the turboset and two at the coaxial test
section) of the helium-circuit. This was done to determine the spectrum and the intensity of the
noise generated and propagated by the turbomachinery and to investigate its influence on
resulting vibrations of the wall and insulation elements of the overall circuit (see Fig. 27).

The frequency spectrum of the analysed microphone signals consists of a stochastic, broad
spectrum of noise contributions and of the narrow spectrum of rotation frequencies of the
turbomachinery. The compressor section contributes a fundamental frequency of 2800 Hz and
the turbine section a fundamental frequency of 4200 Hz. The averaged total sound power within
the helium-circuit and its piping increases with the power of the drive motor up to a maximum
level of 160 dB. The total sound power as dependant on the drive power at measuring point
13 is shown in Fig 28.

The modal composition of the acoustic emissions released into the hot gas duct was determined
also. Fig. 29 shows the modal compositions measured at different pressures and temperatures
during the trial run.
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Fig. 27: Sound power spectrum at various locations of the HHV-plant

222



CO

2

le
ve

l

t_

CD

O
Q .

so
un

d
160

158

156

154

152

150

0 _ ,

o

1 O

o

o

0
o

0 .

10

160

150 -

15 20 25

Electrical power [MW]
30 35 40

Fig. 28: Total sound power level in dependance on the drive power

140 -

m
•o

130 -

120 -

110

60 hours trial run 20- to

G- ..^S-.......^.^".^ -

* '

20-May-1981
861 °C 49.1 bar

I . I ,

22-May-1981

'a'

21-May-1981
862 °C 49.6 bar

i . I

o -̂

_^_ 22-May-1981
859 °C 4«.7bar

, i

_ . , ' - • ' '

I

-2

m

Fig. 29: Modal composition of the acoustic emmissions into the hot-gas duct

223



The knowledge of the modal composition in sound fields including the magnitude and phase
angle enables the calculation of the total spatial distribution of the sound pressures. Using the
developed calculation procedure, the dynamic response of the circuit insulation resulting from
the excitation by the sound field can be calculated.

3.2 Systems/Components/Materials

3.2.1 EVO

(Ref. [ 1 6 ] , [19] , [ 2 0 ] , [ 36 ] )

Helium purification

In order to gain experience, the helium purification-system of the fossil-fired EVO plant was
designed in accordance with the requirements for a nuclear heated plant, except without
provision for the removal of radioactive impurities. The design throughput was 100 kg/h and
the required cleanliness was < 1 ppm for any substance. The flow scheme of the system is
given in Fig. 30.

The inflowing helium containing impurities was conducted through a dust filter (F) into the gel-
filled molecular sieve T (adsorption of H2O and CO2). Subsequently, it flowed through a
recuperator, where it was cooled down to about 90 ° K, into the liquid N21iqu-cooled heat
exchanger where it was cooled down further to 80 ° K and where N2 and O2 were partially re-
moved. From there it flowed to a separator (separation of gaseous and liquid N2 or O2) into the
low temperature absorbers (GA), which were filled with several types of gels for the removal
of residual N2 and O2 as well as of other gaseous impurities.

During the first operating phase the required and expected cleanliness of the helium could not
be reached even with a continously operating purification system. The cause was found in the
sealing oil circuit, since at various locations the sealing oil contacted and dissolved air. This
combination of sealing oil and dissolved air found its way into the main helium circuit. The
problem was solved by providing an additional degasifier for the sealing oil.

Table 3.2.1/1 shows the impurities measured in the helium main circuit of the EVO plant. The
first line shows the values without degasification and the second line those with degasification
of the sealing oil. The third line shows the content of impurities in the main circuit if the helium
purification system is not operated. Lines 4 and 5 permit a comparison with AVR and Dragon
(except for radioactive impurities). Line 6 gives the maximum permissible values as specified
for HHT.

The overall performance of the helium purification system was judged satisfactory. Since no
oxidation bed for the removal of H2 was provided, no statement on the removal of that type of
impurity can be made.

Forces from Gas Ducts and Heat Exchangers on the Turbomachinerv

At the initial startup of the EVO plant in May 1975 it was suspected that large unplanned and
undefined forces from the ducting and from the heat exchangers were acting on the
turbomachinery. These large forces had an adverse effect on the running behaviour of the turbo-
machinery and moreover these large forces acted adversely on the horizontal flange joints of the
turbomachinery, affecting the helium leak tightness due to local splitting of the flange joint.
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Fig. 30: Helium purification system for EVO



Table 3.2.1/1: Impurities in Helium Circuits

EVO without degasification
of sealing oil

EVO with degasification of
sealing oil

EVO after a 2-week
operation of the main circuit
without He-purification
operation

AVR Juelich *

Dragon *

Specified impurity limits of
HHT*

H2O co2 H2 CO CH4 N2 O2

cm3/ m3

< 0.1

15

15

0.1

0.05

5

20

1.4

22.5

0.5

0.02

1

2

30..50

0.5

50

2

5.5

22

125

0.4

50

< 0.5

< 0.5

13

0.4

0.05

5

240

8

177

20

0.6

5

20

< 0.1

1

0

Radioactive impurities are not included

Operational measurements showed that the turbomachinery foundation moved at startup first in
one direction and when reaching the operation temperature in the opposite direction.

Subsequent inspections, which included disconnection and reconnection of the ducting to the LP
turbine and of the main heat exchanger to the ducting showed large deviations of the initial
alignment of the rotor axis of the LP turbine, which initially was accurately aligned. A
realignment was required. It became evident that the design provided for compensating the
thermal expansions and torsions of the ducting, heat exchangers and turbomachinery was not
satisfactory i.e. the original provisions for slide bearings, support springs and bellows were not
sufficient.

Under the restriction that the very compact plant arrangement could only be changed slightly,
successful additional provisions were taken as follows:

• Provision of an additional bellow in the duct between the heat exchanger and the LP-
turbine

• Additional insulation of the foundation steel structure

• Modifciation of the forces of some support springs

After having performed these improvements no further severe problems or misalignments were
observed.
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Hot Gas Ducts

A coaxial design was selected for the hot gas ducts of the EVO plant. The hot helium (750 °C)
flows in an inner liner tube, with a fibre-type insulation provided on the exterior, enclosed by
a inner pressure bearing tube. The colder helium flows in a surround annulus, with the outer
tube designed for full system pressure.

This design was also applied to the bellows and flange joints. All flange joints are provided with
weld lip seals.

The design chosen for the hot gas insulation proved reliable.

Corrosion. Erosion on Turbine and Compressor Blades

No signs of any corrosion or erosion of the turbine and compressor blades or other helium-
components could be observed at the inspections, modifications and repairs of the EVO plant
and EVO turbomachinery.

3.2.2 HHV

(Ref. [ 2 3 ] , [ 2 4 ] , [ 3 4 ] , [ 3 5 ] , [ 36 ], [ 37 ])

Helium purification

Description of Design

Fig. 31 shows the flow scheme of the continously operating helium purification system of the
HHV-plant.

At normal operation a partial flow of 1000 Nm3/h was extracted from the test plant (total
inventory: about. 8000 NrnVh) and processed in the helium purification system. The extraction
occurs at the HP side of the helium compressor through a dust filter that follows the oxidation
bed. This oxidation bed contains two beds, one consisting of copper and copper-oxide on carrier
material. In this bed H2, CO and O2 contained as impurities are converted to H2O and CO2.
Before being conducted into the cryogenic section of the purification plant, the helium is cooled
and then conducted through an activated carbon filter provided for absorbing carried-over oil and
a dust filter provided for retaining activated carbon dust or other dust.

Inside the cryogenic section H2O and CO2 are removed in the counter-flow cooler/freezer.
Inside the low-temperature absorber N2, Ar and CH4 are absorbed by activated carbon. The
purified helium is then returned through a dust filter into the main circuit.

The effectiveness of the helium purification system is continously monitored by a gas
chromotograph and a humidity measuring device. The specified cleanliness of this system was:
H2 < 5 vpm, O2, Co, Co2, Ar and CH4 each < 1 vmp, H2O and N2 each < 0.5 vpm and oil
< 0.1 vpm.
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Fig. 31: Helium purification system

Operational Experiences

Operation showed that it was necessary to install within the main helium circuit an additional
device for measuring the accrueing special gaseous impurities, that is hydrocarbons and oil
vapor. For this purpose a "flame-ionisation-detector" was provided and proved successful.

As a whole, the helium purification system proved to be a reliable and well-functioning system.
Although the content of impurities in the helium to be purified was higher than specified and
expected, the purification system lowered each of the gaseous impurities to values < 0.1 ppmv.
This latter value is below the lower detection limit of the highly sensitive gas chromotograph
used, which means that the actual function was better than specified.

Hot Gas Ducts with Insulation. Regulation Valves. Bellows

Hot eas Ducts

For development purposes three different types of hot gas duct sections were used and evaluated:

• One having an inner liner, providing flow guidance and a outside pressure-tight wall
with Kaowool-insulation stuffed in between.

• One with coaxial flow guidance. An inner tube carries hot helium and an outer annulus
carries cold helium. The inner tube is provided on its outer surface with a Kaowool-
mat- insulation and the inner wall of the pressure bearing tube with a Kaowool-mat-
insulation also.
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• One test section of the hot gas duct with inner metal foil insulation instead of the
Kaowool insulation and an outer pressure-tight wall.

Fig. 32 shows the design of the hot gas duct with inner liner (made of Inconel 625), the
surrounding volume stuffed Kaowool-insulation and the outer pressure tube made of ferritic
steel, which is water cooled by means of welded-on semi-tubes.

Fig. 33 shows the coaxial design of the hot gas duct shown with the example of a bend. It
consists of a inner flow guidance tube, the surrounding Kaowool mat insulation, the cold gas
tube (where the cold helium flows in counterflow to the hot helium), the outer Kaowool-insu-
lation and the water cooled pressure bearing tube.

The test sections of the three hot gas ducting designs were instrumented in order to get the
necessary information.

Flow Regulation

Two valves to regulate the hot gas flow through the test section were provided. They have a
nominal width of 1000 mm and are arranged in the hot gas duct behind the bypass branch and
before the bypass reentrance. There are also two smaller valves in the bypass line with a
nominal width of 830 mm and also in the hot gas extraction line with a nominal width of

uoo
1 Inner liner
2 Perforated sheet plate
3 Mesh wire
4 Interim sheet plate
5 Support element

6 Fixture bolt
7 Stuffed insulation
8 Outer wall
9 Water cooling

10 Weld lip seal

Fig. 32: Longitudinal section through a hot gas duct with inner insulation
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Legend:

1 Inner liner
2 Inner insulation
3 Outer insulation

4 Outer pressure tube
5 Water cooling
6 Cold-gas inlet

Fig. 33: Longitudinal section through a hot gas
duct bent with coaxial flow

400 mm. The valves are not required to be completely leak-tight. The typical design of such
a regulation valve is shown in Fig. 34.

Bellows

Two bellows are provided in the main hot gas duct in order to compensate for thermal
expansions in the horizontal direction. The bypass line is also provided with three bellows for
compensating the horizontal thermal expansions.

Operational Experiences with the Hot Gas Duct

The 60 h trial run was defined and used for the assessment and the comparison of the insulation
properties of the different types of hot gas ducts. During the measurements the helium circuit
conditions had been maintained nearly constant. The results are summarized as follows:
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Different Test Sections

• Tests with the hot gas duct with the inner liner, Kaowool insulation and outer pressure
tube showed that only small gas flows were observed within the undisturbed axial length
of the insulation. However, at the location of transition to the flange joint, where the
Kaowool stuffing density is probably less homogenous, larger temperature differences
inside the insulation as well as on the outer wall were measured. The average Nusselt-
number coincided well with former measurements. However, the distribution of the
Nusselt number over the circumference was less favorable than expected. This
deficiency can be explained by the stuffing density, which was 15 % lower than normal,
in order to implant the instrumentation devices.

• The coaxial hot gas test section with cold gas in the outer annulus and provided with
Kaowool-mat insulation showed a very satisfactory performance.

• For the foil insulated duct larger temperature differences were expected between the
bottom and the top sections. The measurements showed that close to the flange
connections some temperature peaks occurred on the cooled outer wall, which were
slightly above the maximum permissible peaks of 80 °C. The measured circumferential
distribution of the Nusselt number led to the conclusion that natural convection was the
probable reason for the temperature peaking, especially in the vicinity of the flange
joints. A satisfactory modification of the as-built design was not considered to be
feasible.

Insulation

The comparison of both insulation types, stuffed Kaowool insulation versus metal foils
insulation, led to the unanimous conclusion that the Kaowool insulation type is definitely
preferable. However, further confirming tests at other pressures and temperatures are needed
as well as tests for long-term behaviour.

Cooling

The outside water cooling, with the cooling water flowing through semi-tubes or cover shells,
functioned very satisfactorily. Nowhere did the surface temperature of the hot gas duct exceed
60 °C, except for two uncritical spots with metal foil insulation, where local temperatures of
about 100 °C were measured.

Regulation Valves

The regulation valves provided for regulation demonstrated reliable functioning.

Thermal Expansions and Flange Joints

The thermal expansion behaviour of the hot gas ducting corresponded with the precalculated
behaviour. The horizontal expansions were taken up by the bellows and the sliding supports
located inside. Vertical expansions were accomodated by support springs. The welded lip seal
flange joints maintained their helium tightness even after multiple pressure and temperature
cycling.
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Legend:

1 Rap disk
2 Rap shaft
3 Axial bearing
4 Support bearing
5 Inner liner
6 Stuffing box
7 Outer housing

8 Insulation sleeves
9 Stuffed insulation

10 Support bolt
11 Water cooling
12 Helium cooling
13 Regulation drive

Fig. 34: Cross section through a hot gas regulation flap

Impact of Sound Load on Hot Gas Duct and Insulation

In the tests with the metal foil insulation, numerous strain gages were placed to determine the
influence of the sound field on the fatigue strength of the hot gas duct. The main goal of these
investigations was the validation of a calculational method to precalculate randomly occuring
vibrations from known local distribution and frequencies of the sound pressures. The
calculations showed and the measurements confirmed that the flow guidance tube would not
exceed its fatigue strength limit during the designed lifetime of 40 years. It is interesting to note
that the measured structure responses were of the same order as the precalculated responses.
(Also, see chapter 3.1.2 on this subject)

Experimental Experiences with other main Components

Drive Motor. Startup Motor

The synchronous drive motor (45 MW) at 3000 rpm showed a trouble-free operational
behaviour. The same applieds to the asynchronous three-phase motor (4.5 MW) for the start-up.
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The gear provided between main shaft and startup motor, which is required only for this test
plant, released some noise.

Cooling Gas Compressor

Two redundant radial-type compressors were provided. They were arranged in a barrel-type
housing and each had a throughput of 56.8 kg/s at an nominal inlet temperature of 236 °C with
an inlet pressure of 49 bar and an outlet pressure of 53.5 bar at 258 °C.

At the commissioning large problems had been observed because of the ingress of oil via the
labyrinth seals into the gas circuit. As described earlier, after taking adequate countermeasures,
no further difficulties with oil ingress or helium leaks were experienced.

Coolers, Oil Pumps and Auxiliary Systems

All other vital components in the auxiliary systems operated very satisfactorily.

Cooling Water Flow Monitoring; other instrumentation/interlocks

The test operation of the HHV showed that monitors were necessary in order to ensure that the
cooling water flows in each of the approximately 50 cooling water circuits. Moreover
operationing experience showed the need for a hydrocarbon detector and for adequate
interlocking in the sealing oil lubrication systems.

Behaviour of Protective Coatings

Pretests indicated that coatings were probably required for structural components which have
sliding motions during the operation when exposed to high temperatures in pure helium. This
was thought to be necessary to prevent excessive friction and seizing, as well to provide for
disconnectable joints. As a result of the pretests, coatings used were of chronium-car-
bide/zirconium-oxide and provided on the surfaces either by a plasmaspray procedure or a deto-
nation coating procedure. Coatings made of boron nitride powder were used for less critical
positions, e.g., at the sliding positions of the inner hot gas duct liner.

All these coatings showed a very satisfactory behaviour. However, no judgment on the long-
term behaviour can be made on the basis of the short HHV-operational history.

Corrosion and Erosion of Turbine and Compressor Blades

At the inspections, modifications or at the dismantling of the HHV no signs of any corrosion in
the helium-circuit or any sign of erosion at the turbine or compressor blades were observed.
The sieve provided in the hot gas duct for catching residual particles from the installation or
particles accrueing during the operation did not prove to be necessary.

However, the reservation must be made that the HHV operation was too short to make any
reliable statement on corrosion as well as on erosion.
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Status of Magnetic Bearing Development

At the beginning of the nineteen eighties, the engineering development of magnetic bearings
(radial and axial bearings and catcher bearings) for the helium blower and the helium turbine
had ben initiated by ABB. A test stand had been set up in Jiilich. Test bearings had already
been provided.

At the termination of the HHT project the development was reoriented and concentrated on the
magnetic bearings for helium blowers. Due to the lack of funds, ABB terminated the
development at the beginning ot the nineteen nineties.

However, in the meantime the test stand has been reinstalled and recommissioned at the
"Hochschule fur Technik, Wirtschaft und Sozialwesen" in Zittau/Gorlitz. There the interrupted
development for magnetic bearings shall be continued.

3.3 Other Experiences

A number of technical items to be addressed as requested by IAEA for the EVO and HHV plants
cannot be treated sufficiently and completely by considering exclusively the experimental
experiences from these two plants. That is true for the following reasons:

• the peak temperature of the EVO plant (750 °C) was too low

• the operation time of the HHV-plant was too short

Therefore a number of the items to be addressed like:

• effect of impurities on materials
• performance and wear of coatings
• helium purification
• erosion of blades by graphite particles
• helium leakage
• hot gas ducts including valves and regulation valves
• general operation experiences with high-temperature systems
can be judged better by additionally considering the operational and experimental experiences
of the AVR and KVK and EVA II test facilities.

The respective technical experiences additionally gained from the AVR and the KVK and EVA
II test facilities beeing relevant for the helium turbine technology are summarized in Annex II.

4. Summarizing Conclusions on Technical Experiences

(Ref . [ 1 9 ] , [ 2 1 ] , [ 2 3 ] , [ 2 4 ] , [ 3 9 ] )

4.1 Turbomachinery

Both the designs and operational experiences for helium turbines and compressors and their
auxiliary equipment for EVO and HHV facilities are described in this report on the basis of
publicly available information.
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While the orginally planned scope of the experimental work of EVO and HHV could not be
executed due to funding limitations and early funding termination, the reasons for the critical
problems experienced were found and corrected where economically possible. The principal
countermeasures:

• EVO: the shortening of the bearing support distance for the HP turbine/HP compressor,
the application of other bearing-types, the provision of an additional bellow in the hot
gas ducting to prevent another thermal misalignment of the rotor axis and a splitting of
the horizontal flange.

• HHV: successfull modification to prevent (1) the reoccurrence of oil ingress into the
main turbomachinery and into the main helium-circuit, (2) to prevent the excessive
helium leek rate, and (3) the provision of detectors for hydrocarbons in the main helium
circuit.

Positive experiences were achieved with both facilities after overcoming these initial deficiencies:

• Excellent performance of the gas and oil seals
• Low helium leak rate
• Excellent performance of the hot gas ducting, of the turbomachinery cooling, of the

helium purification system (except the oil aerosole separation), and of the
instrumentation and regulation.

The dynamical performance of the HHV turbomachinery was patently excellent, but the EVO
turbomachinery showed at first insufficient dynamical behaviour. This dynamical behaviour was
improved sufficiently however, whereas the power deficit of the turbomachinery could not be
overcome without significant rebuilding or exchange of the turbomachinery. The reasons for
all the experienced problems were well identified and completely redesigned turbomachinery was
proposed to replace the first turbomachinery.

The German gas turbine experts at EVO, ABB, Siemens/ KWU and KFA judge the experimental
experiences achieved and the accompanying analyses very positive. No unresolveable problems
were identified. It is believed, that the results and experiences achieved provide a firm basis if
a new initiative is taken for helium turbine power conversion.
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Annex I

History of the HHT Project in Germany

(Ref. [ 23 ])

Subsequently the history of the HHT-development is described:

Initiation of the HHT project in 1968 within the 3rd German Atomic Energy
Development Program

Start of the feasibility investigation in 1969 for a 300 to 600 MW-demonstration plant

End of the feasibility phase: 1972

Inclusion of the HHT project in the 4th German Atomic Energy Development Program
in 1972

Initiation of phase I of the HHT project by BBC/HRB/KFA in an international
cooperation with General Atomic Company, USA and BBC/EIR; Switzerland in 1972

Reference design: Block-type fuel elements; 3 x 360 MW He-turbine, integrated
arrangement of the three turbosets in the prestressed concrete pressure vessel.

Decision to construct HHV: 1972

Decision to modify the HHT reference design by providing one single He-turboset with
1240 MW and block-type fuel elements in 1975

Decision to use the pebble bed core, like for the PNP project, for HHT in 1978;
reference power for a commercial power plant: 1240 MW with one helium turboset

Decision for a demonstration HHT power plant with 676 MW and pebble bed core in
1978; further goal: Assessment of the HHT safety concept by independant experts
(which was concluded in November 1981).

Decision to cancel the HHT project in 1981 and to concentrate instead on a shorter term
feasible HTR with the steam cycle: Thermal power 3000 MJ/s with block-type fuel
elements and later with pebble bed core.

It should be emphasized that the HHT-project was always actively supported by German and
Swiss utilities.
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Annex II

Relevant Technical Experiences additionally gained from the AVR and other High
Temperature Helium Test Facilities in Germany.

(Lit. [ 40 ] to [ 67 ])

General

The helium-cooled, high temperature test reactor of the Arbeitsgemeinschaft Versuchsreaktor
(AVR) (thermal power: 45 MJ/s, electrical power: 15 MW) was operated for approximately
127,000 hours and approximately 45,000 hours at a helium temperature of 950 °C. Besides its
function as an integral test reactor for spherical fuel elements, valuable experiences were gained
for the typical helium systems and components.

The component test loop (KVK) was provided for testing the main helium components of a
nuclear process heat reactor concept (PNP) at 950 °C (max. 1050 °C for short periods). The
main test components were: helium to helium heat exchangers, hot gas ducts, hot gas valves,
bellows, steam generators, a helium purification system, helium blowers and their acoustic
emissions, helium leakage, control, and other miscellaneous systems and components. The
overall operation time of the KVK amounts to more than 20,000 hours at 950 °C or even higher
temperatures. Its main operating parameters were:

Thermal power: 10 MJ/s (max. 12.8 MJ/s)

Temperature: 950 °C (max. 1000 °C to 1050 °C for

short time periods)

Pressure: 40 bar (max. 46 bar)

Helium mass flow: max. 4 kg/s on primary helium-side and max.

20 kg/s on secondary helium-side

Velocities: < 60 m/s

Max. temperature transients + 200 K/min
for test purposes:
Max. pressure transients + 5 bar/s
for test purposes:
A test facility at the Research Center Jiilich known as the EVA-JJ was provided as test stand for
testing different types of steam reformer tube bundles and different catalysers for the steam re-
forming of methane. The EVA-II test stand operated for about 15,000 hours at 950 °C (and for
a smaller number of hours at 1000 °C). Its main operating parameters were:

Thermal power: 10 MJ/s
Temperature: 950 °C (max. 1000 °C)
Pressure: 40 bar
Helium mass flow: 4 kg/sec
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The main technical experiences relevant to the high temperature helium technology gained in the
AVR and at the two related test facilities are summarized below.

1. Helium Leak Rate (AVR, KVK, EVA-II)

The following data were obtained at normal operation:

AVR: 10 to 15 Nm3/d (at an inventory of 2000 Nm3)
KVK: < 6 Nm3/d (at an inventory of 3600 Nm3)
EVA-II: 2 - 3 Nm3/d (at an inventory of 1000 Nm3)

2. Hot Gas Ducts at 950 °C (KVK)

Within the framework of the PNP project, the basic development of the hot gas ducts
including related construction elements, e. g., flange joints, bellows, bends, and different
types of insulation, was performed in special smaller test stands. The integral testing at
950 CC to 1000°C was mainly performed in the KVK. The following test components for
hot gas ducts were tested at steady-state and cycling transient conditions:

Test Time

Primary helium system hot gas duct 10100 h
Primar hot gas duct compensator 5300 h
Hot gas connection at the core outlet header 1700 h
Secondary helium system, hot gas duct 10600 h
Bend for secondary helium system, hot gas duct 10100 h
Axial-type valve NW 750 in secondary helium system 3900 h
Ball-type valve NW 700 in secondary helium system 5300 h
Raco-globe valve NW 150 5300 h
Axial-type valve NW 200 14000 h
Hot gas throttle valve NW 200 8700 h

Main design features and experimental results:

The reference primary hot gas duct was designed as coaxial gas duct with the hot helium
in the inner tube and the cold helium in the outer ring gap. As flow guidance a liner
consisting of a graphite tube and alternatively of a carbon-fibre-reinforced graphite tube
were used. The insulation around the outside of the liner consisted of a wrapped fibre-type
insulation (A12O3 and SiO2 fibres) and graphite foils arranged to prevent convective flows
within the insulation. The pressure was retained by an outer, uncooled (no forced cooling)
pressure tube.

The reference, secondary hot gas duct (900 °C) was designed as a duct with an inner flow
guidance liner, an fibre-type insulation wrapped on the liner (A12O3 and SiO2) and an outer
uncooled pressure tube.

Bends and bellows required for the primary and secondary hot gas ducts were also
provided with similar insulation.

For the primary as well as for the secondary hot gas ducting protective coatings were used.
They were provided as a sprayed-on base layer (Ni Cr Al Y), followed by a second
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sprayed-on ZrO2-layer (stabilized with Y2 O3). These coatings were at positions where
sliding motions due to thermal expansions were expected. In the course of the test
operations (mounting and demounting of test sections), there were some spots were
coatings had been damaged mechanically (locally chipped-off layer spots). But this damage
did not lead to any difficulties (no seizing or hooking or similar). Otherwise the
postexamination showed no damage or wear at the sliding supports.

The most complicated components to be designed had been the isolation valves and the
regulation valves in the secondary helium duct. Two different types of isolation valves,
namely axial-type and ball-type valves, were tested. The insulation was designed according
to the same principle as for the straight secondary hot gas duct.

After experiening some initial difficulties, deficiencies were repaired (e. g., hot spots,
defective supports, insufficient prevention of convective flows and defective temperature
sensors at the penetrations through the insulation). The performance of the primary and
secondary hot gas ducts, including bends and bellows, was excellent even after the cycling
transient tests (e. g., 1500 load cycles for the bellows). Except the large hot gas valves,
the design of the primary and secondary hot gas ducts with flange joints, bellows and
bends were considered as proven and reliable for a long-term operation at 950 °C (max.
1000 °C). A design life of 40 years might be expected. To assure such a life time further
endurance tests for the components are required.

It appears possible to use a less expensive version of ducts, with an inner metallic liner (e.
g. made of Inconel 617) and no coaxial flow guidance for helium temperatures up to 950
°C or even 1000 °C. Moreover it became evident that a coating at the sliding transitions
or sliding supports (thermal expansions) might not necessarily be needed. A final
confirmation test is still required however.

The first tests of the large hot gas valves showed very unsatisfactory results concerning
insulation, function and seat tightness. Although a large number of modifications leading
to essential improvements were made, a further development of the constructive design and
subsequent tests would be required before an application is possible.

3. Helium Purification and achieved Helium Atmosphere (AVR; KVK, EVA-II)

a) AVR

The AVR is provided with a helium purification system for removing radioactive and
non-radioactive impurities. It consists of three sections:

• A pre-purification section with a dust filter for particles > 0,3 /xm (throughput
1000 Nm3/h) followed by cooler (throughput 50 Nm3/h)

• A section for removal of radioactive impurities (throughput 50 Nm3/h) and

• A section for removal of other non-radioactive impurities (throughput 50 Nm3/h)

The purification system is designed in such a way that the total impurity content (for
all substances) at the purification outlet is < 10 ppm (for H2 < 1 ppm). The dust
filters have a separation efficiency of at least 99,95 % for dust particles > 0,3 jim.
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Practical experience has shown, that these specified requirements have been always
fulfilled. No noteworthy difficulties have been experienced with the purification plant.
However it was surprising to discover that only about 1 % of the known dust particles
being distributed in all possible locations of the AVR helium circuit could be trapped
in the pre-purification dust filter.

b)KVK

The KVK is provided with a redundant helium purification system. In additon to its
classical layout, it is additionally equipped with an injection/doping system for injecting
such substances as CO, CH4 and H2O into the helium circuit in order to adjust a defined
helium atmosphere. This is very important for helium systems operating above 850 °C
because the metallic materials applied in high temperature helium systems are very
sensitive to the chemical attack by helium impurities (i.e., inner oxidation or car-
burization, decarburization or formation of stable oxide layers on the surfaces). The
material tests have indicated that only a very defined narrow band of a permissible
helium atmosphere composition can be tolerated and the permissible narrow band
becomes smaller with increasing temperatures. In order to test the helium components
in the KVK under realistic conditions, it was necessary to operate with a controlled
helium atmosphere, i.e., with controlled impurities in the helium.

After having settled some problems at the commissioning, the KVK purification plant
generally operated very satisfactorily in spite of the difficult operating conditions of
frequent openings of the system and the resulting ingress of air, humidity, dust and
impurities. Except for H2 (< 5 vpm) all other impurities (CH4, Co, O2, N2, H2O) could
be purified to values < 1 vppm each.

c) EVA-II

The helium-purification plant for EVA-II has layout similar to that for KVK, except that
no injection/doping device has been provided. The operational experiences correspond
with those of the KVK-plant.

4. He-Blowers (AVR, KVK)

a) AVR

The AVR is provided with two speed-controlled radial blowers (400 to 4400 rpm), each
with a throughput of 13 kg/s. The blowers have operated at about 275 °C for roughly
130,000 hours without any noteworthy difficulties. Only in the case of a large water
ingress in 1979, where water reached the blower axis, did the bearings of one blower
became defective. The blower was withdrawn, impected, repaired and reinstalled.

Any signs of corrosion or erosion on the blower blades could not be observed.

b)KVK

The blowers provided in the KVK loops were required for achieving the helium
circulation.
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Table 3.3.4/1: Main Operational Data of KVK Blowers

Blower

Mass flow
Suction pressure
Suction temperature
Pressure increase
Rated speed
Control range
Design temperature
Design pressure

1

3
39

230
3.30
8660

20-100
350
46

2

3
39

230
4.25
15500

20-100
350
46

kg/s
bar
°C
bar
min '
%
° C
bar

The blowers are designed as compact uncooled radial compressors of horizontal barrel-
type construction They are installed on a steel foundation with an integrated oil system.
Drive speed-controlled electric motors with intermediate gearing are provided.

Seals provided at the shaft penetrations of the compressor housing are labyrinth seals,
floating ring gaskets, and a static seal.

The shaft with the attached impellers is supported by lubricated bearings arranged
outside the compressor housing. The bearing housings are accessible from the outside
without dismantling the main housing.

After having settled some initial problems (damage at the floating ring gasket and
unsufficient function of the labyrinth seals) the blowers functioned very satisfactorily
for more than 20,000 h.

As expected, at the rather low helium temperatures prevailing in the blowers, no corro-
sion attack or deposits could be observed at the blower blades. Moreover no erosion
attack could be visually observed, although the test conditions had been very rough and
dust and other impurities had ingressed at numerous openings of the helium systems.

The acoustic emmission of the two compressors into the environment had been very
high at the commissioning. Improvements such as a sound insulation had to be made.

c) EVA-II

Similar experiences as described for KVK have been made with the EVA-II blowers.

5. Materials and Effect of Helium-Impurities (AVR, PNP, HHT)

The comprehensive German development and testing of metallic high temperature-resistant
materials for the application in helium systems and helium turbines at design temperatures
up to 950 °C (max. 1050 °C) have shown the need for a careful control of the helium
atmosphere at a narrow limited band for the permissible impurities.
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At very high helium temperatures the following problems might arise:

• Inner oxidation of the material leading to a shorter lifetime

• Decarburization or carburization of the material leading to a shorter lifetime

• Destruction or formation of a stable oxide layer on the surface

Therefore the helium atmosphere with the impurities must be adjusted in such a way that
stable protecting oxide layers form on the surfaces (without H2-production) in order to
avoid an inner oxidation as well as a carburization or a decarburization, or other corrosion
attacks.

The adjustment of the helium atmosphere occurs by purification and/or injection of defined
substances, especially defined ratios of CO/H2O and CH4/H2O.

It could be demonstrated in the material test stands as well as in the large test facilities
(KVK, EVA-II; EVO, HHV) that the permissible helium atmosphere can be orderly
controlled and adjusted by means of the helium purification systems and at very high
helium temperatures by the addtional provision of injection systems.

In case of the AVR blower blades, no corrosion attack and no erosion were detected by
the visual inspection of one blower in 1979 (after the water ingress and the defective
bearing event) considering the background of known and large graphite dust quantities,
estimated to be approx. 60 kg, in the AVR-helium-circuit. It was observed that large
quantities of graphite dust had been stirred up at every startup and at load changes or other
transients. A closer examination showed, that the dust consisted of graphite with only a
few metallic particles or other substances. The largest portion of the dust was in the size
range of 0.5 /mi. However, some graphite particles were found with a size of 1500 /xm
x 300 fim x 100 /urn and some metallic particles with a size of 400 fim x 200 nm x 50
The visual inspection nevertheless had not shown any erosion on the blower blades.

6. General Operation Experiences with AVR and large High-Temperature Test Facilities
with Helium Circuit

It is well known that the AVR reactor had an excellent performance record during its 20-
year operation (approximately 127,000 hours) including 45,000 hours operation at 950 °C.

The KVK-plant was sucessfully operated for more than 20,000 h with peak temperatures
up to 1050 °C and the EVA-II for more than 15000 h at 950 °C. Both test plants
demonstrated that large sized, high temperature helium circuits can be operated safely and
with a high availability (e. g. in the last three years of the test operation the KVK showed
an availability > 95 %!).
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