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Chapter 1

| ntroduction

In order to meet the continuously growing electricity demand, the use of nuclear energy is
inevitable. The contribution to power production of renewable sourcesincluding biomass, wind,
hydro and solar will still be limited in short term future (Davis, 1990), while agrowth of the use
of fossil fuel like oil, gas and coal is unwanted because of the limited resources and
environmental impact of emissions. Nuclear energy offersacomparatively clean alternative (El-
Hinnawi, 1978) which is technically feasible on the scale needed.

One of the main drawbacks of nuclear energy hitherto has been its safety problem. This had not
only anegative effect on public acceptance, the expensive security-measures have al so adversely
effected the economic performance. Therefore, in the past years the attention of the nuclear
industry has shifted from adding redundant safety-systemsto designing inherently safe systems.
The High Temperature gas-cooled Reactor (HTGR) is a reactor which can be designed to be
inherently safe, which means that the worst case accident cannot lead to release of any radio-
activity, eveninthecompleteabsence of action by operatorsor control-systems. TheHTGR owes
its safety characteristicsamongst othersto two features: its ability to withstand (and thus operate
at) high temperatures and its small scale (reactor power istypically less than 300 MW). These
features also make the reactor fit for Combined Heat and Power (CHP) production: the high
temperature makesit possible to use the waste-heat of the el ectricity-production, and the typical
thermal power of a CHP-plant islow compared to plants for electricity production only. In the
Netherlands, CHP production is very popular. Therefore, the Dutch Programme to Intensify
Nuclear Competence (PINK) supported the evaluation of a HTGR for cogeneration purposes.
This thesis describes research that has been conducted in the framework of PINK. The goal of
the study is to investigate the design of the energy conversion system for an HTGR-CHP plant
by means of computer modelling.

1.1 The High Temperature Gas-cooled Reactor

In aHTGR fuel is contained in ceramic-coated fuel-particles which itself are contained in a
graphite fuel element. The fuel elements can be hexagonal blocks with cooling channels which
are stacked in the reactor, or spherical pebbles (6 cm diameter) which form arandomly packed
bed. The cooling medium flows through the space between the pebbles (Bedenig, 1972). An
Impression of the coated particles and the pebblesisgivenin figure 1 (Kugeler, 1989). Thefuel
can withstand temperatures up to 1600 °C without any release of fission products. Therefore,
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the reactor has to be designed so that in case of graphite shell coated particle in
complete loss of cooling-flow or even graphite matrix
cooling-medium, the fuel temperatures do not
exceed 1600 °C. With a small cylindrical core
the heat losses by conduction, radiation and
natural convection balance the heat production
at even lower temperatures.

fuel kernel

pyrolytical carbon

The cooling medium of the HTGR is helium. silicon carbide PUTe"

Hel i.um isnuclear and chemical!y inert, Which is Figure 1.1: Fuel pebble and coated particle.
obviously an asset. Moreover, its heat capacity

and conductivity are fairly high, which isfavourable for the heat removal. A third advantage of
the use of helium in case of adirect gas turbine cycle is the very high velocity of sound. In the
turbine design the gas vel ocity poses no limit on the design (no choking or supersonic-subsonic
transitions), hence the stresses in the blades (and thus the blade speeds) are limiting. The main
drawback of heliumisitslow molecular weight, which makesit very hard to produce aleak tight
installation (Cohen, 1996).

The HTGR is not a new concept. Already in the nineteen forties it was identified by Keller
(Smith, 1945) that * The closed-cycle gas turbine power plant using helium or helium mixtures
appears to be one of the best systems for generating power by the use of the uranium pile.’

Severa HTGR's have been built and operated in the USA and Great Britain (with prismatic fuel

elements) and Germany (pebble bed reactors) sincethe latefifties. In the German AVR reactor,
the inherent safety was even tested by simply switching off the blower, so that the cooling flow
completely stagnated. The pebble temperature stayed well below those at which the particles
release radio-active elements (Kugeler, 1989). The HTGR power-plants all worked with a
secondary steam cycle: the heat was transferred to the steam cycle in a boiler. The direct cycle
with a helium turbine that Keller proposed was considered too innovative. However, the
high-pressurewater inthe steam cycleposesathreat to theinherent saf ety-features. Water ingress
canleadto both areactivity excursion dueto additional moderation and corrosion of thegraphite.
Thereforethe substitution of the steam cyclewith aclosed-cycle gasturbine system isanecessity
for thedesign of aninherently safe plant. Currently, aJapanese HT GR test-reactor isin operation
since 1998 (Sanokawa, 1997) and a Chinese test-reactor is under construction (Xu, 1997).

In 1994 agroup of Dutch companies and research groups started the INCOGEN (Inherently safe
Nuclear COGENeration) pre-feasibility study (van Heek, 1997). Figure 1.2 shows the reactor
design which resulted from this study. The plant design of the INCOGEN-study is used as a
starting-point for the design produced in thisthesis, whereas the reactor design hasbeen dlightly
modified by Verkerk (2000). The pebble bed reactor core hasadiameter of 2.5 mandisinitially
only 1.25 m high. The pebbles contain 12 gram of 10% enriched uranium. Depletion of fuel
during operation is continuously compensated by adding new pebbles at arate of approximately
60 pebbles per day. This so-called Peu-A-Peu (PAP) fuelling yields avery small overreactivity
which is a clear advantage with regard to safety. After four years the reactor cavity isfilled up
completely and must be emptied. The pebble bed is surrounded with various graphite reflectors;
their function isto moderate (slow down) the neutrons and reflect them back to the fuel zone.

Helium from the energy conversion system enters the reactor at the bottom and is led to the top
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through cooling channels in the side reflector. It flows downward through the pebble bed after
whichitisredirected to the energy conversion system. Safety studies have shown that thisdesign
leads to maximum fuel temperature of 1627 °C during the worst case loss of coolant flow
accident (Verkerk, 2000). A dlight modification of the design is needed to obtain atemperature
under 1600 °C, the fuel temperature which does not lead to fuel degradation.
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pebble-bed core

inner reflector

middle reflector

reflector with coolant channels
outer reflector

coolant distribution volume
separator reflector

coolant mixing volume

lower bottom reflector

. bottom reflector plenum
. upper bottom reflector
. remaining core volume (to be

filled with pebbles)

. lower top reflector

. top reflector plenum

. upper top reflector

. coolant mixing volume
. coolant inlet point

. coolant outlet point

. gap filled with helium

. steel vessel wall

. air

Figure 1.2: INCOGEN reactor design (adapted from Verkerk, 2000).

1.2 The Closed Cycle Gas Turbine System

A typical flowsheet of a Closed Cycle Gas Turbine (CCGT) systemisgivenin figure 1.3. The
medium is first brought to high pressure in the compressor. After that it is preheated with the
turbine outlet flow in the recuperator. Subsequently the helium is heated with an external heat
source, which can for example be fossil, nuclear or solar. The medium expands in the turbine,
which drives the generator and compressor. The temperature after this expansion is till quite
high, so the residual heat-content of the flow is used to preheat the compressor outlet flow.
Finally the gasis cooled before it re-enters the compressor.
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Obvious advantages of the CCGT over open-air
cycles are the free choice of operating medium and
TPt e pree N ot S [y ¥ e s
velocities for a given mass flow) which is beneficial /

for overall efficiency and design of heat exchanging eat source

equipment and turbo-machinery. The mediumiskept

very clean, which also is favourable for the heat O
exchanger design. The part-load characteristics of precooler,L T

CCGT's are extremely good. At half power, the % < % <
pressure can be reduced to half the design value. In recuperator
thisway all temperatures and velocities are kept very ‘l _T

closetothedesignvalues. Thisresultsinanefficiency

whichiseven higher than at the design-point, because Figure 1.3: Recuperated cycle.

the recuperator operates more efficiently at lower

mass flow. The main disadvantage is the need for afinal gas cooler; in an open cycle“cold” air
is abundantly available. Several fossil fired CCGT's have operated between 1956 and 1982, of
which one had helium as working fluid. The other systems used air (Bammert, 1975 & 1986).

1.3 The Nuclear Gas Turbine System

Only one Nuclear Gas Turbine (NGT) system has ever operated: the USA military ML-1
(McDonald, 1995). Thissmall (330 kWel) mobile power generator empl oyed anon-recuperated
nitrogen-cycle, and was built in 1961.

Developments in the eighties and the nineties have led to renewed interest in the NGT system.
The most important enabling technologies are magnetic bearings and compact plate-fin heat
exchangers (McDonald, 1994). Magnetic bearings are anecessity since oil bearings may lead to
oil ingress in the reactor systems, and the rotor of all large plant designs is too heavy for gas
bearings. Since 1985 magnetic bearings have been used in conventional gas turbine technology
and provenreliable. Therecuperator efficiency isof great importancefor the plant efficiency and
thuseconomy. Thisisshowninfigurel1.4in
which the efficiency is plotted against
pressure ratio for a non-recuperated cycle
and for different recuperator efficiencies,
given typical component efficiencies and
temperatures (from Cohen, 1996). The
recuperator size varies strongly with
efficiency, for example, to increase the
efficiency from 90% to 95% the size is
doubled. In the gas-gas heat exchanger,
extended surface on both cold and hot side
is needed. This is hard to achieve with the 0 5 s ; : .
tubular heat exchangers which where pressure ratio

proposed for NGT-plantsup to approx. 1985 Figurel.4: Efficiency of recuperated and non-
(HHT, 1983). However, in the eighties recuperated cycle.
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Chapter 1: Introduction

compact plate-fin recuperators with very high surface/volume ratio were developed for
conventional gas turbines (McDonald, 19964). These recuperators can easily be adopted for an
NGT-plant which makes high efficiencies possible without the cost of high pressurelosses, high

volumes and high investment costs.

Over the years, proposed designs have changed from extremely large (the GT-HTGR plant of
Genera Atomic in 1975: 3000 MWth (Schoene, 1975)) to very small (the Dutch
INCOGEN-design: 40 MWth, (van Heek, 1997)). The designs also have varying degrees of
complexity, some important examples are discussed underneath (Kikstra, 1997).

Thecycleshowninfigure 1.3isused inseveral designs(Yan, 1991 & 1992, HHT, 1983, Lidsky,
1988) itsbiggest asset isitssimplicity. Typical valuesareapressureratio of 2to 2.5, reactor inlet
and outlet temperatures of 500 °C and 850 °C and a compressor inlet temperature of 30 °C.
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Figure 1.5: Intercooled cycle.

When the compressor is split up and the flow is
intercooled between the compression steps, a slight
increase in efficiency can be obtained, see figure 1.5
and 1.6. Thereasonisthat the compressor power varies
linearly with the volume-flow which increaseslinearly
with the absolute temperature. A reduction in average
compression temperature consequently leads to a
higher electric efficiency. The GT-MHR of General
Atomics (1995) and the South-African PBMR design
(Liebenberg, 1996) usethisintercooled cycle. Contrary
to the GT-MHR design, the PBMR design is a multi-
shaft system (seefigure 1.7). Thethermodynamic cycle
Is not affected, but the design of a multi-shaft system
gives shorter shafts, less stability problems and more
degrees of freedom in the mechanical design (three

2 3 4 5 6

€ ! pressure ratio
Figure 1.6: Efficiency of intercooled and non-
‘L _T intercooled cycle.
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shaft speedsinstead of one). Choosing high speedsfor Figyre 1.7: Multi-shaft system.
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thetwo turbo-compressors|eadsto asmaller and simpler design. The dynamics of the system are
heavily affected by the choice for asingle or multi-shaft system.

Another often proposed variation is the indirect

cycle, inwhichthereactor circuit and thegasturbine

circuit are separated (McDonald, 1996b, Lidsky, —@)
1992). This requires an extra blower and a _—
high-temperature intermediate heat exchanger ot ot anger
(figure 1.8). Advantages of theindirect cycle are: 1)

incidents on the conventional side have less impact g f blower
on the nuclear part, 2) plate-out of fission products O

in the turbine is impossible, which simplifies the f LYy
maintenance, 3) the separation of the nuclear and ¢

conventional systemwhich maybefavourableforthe L_ % » = | —
licensing and 4) another working fluid can be chosen ’
inthegasturbinecycle. Thedisadvantagesare 1) the ‘L

intermediate heat exchanger hasto operateat very high
temperatures, which leads to creep-problems, 2) the
need for an extra blower and 3) the intermediate heat exchanger gives atemperature difference
between reactor outlet and turbineinlet which gives additional exergy-losses (thisisnot amajor
problem, sincethe material limitations on turbineinlet temperature are stricter than those on the
reactor temperature). With aindirect cycle, one could use a closed nitrogen-cycle (Zhang, 1995)
or an open secondary air-cycle (McDonald, 1990), thus making use of conventional turbine and
compressor designs.

Figure 1.8: Indirect cycle.

V ariousdesignswith combined gasand steam cycleshave been proposed (Barnert, 1994 & 1995,
Gao, 1995). Inthese designstherecuperator isomitted, the heat-content of theturbine outlet flow
is used for steam generation. These systems are much more complex, the risk of water ingress
is much higher and only minor improvements in efficiency can be obtained, when comparable
component efficiencies and maximum temperatures are used (Agazzina, 1999, Gal, 1998).

Finally, some cycles for combined heat and power production have been proposed in literature.
The waste-heat of the CCGT can be used for desalination (Halzl,1968, Kugeler, 1989),
production of industrial steam (Bammert, 1971) or production of hot water for industrial
purposes or district heating (Y an, 1996). In the INCOGEN-study (van Heek, 1997) a40 MWth
design producing 16.5 MWel and 140 ton/h hot water (temperatures: 40 °C at theinlet, 150 °C
at the outlet) was evaluated. The main conclusions were that the system is technically feasible
but not economically competitive. One of the deficiencies of the design was the fact that it was
optimised for electricity production using the waste-heat for hot water production, without
checking whether a demand existed for the quantity and quality of heat produced. The study
described in thisthesis used the INCOGEN-design as a starting point, but the process has been
redesigned to produce heat of a more useful quality.




Chapter 1: Introduction

1.4 Thesis Objectives and Scope

Sinceextensive studies have proved the excellent saf ety features of the nuclear gasturbine plant,
attention has shifted from safety studies to an optimisation of the overall economy of the plant.

The objective of this thesisisto investigate the design of the energy conversion system for a
cogenerating nuclear gas turbine plant by means of computer modelling. The use of the system
for combined heat and power production callsfor an operating strategy which meetsthe heat and
power demand of the customer rather than producing aconstant amount, which easesthe reactor
operation. The economics are heavily influenced by matterslike efficiency, simplicity of design
and the ability to quickly meet awide range of electricity and heat demands. Several modelsare
developed and used to investigate how well the NGT plant can meet the special demands of
cogeneration. More specific: What range of heat and power demands can be met? What
efficiency is attainable with different design choices? How fast can the plant follow changesin
demand? Doesthislead to thermal stresseswhich might reducethe plant life-time? How can the
investments of the plant be protected in case of incidents?

Firstly, the design-goals and specifications for the plant are investigated. Then the design-
philosophy is described. To analyse the interaction between the plant design and the plant
performance and models four models with different levels of complexity have been devel oped.
These models have in common that they all describe the behaviour of the complete plant; no
detailed analysisof specific componentsisdone, e.g. no computational fluid dynamics-modelling
of theflow over turbine blades or finite element modelling of thermal stressesin the recuperator.

The first model (presented in chapter 2) is a basic model, which is very simple and based on
thermodynamic relations only. Theimportant design parameters are established by optimisation
with thebasic model. Special attention is payed to theflexibility of the plant to meet varying heat
demands.

In chapter 3, the second model is developed. Thisis a steady-state model, in which operating
conditions are related to the geometry for all heat exchangers and off-design behaviour of the
turbo-machinery is related to its design-conditions. With this model, various components are
dimensioned. Subsequently the sensitivity of the efficiency to several design choices is
investigated. Finally, the optimal off-design operating conditions have been established.

Chapter 4 describes the devel opment of a dynamic model. First the state-of-the art of dynamic
modelling of similar systemsisdiscussed. Then the goal, the assumptions and simplifications of
the model are discussed. The structure of the model is described and a description is given of
the sub-system and component models.

The dynamical model is validated and verified in chapter 5. Since the design modelled has not
been built, validation against experimentsisimpossible. Therefore the behaviour of components
ischecked with somelogical and sensitivity tests. Thereactor model iscompared with arigorous
neutronicsmodel, to assessitsvalidity. Finally someresponses of the complete primary cycleare
compared with calculations with the nuclear thermal-hydraulics code RELAP.




Chapter 1: Introduction

Subsequently, the dynamic model is used to investigate the interactions between design and
dynamic response. In chapter 6, firstly it is determined what the optimal dynamic behaviour is.
Then the effect of design-decisions like the size of components, volumes between components,
choicefor asingle- or multi-shaft system, location of control-valvesetc. onthedynamicsistested
with some typical transients.

In chapter 7, adesign for the control-system is made. First the process parameters which have
to be controlled and possible manipul ated variables are identified. Then the interaction between
possible control loops ans process non-linearity over the operation-window are investigated.
Optimal operating conditions are established. Finally, a control-system is designed and tested
with some typical transients.

In chapter 8, the development of the fourth model is described. This dynamic model has been
constructed in such away, that it can be used for online processcontrol. Itisasimplified physical
model, which is only valid in the normal operating regime. The setup of the model allows
completely explicit calcul ation and the number of statesisvery limited, in order to allow for fast
calculation. In future work, this model can be used to develop a non-linear model predictive
control structure.

Chapter 9 presents the conclusions of this study. Finally, three appendices are added which
provide information on the heat exchanger and turbo-machinery geometry and on the sizing of
inventory vessels.
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Chapter 2

Basic Model and Cycle Choice

This chapter starts with adiscussion of the design-procedure which will be followed in the rest
of this thesis. Then the design-goals and specifications of a nuclear gas turbine plant for
combined heat and power production are established. Subsequently it isdetermined what quality
and quantity of heat the plant should

deliver. Based on these demands and Information Design-step Process
specificationsachoicefor acyclewill be
made. A simple thermodynamic model _ Define
. Customer requirements |design specifications
of the closed cycle gas turbine system, and goal

from now on called the basic mode!, will

be described. This basic modd will be v

used to determine the most important _ .
. . . information from Choose cycle
design parameterslikethe pressureratio similar designs
of the cycle and the optimal hesat to
power ratio.
Produce
. t ture limits of th -d i imisati
2.1 Design-procedure S raterals, | desn | with basic mod

typical component
efficiencies etc.

Many books discuss power plant design
(e.g. Drbal, 1996, Kuljian, 1968, Hicks, desian orocedures Do N _
1986, Morse, 1946 and Li, 1985). of components main components | i Qfe'ié'tyy.;igfe'yni'idd
However, none of these describe a
systematic design-procedure. Systematic

Y

methods for the design of chemical _ o
plants can be found (Biegler, 1987, operation condtions| with steacy-sists model
Douglas, 1988), unfortunately the guide-

lines presented are too specific to apply l

to power engineering. A systematic

approach to the design of conventional  informatien fiom | produce Layout | **\ S SR TGRS
gas turbines is discussed very briefly in

Cohen (1996).

Since no applicable systematic approach con2Zon | i e model

todesign could befoundinliterature, the

Figure 2.1: Design-procedure.
9
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design-procedure shown in figure 2.1 is followed. In the middle the various design-steps are
given. On the left, some information necessary for the design-step is given and on the right the
process involved in the design step is described. The design-steps are ordered in a top-down
sequence, however unsatisfactory results from design-steps at the bottom may call for re-
evaluation of a higher step, thereby making the design-process iterative. In the top-down
procedurethedesignisspecified further and further, therefore the complexity of the model sused
for evaluation a so increases from the basic model to the steady-state model and subsequently to
the dynamic model. The procedure is not meant to be complete, only the design-steps for which
plant-wide analysis by computer-modelling can be helpful are included. Missing steps are for
example, the preliminary and aero-dynamical design of turbo-machinery, mechanical design
considering strength of pressure boundaries, thermal stresses, vibrations, bearing design etc. No
detailed design of components is given. An obviously missing evaluation is the economic
assessment, which is because of the lack of input-data.

2.2 Design-goals

The obvious design-goals for the nuclear gas turbine plant for cogeneration are safety and
economic competitiveness. These genera goalslead to anumber of design-specificationswhich
have to be met by the design:

1. Simplicity.

The design has be simple, both from a safety point-of-view and because of economical

reasons. Practical guidelines are:

1.1 Minimisation of number of components.
Every extracomponent introducesapossibility of failureof thiscomponent. Moreover,
because of the small size of CHP plants, the investment costs are high compared to
operating costs. Therefore the cycle should be kept as ssmple as possible, and the
number of components should be minimised.

1.2 Nouseof ‘exotic’ materials.
Instead of devel oping high-temperatureresi stant material, temperatures must belimited
to the range in which well-know materials behave satisfactorily.

2. Modularity

In order to minimise devel opment costs, the same design has to be applicable for different

customers. This can be achieved by using the same primary system for generation of

different types of heat (e.g. steam, hot water or desalination).

2.1 High efficiency
A high efficiency is obviously an asset for every power plant. A special virtue of the
closed cycleisthe ability to keep the efficiency high at part-load. The control system
must be designed to make use of this feature.

2.2 Compliance with market demands
The quality of heat (temperature-level, hot water or steam) and quantities of heat and
electricity produced in a cogeneration plant have to meet the customers requirements.
Since the heat demand typically exhibits large variations in time, part load and off-
design operation are of specia importance. Thiswill bediscussedinmoredetail inthe
next paragraph.

10



Chapter 2: Basic Model and Cycle Choice

Thislistisnot intended to be exhaustive, additional design-specifications could address subjects
like accessibility for maintenance, non-proliferation aspects etc. However, thelist islimited to
the specifications which are of use in the design-procedure followed in thisthesis.

2.3 Heat Demand

If thedesign-goal isto reach the highest possibletotal (heat + electricity) efficiency, thecyclecan
produce low quality heat (Yan, 1996). A better choice would be to take into account the quality
of the heat in the design-optimisation, e.g. to optimise to the exergetic efficiency (Woudstra,
1993). However, thismay lead to aquality of heat whichisnot suitablefor industrial use aswell.
Therefore another approach is used, in which the plant will be designed to meet frequently
encountered demands of quality and quantity of the heat. Nearly all CHP systems produce either
hot water or steam. Therefore, only these two systems will be considered.

Hot water isused in someindustrial applications, but mainly in district heating (DH). A normal
quality of the heat demand is characterised by return and delivery temperatures of 75 °C and
125 °C respectively (Veen, 1997). Thereis no typical value for the quantity of heat for district
heating, since any number of house-holds can be connected to adistrict heating plant. However,
the heat-demand strongly varies due to seasonal influences, atypical Dutch heat-demand year-
curveisgiveninfigure2.2 (Miedema, 1981). A CHP plant should preferably be ableto meet the
whole spectrum of heat-demands, otherwise
peak-loads have to be met with eg.
supplementary firing. Therefore, the optimal
therma power of the DH plant is not only
determined by an economic optimisation for an
average heat-demand and full power operating
conditions, the frequency characteristic of the
heat-demand and part-load efficiencies have to
be taken into account as well. An estimation of
the optimal ratio of maximum heat demand and
5 % ” 20 " 55 thermal power for a NGT-DH plant will be

week no given in paragraph 2.6, with use of the basic

Figure 2.2: Heat-demand year-curve, model.
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Normally dlightly superheated steam is used for heating in industrial processes. The aim of
superheatingissolely to avoid condensationin the supply-pipes. Condensing steam then supplies
heat to a process at a constant temperature. Typical industrial steam (1S) conditions (e.g. for
breweries and paper mills) are 10 bar and 220 °C, with a return water temperature of 80 °C.
Typically demanded steam-flowsare 17, 30, 55 and 106 tons/h (Wees, 1986). Of these, 17 tong’h
isthemost frequently encountered, it will therefore bethetarget steam production of theNGT-IS
plant.

2.4 Cycle Choice

Asshown in the previous chapter, alarge number of different cyclesisproposedin literature. In
this paragraph acyclewill be chosen by comparing the characteristics of various cycleswith the

11




Chapter 2: Basic Model and Cycle Choice

design specifications of the combined heat and power plant.

1. Direct or indirect cycle

The release of fission products from the fuel is expected to be negligible, therefore
separation of the reactor and the gas turbine process with an intermediate heat exchanger is
not necessary. Moreover, the number of components should be minimised. This rules out
the indirect cycle.

Bottoming steam cycle or gas turbine process only

With abottoming steam-cycle the waste-heat from the turbine may be used alittle better for
electricity generation than in case of a recuperated cycle. However, for the CHP plant the
energy of this flow must not be completely exhausted, because it has to be used for heat
production. The option of aback-pressure steam turbine (for electricity and industrial steam
production) is also considered too expensive for the small scale.

Recuperated or non-recuperated cycle

With the basic model which will be presented in paragraph 2.5, it can be shown that for the
NGT-IS plant a non-recuperated cycle can attain an acceptable efficiency. However, this
efficiency can only be reached with a pressure ratio of approx. 8, which is so high that it
would severely complicate the turbo-machinery design. Therefore a recuperated cycle is
chosen. In contrast to plantsfor electricity only, thereishardly any benefit from recuperator
efficiencies over 90% for CHP-plants, so the recuperator size and costs are limited. The
reason for thisisthat the heat-content of the recuperator hot outlet flow isnot cooled away,
but used for heat-generation. The exact size and thus efficiency of the recuperator of course
has to be determined by an economic trade-off study.

Intercooled or non-intercooled cycle

If anintercooled cycleisused, the compression work isreduced dueto thelower volumetric
compressor flow. The compressor exit temperatureisreduced withintercooling. On account
of the recuperator, this leads to alower recuperator outlet temperature on the hot side. In
consequence, asmaller quantity of heat or heat of alower quality can be produced from the
hot recuperator outlet flow. In theintercooler heat is cooled away at atemperature whichis
too low to be useful. With an
intercool ed cycleless useful heat can
be produced, hence no intercooler is turbine  generator

uwj compressor

1

Whether the district heating water and the
industrial steam are directly produced in
the primary cycle or via some
intermediate circuit and whether asingle
shaft or multi-shaft system should be
employed is not essential to the design
parametersthat will becal culated withthe
basic model. Thisissue will therefore be
addressed in the next chapter. The direct,
recuperated, non-intercooled cyclewhich
is the result from the design choices, is
shown in figure 2.3.

reactor

l1o ls

7 6

4

|

7l

precooler DH water heater or
steam generator

<€

recuperator
v e L— 4

Figure 2.3: Recuperated cycle for CHP production.
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2.5 Basic Model

In this paragraph, abasic model will be developed to cal culate the main process parameter. This
model relatesthe process conditions using elementary steady-state component model s, based on
thermodynamic relations only. Polytropic efficiencies of the turbo-machinery, heat exchangers
efficiency or minimum temperature difference and the relative pressure |oss are assumed to be
known and constant, so that all temperatures, massflows, heat flows and system efficienciescan
be calcul ated.

The compressor and turbine are described as polytropic processes. The temperatures, pressure
ratio and power are then related by:

k-1

T, n
?1 = 8‘:(1’61:1“;) " Pcomp = ¢He Cp He (T2 B Tl)
T Ny pol(l -X)
?5 = 8tuIb y Pturb = ¢He Cp He (T4 - TS) 8'curb = 8loss 8comp

4

With

T,,. = temperature of flow with corresponding number in figure 2.3 in K

€ = pressure ratio (gy,, and &gy, >1, €4 <1)

P = powerinJs*

¢ = massflowinkgs?

C, = gpecificheat in Jkg* K™

K = C,/C, =ratio of specific heats

n = efficiency

The reactor has smply been modelled as a heat source.
Preac = ¢He Cp He (T4 B T3)

Recuperator performance has been modelled using the efficiency n,., defined as the ratio of
transferred heat and transferred heat in case of an infinitely large heat exchanging area (Kays,
1985). The specific heat of helium is temperature-independent, so if all cooling, leakage or
bypass-flows are neglected, the heat capacities of both flows are equal and thus:

T,-T, _ T, - T

T,- T, T,-T,

nrec =

The steam generator, DH water heater and final cooler have been modelled with a heat-balance
and a minimum temperature difference. For the steam generator this gives:

d)steam Cp steam (TQ B Tvap) * d)steam AHvap water ¢He Cp He (T6 B Tpinch)
d)steam Cp water eco (Tvap_ TS) = ¢He Cp He (Tpinch B T7)

Pheat: ¢steam (Cp water eco (Tvap B T8) * AHvap water + Cp steam (T9 B Tvap))

13
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(Tg~ Ty, (T T,p) & (T,- Tg) > AT

pinch vap: SG min

AH = heat of vaporisationin Jkg*

vap

Tincn IS the gas temperature at the start of the evaporation-section as shown in fig 2.4.

For the DH water heater the heat balance and minimum temperature difference are:
Pheat = ¢DH Cp water DH (T9_ TS) = ¢He Cp He (T6 B T7)
(T4~ Ty) & (T,- Tg) > ATy i
And for the precooler:
d)cooling Cp water cooling (Tll - TIO) = d>Hcs Cp He (T7 B Tl)
(T;-Typ) & (T}~ Typ) > ATy g
The electric power production can been calculated with:
1)el = 1']losses (Pturb - Pcomp)

With:
Miosses = correction for mechanical shaft efficiency, generator efficiency and electricity used
on plant for e.g. pumps and blowers

The electrical, total and exergetic efficiency and the heat-to-power ratio are defined as:

nel _ Pel ntoml _ Pel * Pheat nex _ Pel + AEXheat HPR = Pheat
Preac Preac Preac Pel
The exergy gain of the DH water or steam Ts
flow is calculated from water and steam
entropy S a inlet and outlet and theT
surrounding temperature (AEx = Tg,, (S- T T,
S,)), Whereas the exergy of the neutronic T pnch
power input and the electric output are T heat
equal to the energy. An indication of ’ T  evaporator ~ SUPETNeater
economic performance takes into account To _
the price ratio of electricity to heat R economiser
- Rp Pel + Pheat Q - >
Mec (1+R) P, Figure 2.4: Q-T diagram of the steam generator.

2.6 Optimisation of Design Parameters

In order to optimise the el ectric efficiency some parameters and boundary conditions have to be
chosen. For a high efficiency, the reactor outlet temperature T, hasto be as high as possible. In
order not to complicate the turbine design with blade cooling, atemperature of 800 °C ischosen

14
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(Yan, 1996). An active reactor pressure vessel cooling system conflicts with the desired
simplicity of design so the reactor vessel is cooled with the reactor inlet gas. The vessel
temperature has to be kept out of the creep region which sets an upper limit of 494 °C on the
reactor inlet temperature T, when 9Cr-1Mo-V steel is used (General Atomic, 1995). Common
valuesfor thecooling water are aninlet temperature of 15 °C and an outlet temperature of 25 °C.
Typical component efficiencies (from Cohen, 1996 and Lidsky, 1991) and physical properties
(from Wagner, 1998, and Y an, 1990) have been listen in table 2.1.

Now the optimal conditionsfor different heat-to-power ratios can be calcul ated by optimisation
totheelectric efficiency. Since the heat-demand isfixed for agiven HPR thisalso gives optimal
values for the other efficiency definitions given above. The set of equations has two degrees of
freedom, and has been optimised in the pressureratio and compressor inlet temperature using the
modelling-tool Matlab (Matlab, 1992). The results are given in figures 2.5 and 2.8 for DH and
the IS system respectively.

Table 2.1: Properties and efficiencies used in the basic model.

physical properties efficiencies, losses & priceratio
Corie 5.18- 10°Jkg™ K™ | Neomppo 0.89

K 1.666 Thurb pol 0.89

C, water cooling 4.18- 100 Jkg* K™ | 1osses 0.95

C, water oH 4.22-10°Jkg* K™* | 1o 0.9

C, water eco 4.26- 103 Jkg* K™ | &4 0.97

C, steam 1.87-10°Jkg* K | AT, x 1min 15°C

Toap water 180 °C AT 55 min 10°C

AH, o vater 2.333- 10°Jkg* R, 3.2

The efficiency-curves of the DH-system show three distinct regions. In thefirst region the heat-
demand islow and much heat is cooled away in the precooler. The heat is ‘for free'; an increase
in heat-demand does not affect the electricity production. The compressor inlet flow is cooled
as far as possible to minimise the compression work. In this region the active constraints are
those on the precooler temperature difference and the reactor inlet temperature. In the second
region the heat flow to the DH heater has to be augmented, which is best done by raising T,
(active constraint: T4~ T > AT,y in)- On account of the recuperator T, is strongly coupledto T,
and thus to T,, therefore the compressor inlet temperature is raised. This increases the
compression work, and consequently the el ectric efficiency isreduced. In thethird region no heat
is cooled away in the precooler, the only losses are at the electrical side (1) Theonly active
constraint isthat on the DH heat exchanger. In thisregion the electricity production is made less
efficient with rising heat demand by raising the pressure ratio, thus increasing T,
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1

Active constraints:

region 1: Ti- Ty > AT i min
. T3 < T3 max
0.2y region: \ il reg!on 2: TG' T9 > ATH>< min
1 2 3 region 3: Te To > ATy min
0 ' ! ' ! ' (q)cooling = 0)
0 0.5 1 15 2 2.5 3
HPR
100
90+
80+
70+
© 60t
£
|_H 50,
40+
30—
region: region:
20+ 1 2 3 b 2.2 g 1 2 3
10 L L L L L 2 L L L L L
0 0.5 1 15 2 2.5 3 0 0.5 1 15 2 2.5 3
HPR HPR

Figure 2.5: Optimal efficiency and conditions of DH-system.

Since the DH plant has not one operating point but awide range of conditions, its efficiency at
‘off-design’ conditionsisimportant. Inthefirst and second region, the pressureratio and volume
flow can be held fairly constant. Therefore, the off-design efficiency-curve of a cycle will be
similar to the curve showninfigure 2.5 (thiswill be proven with an off-design model in chapter
3, seefigure 3.20). It isassumed that the plant meets the heat-demand and produces as much
electricity as possible, thus working at a maximum reactor power all year round.

10 T . . ! 0.4
8r b 0.391
> 6f 0.38
c Ao
g S
o \
£ a4t 0.37}
ol 1 0.361
0 L L L L 035 L L L
0 0.2 0.4 0.6 0.8 1 1 1.5 2 25 3
Ph /P P /P
eat heat max reac heat max

Figure 2.6: Frequency distr. of heat demand. Figure 2.7: Frequency-weighed average 7.
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With the efficiency-HPR curve (fig 2.5) and a frequency distribution (fig 2.6) of heat demand
based on figure 2.2, the optimum thermal power of the plant for a given maximum heat demand
is established. For different ratios P, / P max the frequency-weighted averaged economic
performance indicator <n.> is plotted in figure 2.7. It can be seen that there isan optimum at a
reactor thermal power of 1.6 times the maximum heat demand.

The optimal parameters of the IS plant and resulting efficiency are given in figure 2.8.

! ‘ ‘ ‘ ‘ ‘ _— /‘7 o ntotal ] )
D ‘ = — ‘ active constraints:
o | region 1. (Ty - Tig) > ATx max
o I (TG - T9) > ATSG max
081 | \ \ 1 region 2: (T1 - Tio) > ATix max
= [ S L P (Tpinch - Tvap) > ATSG max
0.4F~ L - il region 3: (Tpinch - Tvap) > ATSG max
B ‘ « region 4. (Tpinch - Tvap) > ATSG max
0.2r reg‘ion:‘ Mot . T3 < AT max
1 2 3 4 5 region S (Tpinch - Tvap) > ATSG max
0 ! ! ! (q)cooling = 0)
0 1 2 3 4
HPR
3.4 ! . T 160

140

120

1001

Q
c
=, 80
|_
60
401
region: L region:
12 3 4 s 200 P90 5 4 .5
o 1 2 3 4 0 1 2 3 4
HPR HPR

Figure 2.8: Optimal efficiency and conditions of | S-system.

Therearefiveregionsinwhich different constraints are active, sincethe steam generator hasone
constraint more than the DH heat exchanger (T = Tya > ATss min)- IN regions two, three and
four theeconomic performancecurveisessentially flat, itsslope depends primarily on the chosen
price-ratio of electricity and heat. In order to facilitate the turbo-machinery design, the HPR with
the lowest pressureratio (HPR= 1, T, =90 °C, ¢,,,,= 2.35) has been chosen as the design-point.
ThelSsystemwill be designed for an operating window around 17 tonssteam/h (P = 12 MW).
To get the HPR of approximately 1 the plant thermal power should be about 40 MW.
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2.7 Conclusions

The design-decisions taken in this chapter have been summarised in table 2.2.

Table 2.2: Design decisions.

Decision

Reason

Target

design of DH and IS system

customer demand

Cycle

direct cycle
no bottoming steam cycle

minimisation of no. of components

recuperated cycle

high efficiency

no intercooling

need for fairly high recuperator hot outlet temperature

Parameters for IS system

max. reactor inlet temp. = 494 °C
turbine inlet temp. = 800 °C

simplicity of design and material limitations

pressure ratio = 2.35
comp. inlet temp. =90 °C
reactor power =40 MW

typical steam demand and optimisation

Parameters for DH system

same design as IS system

modularity of design

variable compressor inlet temp.

varying heat demand

max. heat load = 25 MW

frequency distribution of heat demand and
optimisation

Based on the characteristic of CHP, it is decided that a direct, recuperated cycle without
bottoming steam cycleis optimal for the NGT-plant for cogeneration. The plant should produce
electricity and steam for industrial use (conditions: 10 bar, 220 °C), or electricity and hot water
for district heating (temperatures: 75 °C at inlet and 125 °C at outlet).

A DH-cogeneration plant isfavourable over asteam-coproducing plant. A cyclewhich has been
optimised for electricity production only, gives a waste-heat flow which still can be used for
water heating. On account of to the recuperator however, the heat-content of the recuperator hot
outlet flow istoo low to produce a decent amount of steam. This can be seen by comparing the
low HPR-side of the electric efficiency curve of figures 2.4. and 2.7. In the DH-system the
eectric efficiency is unaffected by the rising heat demand up to amuch higher HPR than in the

|S-system.

18




Chapter 2: Basic Model and Cycle Choice

Theoptimal reactor power, pressureratio and temperatures of the | S-plant have been established
with the basic model. Unlike plants for electricity production only, the compressor inlet flow
must not be cooled as far as possible. For the DH-plant, the optimal conditions and ratio of
maximum heat demand and thermal reactor power have been established. Since both plantshave
approximately the same optimal pressure ratio (2.35), a design can be made which can be used
for both applications with the heat generating unit as the only difference. When the optimal
thermal power of 40 MW for the|S-plant isal so used for the DH-plant, amaximum heat demand
of 25 MW can be met.
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Chapter 3

Steady-State Model, Design and Operating Conditions

Thegoal of thischapter isto produce aconceptual design of the energy conversion system (ECS)
of the NGT-CHP plant. First a steady-state model is presented, which relates design choices
(conditions, geometry component efficiencies) to performance. Thismodel isimplemented using
themodelling tool ACM (Aspen Custom Modeler, 1999). With thismodel, asensitivity-analysis
Is made of most design parameters. Furthermore, the performance at different operating
conditions is optimised.

3.1 Steady-State M odel

3.1.1 Turbo-machinery
On account of the complex nature of turbo-machinery, it is complicated to develop a model
which relates the geometry (size, number of stages, blade shape etc.) to the performance. An
attempt at such amodel is made for the dynamic model in the next chapter. The accuracy of the
efficiency dependency on geometrical datawill not be sufficient to find e.g. the optimal absolute
system pressure from the trade-off between efficiency lossesdueto |eakage and friction. In other
words, the code cannot be used to makeimportant design decisions. Therefore, therelationsfrom
the basic model (relating outlet conditions to inlet conditions, pressure ratio and efficiency) are
used at the design-point in the steady-state model. A model isimplemented which rel atesthe off-
design behaviour to the design-values,
so that optimal operating conditions at
different heat and power demands can
be calcul ated.

For the compressor this is done by a
map which relates the pressure ratio
€comp AN iSENtropic efficiency M mpise tO
the corrected massflow (¢gr = v T,
Par/ Pin ) @Nd corrected rotationa speed
(0o, = w I VT,) (Miinzberg, 1977).
Figure 3.1 showsthe map used, whichis
typical for aradial compressor (Traupel, -
1982). The map has been scaled by Tscaled deSQn 4o
division by design parameters (¢ogeq =
Figure 3.1: Compressor map.
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Peorr | Doorr design Dscaied = Pcorr | Deorr design)- 1 NE OULIEL pressure and temperature and the power
consumed can be calculated from:

k-1

1 -
(eco;p - 1)] Pcomp = ¢Cp (Tout - Tin)

pout = ecomp 1:)in Tout = Tin [ 1+ T]comp o
Theoff-design model of theturbineisbased on the similarity to anozzlewith varying efficiency.
The massflow at varying inlet and outlet conditionsis known from the Stodola’ s law (Traupel,
1982):

~@+1 )1
1 2
_ Pin Tin design 2 1 - E:1:lll'bn _ K
¢ B ¢design T -(n+1) n= - -1
in design in 0 K Tlturb pol (K )
1 = €y design
1.2
The efficiency is related to the design efficiency
and adimensionless speed-parameter v, asshown r
in figure 3.2 (Attia, 1995). <08
(M - f( v ] %o.e
nturb pol design Vdesign E;Z 04
1-x :§
_ ond T eX 0-2
v= out isen _ in Sturb
V26, (T Tout isen) % 05 1, 15 2 2.5
design

Figure 3.2: Off-design turbine efficiency.

3.1.2 Heat Exchangers

The heat exchangers have been modelled with the efficiency-NTU (Number of Transfer Units)
relation (Kays, 1985) for all temperature-relations, and a Reynol ds-dependent friction-factor for
the pressure drop. The heat exchanger efficiency n is defined as:

n= Qtransf _ Chot (Thot in~ Thot out) _ Ccold (Tcold out Tcold in)
Qtransf, s=o  Conin(Thot i~ Teold in) Conin (Thot in~ Toold in)

n isafunction from the NTU, the geometry and the ratio of the heat capacities of the cold and
hot flow (C;ii/ Crra) -

C= ¢C, C,, = min(C, ,C,.p) NTU = —=
With:

o

S

heat transfer coefficientin JK* m? s?
heat transfer surface areain m?
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For a counterflow arrangement:

1 - o NTU(-CpifCon)

1-(C_./C e

min

n= - NTU(1 - Cppyr/Crr)

The C, of water which is used in the efficiency-definition is the average value of the C, at inlet
and outlet conditions. For a heat exchanger with a condensing or evaporating medium applies
Ciin! Chax = 0.

The product oS can be calculated for geometries with extended surface as.
1

oS =
( 8 ) 1 1

—_ + +

AS) wan (Mourt %g1uia Seold (Mours %10ia Shot
o = heat transfer coefficientin JK* m? s?
o} = thicknessinm
A = thermal conductivity in Jm™* K™
S = heat transfer surface areain m?

Thesurface effectivenessn,, isintroduced to account for the extended surfaceand i sdetermined

S in tanh(ml, ) 20,4
Mot = 1 - 1 - ng) Ngy = ————— m =
Sotal ml g Agindsin

| ¢ = effectivefinlength (= half plate spacing for plate fin heat exchanger) inm

oq,iq 1S calculated from the relation between the Stanton-Prandtl?® group and the Reynolds
number (Kays, 1985). A calculation based on Reynolds-Nusselt correlations would also be
possible, but the Stanton-Prandtl?*-Reynol ds correl ations available are more precise.

St Pr?? = f(Re)
with:

st - i pr - K Re = Dl

¢C, A Ap

The pressure drop over the heat exchanger is determined from velocity v and friction loss factor
e, (Bird, 1960):

1 .2

Ap = e, —pv V=¢
p va

pA
Thefriction lossfactors of the core and of contraction and expansion in the heads are cal cul ated
from the flow length L and the arearatio o respectively:
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4f(Re)L S 045(1 - 0) e . = (L - 1p
o

Vv core D v confr
e

vV exp

For the contractions and expansions, the downstream velocity must be used to calculate the
losses.

L, A, Sand o of both sides of the heat exchanger can be determined from the geometry, the
relations are given in appendix A.

3.1.3 Other Components
Thereactor is ssimply modelled as a heat-source with afriction factor-Reynolds relation for the
pressure |0ss.

Preac - d)cp (Tout B Tm) 5

The hydraulic diameter and cross-sectional area
(used for the Reynolds-number) of flow through

the pebble bed are calculated as:
2 & L
De - E 1-¢ dpebble & O.lg
0.05¢
T
A = E-'Aﬁ'ontal = E-'Zdreactor 0.01 ! e e e
0.01 0.1 1 10

mo® Re
Figure 3.3: & Pr?® and f versus Re for flow

With: through a randomly stacked sphere matrix.

g = bed porosity

The f(Re)-relation for the pebble-bed is shown in figure 3.3, together with the St Pr?3(Re)-
relation which will be used in the dynamic model.

The feedwater pump and the helium blower (which will be introduced in the design in the next
paragraph) are described by the pump characteristics, which can be simplified to a one-
dimensiona correlation using a dimensionless head h,,, a dimensionless flow ¢,4 and the
efficiency .

_ gh

n (I)n
d u2 d pud.2 (4

_ b po A

u =impellerspeedinms*=nd,, o
» =pumpspeedinrev st
d =diameterinm

The characteristics used in thismodel are givenin figure 3.4 for the blower (Biesenbach, 1995)
and in figure 3.5 for the feedwater pump (adapted from Perry, 1973). They are given in terms of
scaled dimensionless head and flow:

24



Chapter 3: Steady-State Model, Design and Operating Conditions

h — hnd d) — d)nd
nd scaled nd scaled d)
nd design nd design
2 . . . . . . 1
18¢ ] 0.9¢
1.6¢ 1 08¢
0.7
14r
306}
3 2
S1.2f 2
z 0.5¢
< L
! 0.4r
0.8t 0.3
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Figure 3.4: Blower characteristics.
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1.2F 0.9r
1.1r
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So.o
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< 08
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(pnd scaled (pnd scaled

Figure 3.5: Pump characteristics.

The temperatures and pressures of the blower are related by:

T.

x-1
in Pout | "«
Pout = Pin* Ap Tout T [ 011] Pblower = ¢Cp (Tout B Tin)

nblower isen 1:)in

For the water pump, the outlet temperature is determined from the outlet enthalpy, which is
calculated with:

P = ¢H, - H)=- PP
pump out 1n:
Npump
3.1.4 Physical Properties

Inthe steady-state model the deviation from ideal -gas behaviour for heliumistakeninto account.

The density p [kg m?] and enthalpy H [J kg™] are calculated using a correction-factor B (Y an,
1990).
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C C
p= P H=H,+CT+|B-T8|p BmM=C+-—2_+_
RT+ Bp P dT 1-C,T 1+CT

The constants used are given in table 3.1:
Table 3.1: He properties.

The viscosity p [kg m* s and thermal

104 m3 karl
conductivity 2 [W m* K7 of helium are < 9489433 - 10" m'kg
calculated with: C, 9.528079 - 10 m* kg™

B o= 3.953-1077 TO6% C, 3.420680 - 10° K™

A = 2.774-1073 TO7

C, 2.739470 - 10° m* kg™
The water-steam properties are calculated using Cs 9.409120 - 10* K™
the IF97-formulation (Wagner, 1998). R 2077.22 Jkg* K-
3.2 Design G, 5193.0 Jkg* K™
3.2.1 Cydle K 1.666
Inall eectricity-only, large (>200 MW) HTGR- h 5557 Jkg™
0

GT designs, the highest pressureis about 70 bar
(Liebenberg, 1996, Genera Atomic, 1995,
HHT, 1983). A high pressure reduces the
pressure |osses, the upper pressure limit isimposed by reactor vessel stress considerations. For
thesmall CHP system however, another limit becomesimportant. In order to facilitate theturbo-
machinery design (e.g. toreducethere ativeinfluence of |eakage-flows), the volume-flow should
not betoo small. The massflow isset to approx. 25 kg/s by the thermal reactor power of 40 MW
and the reactor inlet and outlet temperatures of 494 °C and 800 °C respectively. A reasonable
volume-flow can be obtained by choosing a fairly low system pressure. Y an (1996) chooses a
compressor inlet pressure of 10 bar for the similar INCOGEN-plant. From the basic model
calculationsit can be concluded that optimal conditions (pressure ratio, temperatures and mass
flows) of theSand DH plant arevery similar to theINCOGEN-plant, therefore alower pressure
of 10 bar is chosen. The pressure ratio of 2.35 leads to a highest pressure of 23.5 bar, however,
the pressure ratio can be optimised again with the steady-state model.

Direct positioning of the DH heat exchanger or steam generator in the primary cycle gives a
higher plant efficiency, since theintroduction of an intermediate loop will give exergy lossesin
the additional heat exchangers. However, the intermediate loop has two advantages in case of
incidents:

1. Reduced risk of water ingress in the primary loop.
Ingress of water in the reactor can lead to two problems:
1.1 A reactivity excursion due to the additional moderation.
1.2 Corrosion problems, which may be solved with an additional Si-C coating on the
pebbles (Schroder, 1997).
2. Norisk of transporting radio-active particles to outside the containment.
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Thesecond risk could be avoided inthe DH-plant with anintermediate water-loop. However, the
pressure would have to be high to achieve the temperatures needed without boiling. Given the
low compressor inlet pressure, which iseven lower at part-load, the intermediate loop pressure
would be higher than the primary pressure, so that aleak would |ead to water-ingress. For the |S-
plant, an intermediate water-loop is of course no option. The highest temperature in the system
during normal operation conditionsis about 300 °C, which is approximately the upper limit for
most thermal oils(Singh, 1985). Thermal oilsgive chemical stability-problemsor explosionrisks
at higher temperatures, which may be expected during transients. The only remaining optionis
to use an intermediate gas-loop. The most logical choice would be to use helium, for the same
reasons for which it is chosen in the primary loop. The pressure should be higher than the
primary pressure, so that aleak leads to flow from the secondary to the primary loop. In order to
minimise friction losses, a pressure of 70 bar is chosen for the intermediate helium loop.

The most simple configuration of the turbo-machinery is a single-shaft configuration, in which
one turbine drives both the compressor and a generator. This can be done with a synchronous
generator, but the frequency of 50 Hz severely complicates the turbine design and leads to
inferior performance. A gear-box cannot be used, sincethe system hasto befreeof lubricant. The
aternatives are (i) atwo-shaft configuration with a synchronous generator (which complicates
the design) or (ii) a single shaft with a variable speed asynchronous generator and power
electronics for frequency conversion (which goes at the expense of efficiency). Because of the
simplicity, the latter option is chosen. The one-shaft configuration has the additional advantage
that the generator can be used to drive the compressor during startup.

With these choicesthe cycleis completely defined; the NGT-1Sand NGT-DH cyclesare shown
in figures 3.6 and 3.7 respectively. The water/steam cycle consists of a deaerator, a feedwater
pump, economiser, drum, evaporator and superheater. Most of the secondary helium (90% of the
flow) by-passes the superheater, since the steam hasto be only slightly superheated. In this plant
aonce-through boiler can not be used, becauseit istoo expensiveto de-salt thereturn water (this
isonly possible in a closed system). With a once-through system this leads to salt deposition in
the tubes. A pool boiling type of steam generator (tube & shell heat exchanger with water onthe
shell side) in which the salt concentration can be regulated, is impossible because the helium
would haveto flow through the tubes|eading to an extremely large number of tubesor very high
gas speeds and consequently high pressure drops. The steam generator design is currently non-
integrated, which meansthat it consists of three different shell-and-tube heat exchangersfor the
superheater, the evaporator and the economiser respectively. Given the high shell-side pressure
anintegrated design might befavourable, e.g. with al three steam generator heat exchangersand
the precooler as helical coil tube bundlesin asingle vesse.

27



Chapter 3: Steady-State Model, Design and Operating Conditions

blower
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DH heat exch.
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Figure 3.6: Cycle of the NGT-IS plant. Figure 3.7: Cycle of the NGT-DH plant.

3.2.2 Heat Exchangers

Therecuperator and precooler consist of anumber of modular plate-fin strip-fin heat exchangers
(equal to those used in the INCOGEN-design (Y an, 1996)) ducted in parallel. Figure 3.8 shows
arecuperator module.

hot He out \j

Figure 3.8: Recuperator module.

The recuperator and the precooler consist of five 35
and seven modules respectively, leading to

efficiencies of 90 and 94%. The sensitivity of the 341 recuperator precooler
electric efficiency of the NGT-IS plant with T
regard to the number of modules is shown in 33|

figure 3.9. =

n

32r

For helium-water heat exchangers, two

geometries have been chosen: a staggered tube

bank for the superheater, and a finned tube bank

for all other heat exchangers, since the heat % 5 6 7 8

resistance is mainly on the helium side for the no- of modules

gas-liquid heat exchangers. The water flows Figure 3.9: Sensitivity to no. of precooler and
recuperator modules.
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through the tubes in all heat exchangers. Data of the geometry and heat-transfer and friction-
correlations are given in appendix A.

With the steady-state model, heat exchanger
dimensions have been chosen which yield agood 35
efficiency with acceptable pressurel osses. For the
evaporator, the resistance on the water-side is 34r
neglected. All heat exchangers have been PN
modelled as a counterflow arrangement, whichis 33/
true for the recuperator and precooler, irrdlevant =
for theevaporator and afair approximationfor the
other heat exchangers. The dimensions which
resulted from this study are given in table 3.2. In
theevaporator, aminimum temperaturedifference a0l ‘ ‘ ‘ ‘
of only 7 °C isreached. A sensitivity-plot for the 800 %0 :poggtortubttoo 1200
number of tubes is given in figure 3.10. In the o

NGT-IS design the only pinch-point at design Figure 3.10: Sensitivity to no. of evaporator
conditionsliesat thewater-inlet of theevaporator, tUPES.

therefore no sensitivity-analysis is given for the

other heat exchangers.

Table 3.2: Heat exchanger-design.

no. of tubes | tubelength | no. of passes | no. of baffles
superheater 500 2m 1 4
evaporator 1000 16m 1 2
economiser 200 14m 4 1
final cooler (NGT-IS) || 500 2m 1 1
DH heat exchanger 800 4m 1 1
final cooler (NGT-DH) || 1300 3m 1 1

3.2.3 Turbo-machinery

With the performance of al the heat exchangers known, the sensitivity of efficiency to the
pressure ratio for the 1S-system has been established. The minimum pressure ratio (which gives
a reactor inlet temperature of 494 °C) is 2.3. For pressure ratios up to 2.65, the efficiency
increases dlightly, as can be seen in figure 3.11. Thisis because a higher pressure ratio leads to
alower reactor inlet temperature and combined with the set reactor power thisleadsto asmaller
mass flow through the system. A smaller massflow leadsto smaller pressure dropsand to higher
efficiency of heat exchanging equipment. However, theincreaseisso small that it doesnot justify
the increased design-complexity due to the higher pressure ratio. Given the design-conditions,
both radial and axial compressors can be built with reasonabl e performance (Op het Veld, 1998).
Since the design conditions for the turbo-machinery are not too different from those in the
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INCOGEN study (Heek, 1997a), the INCOGEN

asynchronoussingle-shaft turbo-machinery design ISR A A A
is dightly adjusted. The compressor and turbine AN

(showninfigure3.12) aredesignedfor arotational =]
speed of 12000 rpm. The asynchronous generator = |, {

however, alows for different rotational speedsat T
off-design conditions. Design conditionsof thelS- | L

system are given in table 3.3. Geometrical dataof

2

the turbo-machinery are given in appendix B.

35

Ergure 3.12: Turbo-machinery design.
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Figure 3.11: Sensitivity to pressureratio.

The sensitivity of electric efficiency with
regard to polytropic compressor and turbine

Npol in %

Figure 3.13: Sensitivity to turbo-machinery
efficiency.

Table 3.3: Turbo-machinery design
conditions.

efficiencies are shown in figure 3.13. A

deterioration of turbo-machinery does not compressor turbine
drastically affect the electric efficiency. It 25 4 ka/s 25 4 kals
leadsto ahigher heat productioninthecycle, ¢ Aky Aky
so that the same recuperator hot side outlet T, 93°C 800 °C
temperature can be reached with a lower

compressor inlet temperature, which reduces Pin 10 bar 22.8 bar
the compression work again. e 23 295
Finally, given the heat exchanger designand | Npa 89% 92%

the turbo-machinery efficiencies, the effect
of the absolute pressure in primary and

secondary pressure can be evaluated. Changing the pressure level over awide range, without re-
designing the heat exchangers gives a good indication of the achievable performance, since
raising the pressure has no effect at al on the efficiency of the heat exchanging equipment. This
is because of two reasons: (1) the Reynolds-number for a given design is only dependent on the
mass flow (assuming helium to be a perfect gas), which is set by the choice of reactor power and
temperatures, and (2) the thermal conductivity is pressure-independent. The absolute pressure
affects the performance of the cyclein two ways: by the pressure dropsin al equipment (which
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has been evaluated) and by the effect on efficiency of compressor and turbine (which have been
set to zero). Theresultswhich are shown in figure 3.14 and 3.15, suggest that the chosen design
valuesof 10 and 70 bar are appropriate. With aprimary system pressuretwice ashigh, an electric
efficiency gain of 1%-point is attained. From figure 3.13 one can see that if the isentropic
efficiencies of the smaller compressor and turbine at this elevated pressure are each 1%-point
lower, the effect is a 1%-point loss of electric efficiency. In that case there would be no gainin
an increase of primary system pressure.

35 T T 35

34r

in %

n

10 15 20 20 40 60 80 100

pcompin in bar pint loop in bar
Figure 3.14: Sensitivity to compressor inlet  Figure 3.15: Sensitivity to intermediate |loop
pressure. pressure.

3.2.4 Layout

In figure 3.16 it is shown how the energy conversion system (ECS) fits into the plant. A
description of the reactor design can befound in (Heek, 1997b). The layout of the ECSisshown
in figure 3.18. The arrangement of the precooler modules is given in figure 3.17, a similar
arrangement is used for the recuperator. The steam generator and final cooler are not shownin
figure 3.18; they are situated on the same horizontal level asthe gas-gas heat-exchangersand the
turbo-machinery. The design of the secondary cycle is currently not integrated, it is simply a
series-connection of tube & shell heat-exchangers.

1 Reactor core

2 Reactor volume for
fresh fuel

3 Fuel supply

4 Control rods

ELEV. +26.00

5 Reactor chamber
air cooling system

:

2 GG 6 Graphite reflector

E}:\ 3 /:b] 7 Reactor vessel

8 Heat exchangers

9 Helium turbine, helium

/ compressor and generator

‘ | |
1
I

ﬁ i i

d %Ei %E@Jﬁ ]

N

&

e
R

|
[ /////%/ Figure 3.17: Precooler
Figure 3.16: Plant layout. arrangement.
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generator

precooler recuperator

Figure 3.18: Energy conversion system.

3.2.5 Inventory Control System

A high part-load efficiency can be obtained by reducing the helium inventory. If at part load the
pressureishaved and all temperatures are kept constant, the gasvel ocitiesarethe sameasat fulll
load. The mass flows and the power are also halved. Since the velocity triangles in the turbo-
machinery are unchanged, the efficiency stays high. The pressurelosses are reduced and the heat
exchanger efficiency increases, thus giving a dightly higher efficiency than at full load. It has
been chosen rather arbitrarily that this high efficiency should be reached at part-load operation
above50%. Thelayout chosen leadsto aheliuminventory of approximately 127.5kgat full load.
The pressure reduction can be achieved by pumping helium in and out of the system with a
positive discharge compressor. However, the compressor of the primary system can al so be used
to pump helium out of the system. A number of parallel tanks can be used to minimise the total
tank volume. A method to calculate the tank volume needed in the limiting cases of isothermal
or adiabatic emptying and filling of the tanks is given in appendix C. Normally, the vessels-
behaviour would be approximately adiabatic, since the time-constant for heat-transport from or
to the wall by natural convection is in the order of 15 minutes and a vessel can be filled or
emptied much faster. In figure 3.19 the total vessel-volume and the corresponding total helium
inventory asafunction of the number of vesselsis shown for thelimiting cases of isothermal and
adiabatic filling and emptying. Because of the large tank (and thus building) volume in case of
adiabatic operation, the vessels should be designed with a large internal area, which leads to
amost isothermal behaviour. The chosen inventory control system consists of two such tanks
with a volume of 39 m® each and four valves.
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Figure 3.19: Total tank volume and helium mass versus no. of inventory vessels.

3.3 Optimal Operating Conditions

H IW I!—\ IJ—\
1 2 3 4

For theNGT-DH plant, the conditionswhich yield the highest efficiency for agiven heat-demand
are established with use of the steady-state model. With a constant reactor power and
temperatures and agiven DH-water flow, the blower speed and shaft speed have been optimised
with regard to the efficiency. The shaft and relative blower speed, plant efficiency and

compressor inlet temperature are shown in figure 3.20.
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Figure 3.20: Optimised off-design conditions of NGT-DH plant.
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The explanation of the curvesis similar to that given for the basic model calculation in chapter
2. When the heat demand islow, the compressor inlet flow is cooled asfar as possible to reduce
compressionwork. For heat demandsunder 12 MW, the coolingwater flow ismaximal. At larger
heat demands a higher temperature in the secondary loop, leading to a higher precooler
temperature and thus a higher compressor inlet temperature is necessary. In order to keep the
reactor temperatures and power constant, the primary mass flow is constant. The volume flow
and gasvel ocitiesthrough the compressor then varieswith theinlet temperature. In order to keep
the compressor operating at the highest efficiency the shaft speed is adjusted accordingly. The
blower speed influences the secondary mass flow and in that manner the temperature profiles of
the heat exchangersin the secondary loop. When the compressor inlet must be cooled as far as
possible the secondary helium flow can be high. When a large quantity of heat must be
transported to the DH heat exchanger without too high temperatures, the secondary flow should
also be high. For intermediate heat demands the heat transport in the precooler should be as
effective as possible. This is achieved with the secondary flow approximately equal to the
primary flow (parallel temperaturelinesin
a Q-T diagram). Therefore the blower 25.4 kgls 93 °C 10 bar
speed shows a minimum. Some of the 13.4 MWel
optimal conditions, like the shaft speed, gz @

can be used as set-points for the control 0.2 kg's A
system. \ 260 °C

23 bar

800 °C |22.8 bar

3.4 Conclusions inventory [O

control vessels

A

A steady-state model has been produced
which describes both design and off-

design behaviour in detail. With this b vl T e
model, a conceptual design for the NGT- (}@ N ERE _ﬁf‘“’-“‘baf
DH and NGT-ISplant hasbeen made. The X 2rac

characteristic features of the plant are a 69.77 bar @_”7‘°”5’“ 220°C 10 bar
single-shaft configuration with a low
pressure (10-23 bar) and a secondary
helium loop. The NGT-IS cycle with its
design conditionsis shown in figure 3.21.
For the NGT-DH it has been shown, that
the plant can operate with high-efficiency
and constant reactor conditionsthroughout
the whole range of heat-demands, by
adj usting thecompressor inlet temperature
and shaft speed.

23.9 kg/s 66 °C

Figure 3.21: Conditionsin NGT-IS plant.
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Chapter 4

Dynamic Modelling

In this chapter the theory and implementation of a dynamic model of the NGT-CHP plant are
described. First the state of the art of dynamic modelling for (nuclear) closed cyclesand other gas
turbine processesisdiscussed. A discussion of the goal, scope and design of the model follows.
The theory of sub-systems (which are used in different components) and component-modelsis
given in paragraph 4.3 and 4.4.

4.1 State of the Art

4.1.1 CCGT Dynamic Modelling

In recent history, severa attemptsto model the dynamic behaviour of Closed Cycle Gas Turbine
plants have been undertaken. For the German HHT-project, Bammert (1971, 1978, 1980) and co-
workers developed a model, which was compared with test results from the Oberhausen,
externally fired closed cycle (with air as working fluid). Their work concentrated on the
modelling of turbo-machinery with empirical algebraicrelationsand on heat exchangewith pipes
and equipment. The heat source and water side of heat exchangers were not modelled.

Rauhut (1982) developed a model which solves compressible gas-flow with the method of
characteristics. Thismakesit possibleto cal cul ate shock waves and choked flow. Themain goal
wasto calculate the transients following accidents like pipe breaks and loss of turbo-machinery
blades, leading to shock-waves. The turbo-machinery behaviour has been modelled using a
simpleform of 4-Q characteristics (positive and negativeflow and rotational speed) by Bammert
(1974). Thereactor isagain considered asasimple heat source, core dynamicsare not cal cul ated.
In the modelling efforts of General Atomic (Bardia, 1980) the core dynamics are taken into
account. A point-kinetic model is used for the neutronics. The thermal hydraulics model of the
reactor is one-dimensional. Much attention is paid to the control system and to flow at high
Mach-numbers in valves connecting high and low pressure plenums.

Yan (1990) first introduces a flow model which is consistently used through the whole plant
model. Unfortunately, the author makes amistake by interchanging total and static enthalpy. The
reactor is modelled with point-kinetic neutronics with one-group of delayed neutrons and
reactivity feedback of one average temperature. However, the heat transport through the reactor
by conduction, radiation and convection ismodelled two-dimensionally and in great detail. The
turbo-machinery is modelled with two-dimensional maps. Heat exchangers and the control
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system are modelled with high accuracy.

Recently, Kullmann (1997) built a model of the South African PBMR system. The model
consists of a point-kinetic core model and simple lumped relations for the heat exchangers and
turbo-machinery.

4.1.2 Turbo-machinery Modelling

In nearly all simulations of power plants the compressor and turbine are each modelled with
some simple algebraic empirical relations, based on characteristic relations between
dimensionlessnumbers. For thecompressor, outl et conditionsare cal culated in quasi steady-state
manner fromrotational speed andinlet conditions, using two two-dimensional performance maps
(Yan,1990, Minzberg, 1977, Kreshman, 1992). In these models, the inertia of the shaft is the
only dynamic influence. A possible refinement is to take the heat flow to the metal partsinto
account, which can simply be done by adjustingthe map (Larjola, 1982). Performance mapsonly
work in the region of normal operation; in order to investigate the dynamics of surge and stall
problems, Greitzer (1976) has used two simplified (one-dimensional) empirical relationswhich
arealsovalid at low and negative flows. For more detail ed cal cul ation of the dynamic behaviour,
the compressor has to be modelled in a stage-by-stage (O’ Brien, 1992) or even row-by-row
manner (Schobeiri, 1994). Now for each stage relations have to be found between the source
termsin the conservation equations and the shaft speed, flow and inlet conditions. These can be
established from first-principle modelling (Attia, 1995, Bloch,1992, Schobeiri, 1992, Gravdahl,
1999) or empirical relations can be inserted (Garrard, 1995, Dalbert, 1988).

Theturbine behaviour is quite often modelled as flow through anozzle with an efficiency which
isalgebraically related to theratio of dimensionlessvelocity and itsdesign value (RELAP, 1995,
MMS, 2000, Ray, 1980). Another approach isto give two two-dimensional empirical relations
between efficiency and pressure ratio as outputs and flow conditions and rotational speed as
inputs (Munzberg, 1977). For asafety-analysisof HTGR-GT plantsinthe German HHT-project,
the behaviour of turbines under far off-design conditions like backflow has been studied
(Bammert, 1974, Zehner,1978 & 1980). This resulted in a model which describes the turbine
behaviour in a stage-by-stage manner from first-principles for both positive and negative flow
and rotational speed. A row-by-row model for normal operation with arefinement for very low
flow (thewindmilling-region, in which the turbine consumes power) has been built by Schobeiri
(1992).

4.2 Design of the M odel

4.2.1 Goals

The main reasons for the development of the dynamic model of the NGT-CHP plant are (1) to
investigate the interaction between design and dynamics, (2) to develop and test a control
structure, (3) to determine the consequences of disturbances and accidents and (4) to establish
start-up and shut-down procedures.

1. Investigation of interaction between design and dynamics
Some design-decisions strongly affect the system dynamics. Examples are the size of
equipment, volumes between equipment, choice for a single-shaft or a multi-shaft system
and the position of control valves. With the dynamic model the influence can be checked
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with sometypical transients. In order to easily change the configuration, the model must be
modular.

2. Development and testing of a control structure
A dynamic model can be used to predict theresponses of controlled variables (temperatures,
pressures, etc.) on changes of manipulated variableslike valve positions, pump speeds etc.
When theseinteractions are mapped, ascientifically justified approach to the control system
design can befollowed. The control system can subsequently be implemented in the model,
so that it can be tested and tuned to give stable and robust control. For this goa it is
necessary to have a dynamic model which closely predicts the behaviour of the plant in its
normal operating region.

3. Determining the consequences of disturbances and accidents
In nuclear plantsit is of great importance to predict the consequences of accidents, sinceit
has to be guaranteed that accidents will not lead to major failures and the release of radio-
activity. The accident transients that have to be calculated are:
1 load rejection, sudden disconnection from the grid
2 shaft break of turbo-machinery
3. compressor surge and stall problems
4 helium leakage, leading to reverse flow or complete depressurisation
5. withdrawal of control rods
6. lossof flow or mass of the intermediate |loop
To calculate the consequences of incidents the model should be able to predict the plant
behaviour under unconventional conditions like negative flows.

4. Establishing start-up and shut-down procedures
In order to establish start-up and shut-down procedures it is necessary to model the process
behaviour in awide region. The model should then bevalid for low flowsaswell as normal
flows.

4.2.2 Scope

The system which has to be simulated comprises the nuclear reactor, the primary and secondary
cycle, the water/steam cycle and the cooling water system (only in the final cooler). The system
boundary therefore completely surrounds figure 3.21. The variables which are of interest are
pressures, temperatures, mass flows and rotational speeds of the shafts. The processes which
must be modelled are therefore the transformation of energy (nuclear energy — heat — kinetic
energy of gas — rotational energy of shaft — electricity), the storage and transport of massand
energy and momentum in all components. The model should concentrate on the interaction
between different components and abstracts from detailed analysis of processes in the
components.

The most rigorous way of modelling the system would be to solve the microscopic mass-,
momentum- and energy-balance for the flowpath (with a CFD code), the microscopic energy
balance of the solid constructions (with a CFD or FEM code), and the neutronics (with a
diffusion or Monte Carlo code), al time-dependent and three dimensional. However, the
computational effort needed isimmense, insufficient informationisavailablefor theinput of the
models, and the level of detail of the information is unnecessarily high. Therefore a strongly
simplified model will be constructed.
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4.2.3 Assumptions

Themost important assumptionsused to simplify therigorousmodel described above, have been
listed in table 4.1 and are discussed below. Of course, many more assumptions have to be made
regarding the effects simulated or discarded in models of different components. These
assumptions are discussed in the description of the component-model.

Table 4.1: Smplifying assumptions.

Modelling Assumptions

1 One-dimensional treatment of flowpaths

2 Discretisation of flowpath with staggered
grid and method of lines

3 Point-kinetic neutronics model

4 Two-dimensional model of solid structure

5 Non-homogeneous two-phase flow with

single momentum-balance

1. One-dimensional treatment of flowpaths

Under normal operating conditions, the flow is turbulent through the whole system, therefore
radial differencesare not very important. If the flow becomeslaminar, calculations of properties
like e.g. heat transfer coefficients and friction factors can nevertheless be based on radially
averaged fluid properties. Because the rate of change of fluid properties perpendicular to the
streamline is small compared to the rate of change along the streamline, the flow through the
system can be modelled as one-dimensional, which meansthat all fluid properties are assumed
to be uniform over any cross section.

2. Discretisation of flowpath with staggered grid and method of lines

Instead of solving the microscopic bal ance-equations, the flowpath will be divided in sections
for which macroscopic alternatives will be solved. The flow path in the different components
(recuperator, reactor, compressor etc.) isdivided in anumber of so-called thermal nodes, which
are small volumes, assumed to be perfectly mixed and to have a constant cross-sectional area.
For thesethermal nodes, the mass- and energy-balancesare solved. The massflow between these
volumes is determined by solving the momentum-balance for a so-called flownode, which
consists of the two halves of neighbouring thermal nodes. This staggered grid (Patankar, 1980)
isillustrated in figure 4.1 (page 41).

The mass- and momentum-balances will be solved with second-order central schemes. For the
mass balance, this simple scheme may result in a response which is somewhat slower than in
reality in case of large elements, but unlike higher order approximations physically unrealisable
behaviour is not possible.

In the momentum-bal ance the effects of friction losses, area change, gravitational forces and
forces in turbo-machinery and pumps will be taken into account. In modelling power plants or
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chemical plants, the momentum-balanceis very often simplified by neglecting the inertia of the
fluid, which resultsin a static relation between the pressure on both sides of the element and the
flow through theelement. Thisisalsoavalid assumptionfor most componentsof theNGT-CHP
plant. However, for the high velocities and large changesin flow which can appear in the turbo-
machinery these terms are dominant. In order to build a general model, the unsimplified
momentum-balanceisused for all helium flowpaths. In the water/steam cycle, no rapid changes
of velocities are expected. In order to enhance the numerical stability, the quasi steady-state
solution of the momentum-balance will be used. The gravitational forces are negligible in the
helium system. In the water/steam system however, they have to be taken into account since the
difference in density between downcomer and evaporator is the driving force.

The discretisation with a second order central scheme is avalid approximation as long as the
velocities stay well below the velocity of sound. If sonic or supersonic gasvel ocitiesare reached,
only information of the upstream node can influence the flow in a given node, so the central
difference scheme is no longer valid. The discretisation therefore results in a model which
calculatesthe gas behaviour asif it where at alow speed up to the speed of sound. If an incident
resultsin choking or shock-waves, the gas dynamics are not properly modelled. For aphysically
correct simulation, the time dependent microscopic balance equations haveto be solved with the
method of characteristics(Bergeron, 1908, Rauhut, 1982, Streeter, 1967), flux splitting (Garrard,
1995), the Godunov approach or a TVD scheme (Anderson, 1985). During normal operation,
speeds approaching Mach one are not expected in the primary and secondary circuit. Choked
flow is expected only in the valves connecting the inventory control vessels and the primary
system, in the valves connecting high and low pressure plenums, and in case of a rupture. For
these valves and the ruptures a different model will be developed.

The energy-balance will be modelled with an upwind scheme. The incoming energy is only
influenced by the upstream node, which leads to physically realisable behaviour under all
circumstances. A total energy-balance will be used, so internal, kinetic and potential energy are
considered. Kinetic energy isof importanceintheturbo-machinery only, and the potential energy
isonly relevant in the water/steam cycle. However, in order to keep the models general (so asto
reduce the size of the code), al terms are taken into account in all components.

Thismethod can be viewed as modelling of aflow through a sequence of perfectly mixed tanks.
One can also consider it as a continuous system solved with the method of lines (Schiesser,
1991). Asaresult of this choice, the mass-, energy- and momentum-balance are all discretised
with the same number of elements. The energy-balance needs the most fine-meshed
discretisation. Especialy in the high efficiency heat exchangers a large number of nodes is
needed in order to correctly predict the heat transfer. Thisleadsto an unnecessarily fine-meshed
momentum-balance, but the extra computational burden can only be overcome with additional,
less structured models.

3. Point-kinetic neutronics model

The behaviour of the reactor is only of interest as far as it influences the energy conversion
system. Only therel ation between input conditions, control rod-positionsand outl et temperature
needs to be modelled. This can be done with the zero-dimensional point-kinetic model
(Duderstadt, 1986). It will be shown that a close agreement between the point-kinetic
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approximation and adetailed neutronics code can be achieved, when the input parameters of the
simple model are generated with the full-scope model.

4. Two-dimensional model of solid structure

For themetal partsof all componentsin the energy conversion system, aone-dimensional model
issufficient. However, in order to closely predict the reactor power, the temperature of theradial
reflectors surrounding the pebble bed must be known. Therefore a two-dimensional model is
produced.

5. Non-homogeneous flow with single momentum-balance for two-phase flow

At the pressures for which the water/steam sub-system model should be valid (1 to 20 bar), a
water/steam mixture can not be modelled as a homogenous fluid, since there can be a
considerable difference in velocity between the two phases. An aternative is to solve the
balancesfor each phase separately, but in that caseit will be difficult to describe the momentum
exchange between the phases. A frequently used aternative is to assume thermodynamic
equilibrium, to solve the momentum-balance for the two-phase mixture and to add an empirical
relation between the relative velocities of both phases (Bourne, 1987).

4.2.4 Numerical solution

The fast phenomenain this model are those associated with the pressure dynamics. If the time
advancement is cal culated with an explicit schemevery small time-stepshaveto beused in order
to obtain a stable calculation. According to the Courant-Friedrichs-Livey criterion the time step
At is determined by:

At
(Vsound + |Vgas|)E <1
With:
X = axia length of thermal node
% = velocity

Because thisresultsin excessively small time-steps, an implicit method is used. The algorithm
used is an implicit formulation of Gears method (ACM, 1999), using a re-initialization when
discontinuities are encountered.

4.2.5 Structure

In order to make a process-model which can easily be adopted to changes in the process, it is
necessary to build ageneric model. In that way, changesin geometry, sizesor lay-out can easily
be incorporated in the model. To develop such amodel, the processis divided into components
and sub-systems which can be described with a modular model.

Thedivision of thetotal plant into components, which are interconnected with few relations, is
analogous to the different pieces of equipment. Modelled components are compressor,
recuperator, reactor, turbine, shaft etc. Within each component there exist sub-systems which
behave similarly in different components. These sub-systems are:
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1. One-phaseflow
2. Two-phase flow
3. Solid structure
4. Neutronics

First a general model for these sub-systems will be developed, then the component specific
source terms will be modelled.

4.3 Sub-system Models

4.3.1 One-phase Flow M odel
The helium-system and single phase water and

steam system are described with the same

model. In figure 4.1 the divison of the

flowpath in ideally mixed thermal nodes and

flownodes consisting of two half thermal nodes

is illustrated. The mass-balance for thermal .1 1 i+1 j+2
i j*t1

node i between the cross-sectionsj and j+1 in j
figure4.1lis:
dp, Figure4.1: Flowpath divided in thermal
e ¢ - ., nodesi-1, i and i+1 and flownodesj and j+ 1.
\% = A Ax = volume of the thermal nodein m?
A = cross-sectiona area of the thermal node in m?
AX = axia length of the thermal node (between j and j+1) inm
p = density inkg m?
¢ = massflowinkgs?

Theaxial diffusion of heat isnegligiblecompared to convective heat transport aslong asthefluid
Isin motion and negligible compared to the heat flow through the wall if the fluid isin rest.
Using this ssimplification, the total energy-balance for the same element can be written as.
d(p.E.
v, (pE)
dt

=¢j(H+ K+ <I>)j - ¢j+1(H+ K+ <I>)j+1 + Q + W,

U + K + @ = specific total energy in Jkg™*
specific internal energy in Jkg*

Y5 v? = specific kinetic energy in J kg™
velocity in m/s

g h = specific potential energy in Jkg™*
9.81 = acceleration of gravity in m s?
height inm

U + p/p = specific enthalpy in Jkg*
pressure in Pa

heat sourcein Js?

work done on the fluid (by rotating equipment) inJs

sOTIS@/.<XxCm

1
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In most volumesthe velocity is purely perpendicular to the cross-sectional area, therefore it can
be calculated using:
V. = V = d)l d) = w
1 1 perp piAi 1 2

The mass flow in the node is the average of the flow at inlet and outlet of that node which are
cal cul ated by means of the momentum-bal ance. Intheturbo-machinery however, thevel ocity has
also alargetangential component. Thefollowing correction can be applied, without violating the
further one-dimensiona approach:

V.
v, = —ipem
cos(0)

0 = angle between velocity and velocity perpendicular to the cross-sectional area

Theangle 6 isknown from the geometry of turbo-machinery. Thiscorrectionwill lower themass
flow at which choking occurs and enlarge the difference between total and static temperatureand
pressure.

The energy of aflow crossing the cell-border is assumed to be equal to the valuein the thermal
node which lies upstream:

H+K+®),_, d)ij H+K+ ®), ¢j+120

H+K+®), = {(H+K+<I>)i ¢j<0 H+K+®),, , = {(H+K+<I>)i+1 ¢j+1<0

The momentum-balancefor flownode] consisting of half of thermal nodei-1 and half of thermal
nodei is:

dAx. ¢.
d: L= vip - bV, v ALp, - AP - (AL 1~ ADD;
F . +F . F . +F .
rot i- 1 rot i rav i- 1 i
Fictionji-1 * Fhiction j i > =+ B2 L Feomp
2 2

AX = axia length of flownode in m = (Ax,; + AX;) / 2
Foot = forces on volumein rotating equipment in N
Foar = gravitational forceson volumein N
Feomp = force compensating for effect of change in area on gravitational forcein N
Fricion = frictionforcein N

For p, in the flownode the following relation is used, so that in case of A; = A, the pressure
acting on the wall in x-direction is balanced:

P AL 2A
P = D; A <A

i-1 i
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The gravitational force can be written as:

- Ahi
Fgravi - gx pi Vi gx = 8 Ax.
Ah = differencein height between inlet j and outlet j+1inm

The gravitational and pressure forces on the wall in x-direction are compensated for changesin
cross-sectional areaby F,,:

Ai—l_Ai
Foavi-1 DA 124
Foomp j = e ACAL NN
el ks w2 <A,
grav 1 2 Ai i i

In order to conserve the numerical stability of the staggered grid, thefriction hasto be cal culated
from the mass flow at the inlet and outlet. For the friction force applies (Bird, 1960):

e 19 & el g,
friction j i m friction j+1i ~ 4 Ai P,
with:
e, = friction loss factor

In pipes or heat exchangers with Fanning friction factor f the friction loss factor equals:
4 f. Ax,
vi D

ei

—h

Fanning friction factor
D, equivalent hydraulic diameter in m

Since, this discretisation schemeisonly valid for low Mach-numbers, it is checked whether the
velocities stay well below the speed of sound. The acoustic velocity v, IS calculated with:

B
v ... = Z [xRT, zZ=1+ 22
sound i i ( RT
Z = compressibility
B = correction for non-ideal gas behaviour, as defined in paragraph 3.1.4

These balances can be used to describethe behaviour of any homogenousfluid, only theequation
of state and the relation between enthalpy, pressure and temperature have to be added. The
relations used for helium are given in chapter 3, those for water are taken from Wagner (1998).

The set of equations will be closed when correlations for g, Q, F,,, and W, are added. These
relations differ from component to component and will be described in the component models.
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4.3.2 Two-phase Flow Model
For atwo-phase model the mass-balance for thermal node i between the cross-sectional areas |
and j+1 becomes:

dp,
g G ;- byt b - bl

P = % Pg; v (I-@) pp
o =void fraction, time-averaged fraction of the volume occupied by the gas phase.

The subscript G refers to gas (steam) and L to liquid (water).

The energy-balance for the same volumeis:

d(p,E;)

\&
dt

= (I)LJ.(H+K+<I>)Lj - (1)LJ.+1(H+K+<I>)LJ.+1 +

g (H+K+ @)y, - g, H+K+ D), + Q + W,
In which the energy of the mixture is defined as:

PE; = & pgiEqi + (1- @) p Ey

Some test runs in which the results of a steady-state version of the momentum balance are
compared to those of a dynamic momentum-balance, show that the dynamic effects of the
momentum-balance are much faster than those of energy- and mass-balances. Since the quas
steady-state approach was numerically more stable, theinertiaof thefluid will be neglected. The
momentum-bal ance for the two-phase flow system for flownodej consisting of half of thermal
nodei-1 and half of thermal nodei is:

0= i Vi1~ Piveit Ooio1Veio1™ G iVoit AimiPio1~ AP~ (A;_ = ADp;

+F +F Froti—1+Froti+Fgravi—1+Fgravi+
friction j i- 1 friction j i 2 2 comp j
With:
_ d)Gi _ d)Li
Yoi T L aA Li T T - WA
Pg i %43 P A

Thefriction force is now defined using atwo-phase friction multiplier (Whalley, 1987) and the
friction force in case of the complete flow having the properties (density and friction factor) of
the liquid:

e, ; 0] &, e bl b,

friction j i 4 A friction j+ 1i
P 4 A p, .
i FLi i FLi

4 00 1, A,
D

¢j: ¢Lj+¢Gj €, =

ei

d)io = two-phase friction multiplier
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The steam fraction x can be defined as:
X, = d)gi — d)gi
b, by + Py
The relation between x and « is asfollows:
1

(x =
1+ |sr 17xPe
X p1
SR = dipratio, relative velocity of gasto liquid

Therelations between (H+K+®) at the cross-sectional areasj and i both for water and steam are
the same as the corresponding equationsfor the homogenous model. Calculation of p, and all the
forcesisaso similar to the helium model.

For the rel ations between density, specific energy, pressure and temperature of water and steam,
and for the conductivity and viscosity, the IF-97 water/steam tables are used (Wagner, 1998).

Closure of the set of equations describing two-phase flow will be reached if empirical and/or
component-specificrelationsfor f , Q, W, SRand @ o areadded. Thesewill beintroducedinthe
component models.

4.3.3 Solid Structure M odel

Thethird sub-system which appearsin all componentsisthe solid structure. A two-dimensional
lumped model will be described here. The two-dimensional form is only used to describe the
reflectors of the reactor. For the wall in heat exchangers, a one-dimensional approach is
sufficient. For the solids only the enthal py balance needs to be solved. For an element ¢ (centre)
and its surrounding elements n, s, e and w (north, south, east and west) this resultsin:

d(VpH)
TC: nto ¢ ntoc(T T) C o ¢ stoc(T T)+
oLetoc etoc(T T) wtoc wtoc(T T)+
Qﬁ'om fluid Qto fluid + Qgenerated
a = ; a = ;
ntoc Ax_ Ax, stoe Ax Ax,
+ +
2h 2A 2h, 2
o = 1 o = 1
w to ¢ Ayw . Ayc e to ¢ Aye . Ayc
2h,  2A, 2h, 2A
With:
A = thermal conductivity in Jm™* K*s?*
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S = areaconnecting solid elementsin m? | | |
o = heat transfer coefficientin Jm? K* s* | : '
| |
In figure 4.2 a piece of a solid structure is shown to }___ '__ __' _
clarify the nomenclature. A / b
AXn // : Maf // !
y /
In none of the models all the terms are present, e.g. / }' / :
in the heat exchanger‘ walls no heat is generatgd —4 B
.(Qgener +eq = 0), Whereasin the pebble bed no hot fluid s, WA O g = .
is present (Qyom fia = 0)- Ax| | 7 Wiy v stoe
The enthal py can be written as: 7PN AL
s s sy S
Hs = HS 0 + Cp STS / heat fMI //
/ /
in which H,, can be set zero, since only changes in S /S|
enthalpy are of interest. LV !

—r€C—><—>
Ay, Ay, Ay,

The values used for the steel walls are (Marks, Figure 4.2: Solid structure.

1951):

Paed = 7.77-10°kg m’®
Cosa = 530JkgK™
hew = 20dmtKls?

For the graphite, the changes of density and specific heat are not

separated, but calculated using (Y an, 1990): Table4.2: Parameters for

heat capacity pebbles.
3
(PCps = (1-8) ZC; (Tyy -273.15)) [Im K] Co 1.129 - 10°
i=0
. C, 5.495 - 10°
3 = porosity (0.39 for pebble bed, 0.114 for
‘kohlenstein’) C, 4.916 - 10°
. -9
The effective thermal conductivity [J m? K* s?] (including G 1678 - 10

radiation between pebbles) of the pebble bed iscal culated using
aempirical relation developed by General Atomic (Y an, 1990):

dpp = 1.1536 - 1074 (T, - 173.15)1662

Thisreation isastrong simplifications, sincein reality A depends not only on the temperature
but also on the fast neutron exposure and the temperature on which thisoccurred (V SOP, 1994).
For the graphite reflector the thermal conductivity is calculated from:

A = Cpp (1 + (15648 - 03162 In(T,, .. - 273.15))

graphite graphite

with C, , = 120 for solid reflectors and C, , = 115 if there are cooling channelsin the reflector.
Finally, A of the outer reflector made of ‘kohlenstein’ is calculated with (V SOP, 1994):

}\'kohlenstein = 5.0 + 0.003 (Tk - 27315)

ohlenstein
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4.3.4 Neutronics M odel

The neutronics model is kept simple. For rigorous core modelling, other dedicated models and
software packages (V SOP, 1994) (PANTHER) can be used. A time-independent power-profile
isassumed, whichisvalid for normal operation conditions. Theactual power production Qe e
in a section (axial dab) of the reactor can be calculated as the product of nominal power
production Q,,,, and normalised dimensionless total thermal power P,

Qgenerated - Pnoernom

The reactor dynamics are modelled with the point-kinetic approximation using six delayed
precursor groups (Duderstadt, 1976, Knief, 1992). The point-kinetic model is solved in a
normalised form:

P _
4Py - By . mac

dt AP o1 !

a<; B"P A.C (i=1.6)
= — - N ON 1= 1.
a  Ax

B=—JLP+[5P G=1.23)
dt 3 iTpr "
With:
Po = normalised dimensionless prompt power
o = reactivity
p = I
A = mean neutron generation timein s
B; = delayed neutron fraction of precursor group i
A = decay constant of precursor group i
G = scaled concentration of precursor group |
P = decay heat of group j
B; = yield fraction of afterheat group |
Aj = decay constant of afterheat group j
The normalised thermal power can be calculated as:
23
P = Ppr ' kikj Pj
norm 23
1+ Xp
k=1

Thereactivity is calculated as the sum of contributions by the negative temperature coefficient,
xenon-poisoning and external influences like control-rods or small absorber spheres (SAYS).

p = ptemp + pXe + pexternal

Thereactivity resulting from temperature differencesiscal cul ated asthe sum of the contributions
of all axial layers of the core and all axial and radial layers of the reflector. These contributions
arecalculated from the difference between layer temperature T, and itsnominal value T, ... The
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reactivity contributions are calculated with afull-scope model (Verkerk, 2000) and inserted in
thismodel as an interpolation-table.
# layers

ptemp - 151 pk(ATk) ATk - Tk -T

k nom

Theexternal reactivity-insertionisgivenasafunction of rod-position or number of inserted SAS.
The effect of xenon is calculated from the normalised Xe-concentration by:

pXe = pXe zero(1 B Xe)

with:
Preso = Xenon-reactivity at steady-state full power and Xe =0
Xe = normalised Xe-concentration (normalised on steady-state value)

Xeis calculated based on a simplified decay

scheme shown in figure 4.3.
fission fission
According to this schemeiodine is produced \

asafission product, which givesaproduction B-decay b-decay
rate proportional to the neutron flux and thus i Xe
to P,. lodine decays to Xe with decay
pr
constant A, This gives the following <bsorotion
normalised I-balance: P
Figure 4.3: Smplified decay scheme of Xe.
T cp, - ) g g
dt pr

Xenonisproduced asafission-product and from I-decay. X e disappears not only through decay,
but al so through neutron absorption. The absorption rateis proportional to both P, and Xe. The
Xe-balance then reads:

dXe _ [T,
+

dt 2P [Xel,

M- AxeXe - C3Pere

At 100% power and steady-state conditions the rates of change are zero and P, = Xe=1=1,
therefore: C, = A,. To calculate C, one uses the fission-product fraction y and steady-state full
power concentrations [Xe], and [l]o: C, = (vxe/ v)) ([11o/ [X€],) C,.

Finaly, C;=C, + ([l]o/ [X€]o) A\ - Axe

The point-kinetic parameters, Xe-poisoning parameters, the axial power-profile and the
temperature-reactivity rel ations have been obtained from arigorous core-model (V erkerk, 2000)
and are given in the component model of the reactor.

4.4 Component Models

4.4,1 Compr essor
In order to simulate the compressor behaviour, relations have to be found between the source
terms (forces on, heat transport to and work done on the fluid), the inlet conditions and mass
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flow, the speed, and the
geometry of each stage.
These relations have to be |
valid during normal :

operation, stalled operation I —
and backflow (asit occursin \\?Da/
surge). In normal operation, “: v

the source terms are
calculated from the changes

in direction and magnitude of w X’"*’e“er inlet |
the velocity of the gas flow, . B v
using amethod based mainly S '

on the work of Gravdahl

(1999). In the stalled region nomal flow backflow

and for backflow aempirical

relation based on the work of Figure 4.4: Velocity trianglesin the radial compressor.
Greitzer (1976) is used for

the calculation of the forces on the gas. The compressor flowpath isdiscretised with two thermal
nodes for each stage: one for the impeller and the other for the diffusor and volute.

diffuser \ -
PP

\

\ e
g
P
impeller outlet

Figure4.4 showsthevelocity triangles at theimpeller and diffuser inlet for positive and negative
flow. v, w and u denote the absolute, relative and impeller velocity respectively.

The enthalpy rise AH over the impeller flowpath can be calculated from the Euler-equation:

AH = uentrvtang entr uexvtang ex

entr = entrance of the rotor
ex =exitof therotor
tang= tangential component of the gas velocity

For forward flow Vi, o IS ZEr0. U,, can be caculated from the rotor speed w and the impeller
diameter d.,:

uex - u2 - ndimp“o

Thetangential gasvelocity at theimpeller outlet issmaller than the impeller velocity, dueto the
backswept blades and dlip:

Vtang ex Vo = L~ AVbacksweep B AVslip

AVycxsweep €8N bE cal culated from the blade angle B, and the radial gasvelocity which follows
from the mass flow and the cross-sectional area at the impeller tip.

_ P
AVbsacksweep = V2 ta‘nﬁ2 blade Viad2 = A
p imp tip

Avy;, isrelated to the impeller velocity with the definition of the slip factor pg;,:

49



Chapter 4: Dynamic Modelling

slip
Y,

Thereareanumber of empirica correlationsrelating ug;, to the number of impeller blades Z, the
relation used here also corrects for the angle of backswept blades (Japikse, 1996)).

y/ oS B2 biade

Z0.7
For backward flow u,,, and u,, are related to the rotor speed by:

u, - Av
Raip = —

p‘slip = 1-

uentr - u2 - ndimpm uex - u1 - ndeye av(")

Ay o = average diameter of the eye in M = (dyeinner + Aeye outer) / 2

Now the tangential velocity at the exit (the eye) isnot zero; it is calculated from the blade angle
B, and the axial velocity at the eye. The gasangleistaken equal to the blade angle. Thisisafair
approximation since an exact prediction of the enthalpy rise is not very important in backflow
transients. Likewise, thevelocity at thetipiscalculated from thediffuser inlet angle o, 4 and the
radial velocity at the impeller tip.

\Y ¢
tanc V. = Ll v = 1mp

2 diff tang ex ax 1
cos pl blade pAeye

The work done on the fluid is calculated from this enthalpy rise and W 4., the work done by
disk friction in the axial gap at the rear of the impeller:

W = GAH + W,

Vtang entr Vrad 2

isk fr

W4+ IS caculated from the disk friction moment M4 5, (Vavra, 1960):

3 2
Wosk e = 270 My My & = Caisk & Pimp W2
Pantell (1949) obtained an empirical relation for Cyy ¢,
_ 1 415 0.9 05]‘ + Rsp
diskft = 3251 L, (60)'2 * 60 182
Rs e Re 12 5(3 + Rs) v Re0.182
P\ 2m P\ 2n
R - 6gap Re - Vimp tip dimp/2
sp
dimp B
Ry = ratio of axia gap and impeller diameter
o = width of the gap behind impeller disk in m
Rejyr = disk friction Reynolds number

The isentropic enthalpy gain AH,.,, over the impeller is obtained when a number of loss terms
are deducted from the Euler enthal py rise. The modelled |osses are incidence losses AH;,.. .. and

inceye
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AH,,. ,(due to a discrepancy between blade and gas angle at the impeller and diffuser inlet),
clearance losses AH,, (due to aleakage over the blades in the gap between impeller and house)
and backflow losses AH, .10 (dueto reinjection of gasinto theimpeller because of the pressure
gradientsin the impeller tip region).

AH_ = AH- AH__ - AH_ - AH - AH

isen inc eye inc tip backflow

The forces on the gas in the impeller are then calculated from AH,,, using:

( Pin * Frot/Ap o _ ( T, + AH,/C, K+(1
Pin Ty
With:
A = average cross-sectional areaof theimpellerinm = (A . + A, p40) / 2
The incidence |losses are cal cul ated according to the Lmﬂ,:
‘NASA shock loss theory’ (Gravdahl, 1999). Itisy ———————————— P 7\\: I

based on the assumption that the kinetic energy \=——————————
associated with the tangential component of the
‘mismatch’ invelocity isdissipated, asillustrated for
the diffusor inlet in figure 4.5.

£
1 . . . .
AH, = EA vtﬁng Figure 4.5 Incidence loss at impeller tip
(dotted: design velocities, drawn: actual
Insertion of trigonometric relations yields: velocities).
AH _ - v, tanﬁlblade)z AH _ (Vtang 27 Viad 2tan°‘2diff)2
inc eye 9 inc tip 2

The clearance loss and backflow |oss are assumed to be a constant fraction of the enthalpy gain
(Gravdahl, 1999):

6cl
AH, = 0.3 N AH AH, 0., = 0.03 AH
g = width of the clearance between impeller and housein m
b = impéller tip width in m (see appendix B)

The friction losses could be taken into account in the same manner. However, in the approach
followed here, the friction forces (calculated from the friction loss factor e,) are used in the
momentum balance. In order to calculate thefriction lossesin theimpeller, diffuser and volute,
thefriction factor-Reynol dsrel ation for asmooth pipeisused (shownin appendix A). Moreover,
the three 90 degrees bendsin the volute give an extra pressure | oss. For the chosen optimal ratio
of 2.5 for bend and piperadius, thisyieldsafriction lossfactor g, 4 for each bend (Fox, 1994):

L L
ev bend = 4 fpipe (3] (3] = 12.5
©/ eq bend ©/ eq bend
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Finally, an extrafriction loss factor e, ., IS associated with the deswirl vanes:

Aﬁ'ontal desw C

desw A desw
cr

€ = C

v desw = 0.06
Afronta qesy= frontal area of the deswirl bladesin m?
A, = cross sectional area of deswirl section in m?

Ceesy reaches the minimum value of 0.06 for a thickness/chord ratio of 0.25 (Fox, 1994).

When the isentropic and total enthalpy rise are non-dimensionalised through division by the
square impeller velocity (yielding n and n) and plotted against n, the ratio of gas and impeller
velocity, the curves approximately collapse on oneline for awide range of input conditions and
shaft speeds (Casey, 1986). Thisis shown in figure 4.6.

\'A AH.
@ = inlet A = EZ ‘IJ - 1zsen Nien = E
u u u A.

The calculational method described above aso
gives a prediction in the stall region (dotted in L
figure 4.6). Due to the separation of the flow
from the blades and local circulating flows, the 0.8} \ A ]
calculation overestimates n. Therefore, an \
empirical fit measured by Greitzer (1976) is 06} \ oy 1
used for the stall- and backflow region. The . 7
parabolic fit used is shown as a dashed line in 047
figure 4.6. 0.2
Inthe stall-region, the steady state characteristic
can not be used directly, becausethereisadelay 0

induced by the development of stall cellsin the
stages. The time-constant <, for this
phenomenon isrelated to the rotational speed, a Figure 4.6: Dimensionless stage-curves with

typical 14, corresponds to two revolutions extension in stall- and backflow region.
(Greitzer, 1976). The applied force is therefore

02 -01 0 0.1(p 0.2 0.3 04 0.5

calculated from:
dF tall 1 2
Tst = ‘II_ (Fss - Fstall) Tstall = a

stall

The heat exchange between the compressor blades and the gas can also be taken into account.
During steady operation, the temperatures are nearly equal and the heat flow is negligible, but
during transients the heat flow can have a destabilizing effect. When the compressor is
accelerated, the gas temperatures rise, and the blade temperatures are therefore heated. This
results in a lower temperature rise than without the heat loss to the blades, thus a higher gas
density results. The volumetric flow is therefore lower, which brings the compressor closer to
or even into the stall-region. Unfortunately very little is yet known about the time-constants of
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this effect, so only crude estimations can be made of input parameters like the effective blade
mass (Crawford, 1985). The heat transfer coefficient is calculated from the St Pr?*-Reynolds
relation for a smooth pipe. For the heat exchange area S and wall mass M of the impeller only
the blade area and mass is used. For the diffuser, S and M are approximated with the area and
mass of the triangular wall elements between the diffusor channels.

The heat flow is calculated from:

Q= a8 (Tyy - Thy
The energy balance of the bladesis simplified from the wall sub-system model to:
dH

wall _

dt

The values for stedl (given in the solid construction sub-system model) are used. Geometrical
data of the compressor are given in appendix B.

4.4.2 Turbine

The turbine is modelled in a stage- B,
by-stage manner. Just like for the W, Uz
compressor, the source terms are v,
caculated from the changes in e
direction and magnitude of the
velocity of the gas flow. These can B
be related to the geometry (size of
annular space, blade angles and w
shape) using the work of Zehner
(1978, 1980) and Bammert (1974,

1980) with an extension for the low K‘a“”
flow region by Attia (1985). Work \\j .

U, rotor

and force of each turbine stage are

calculated using dimensionless 1) -

n and n - n relations, which are normal flow
valid for both positive and negative Figure 4.7 Velocity triangles in a turbine stage.

flow. n, n and n are related by

studying the two-dimensional flow at a representative plane with a radius between inner and
outer radiusof theflow area. A sketch of the flow through a stator and rotor row with definitions
of speeds and angles for positive and negative flow is given in figure 4.7.

backflow

Insertion of some trigonometric relations from the velocity triangle in the Euler equation leads
to:

A = @ (coter —cotf, ) - 1

For forward flow o, = ¢;; and B, = B,, whereasfor back-flow «,, = «, and p,, = ;. Theangles
of the gas vel ocity are assumed to be equal to the corresponding blade angles within the turbine,
whereas axial flow is assumed at the inlet. For forward flow thisis a good approximation. For
backward flow, it isnot as accurate because of the blunt blade shape at the outlet (normally inlet).
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Zehner (1980) usesan empirical correlation for the angles during backflow, which gives slightly
better agreement with experiments. This more complicated relation is not used here, because
backflow will only be encountered in very rare pipe-break accidents. For these accidents an
approximation of the turbine behaviour is good enough, since other effects which can not be
predicted (like size of the rupture) will have a stronger influence.

The isentropic enthal py change for forward flow can be written as:
2 2 2 2 2 2
Vi Vo W, W U u
- - + - — +
21/ 2

where’ denotesthe stator and ' denotestherotor. The stator and rotor efficiency are heredefined
as.

= Ah/ + Ah// = -
w2 2 2

isen isen isen

Ah

2 2
Vl 78 W2

2 2
Vi isen W, isen

When a constant axial velocity in the stage is assumed and with use of some trigonometric
relations this can be rewritten to:

_ 9 ¢ 1 1
v = X — -1 + | —— - 1| + 2cota,| - —
first forward 2 SiIlZOLl n / n 7/ sin2B2 1

for the first stage (with axial flow at the inlet). For the subsequent stages applies:

ll’iforward_%( @ (%—1)+<P( 12 S )—2(c0tﬁ0—cotoc1)]—l

sine; \ n'/sin’p, sin’p,
For backflow the following applies:

2 2 2 2 2 2
MW W Bl YN

+ Ah/ —
27’/ 2 2 2

isen

:Ah//

isen isen

Ah

For the last stage this can be rewritten to:

_9|_9 1 1
"I"as ackward ~ 5 — - 1|+e -1+ 2COtﬁ -1
fost backward sin’p, \ 0 1/ sin’e, '

and for the other stages to:

"IJI' backward %(L (i_ 1) te ( L - 12 ] - 2(COtB1_ COtOﬂ2)) -1
1

.2 /1 ! ain .
sin"B; \ M sin“e,,  sin“ol,

For normal flow the angles e, and B, have to be related to the outlet angle of the preceding row,
which is done by:
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¢
arctan > —tanp, .
@cotP, ., + 1 ¢ Prics
arctan| L4 + 1 @<-tanf,. ,
@cotP, . , + 1
arctan| — 9 p>tano
1
@cota, - 1
B1 =
arctan _® |« T @<tana,
¢gcota, - 1

The same can be done for 3, and ¢, in backflow:

arctan @ + T ¢<-tana,,;, ,
@cota,,, , - 1
Bri = |
¢
arctan| + 27 >-tand, .
((pcotocoi+1 - 1) ¢ 0 i1
¢
arctanf| ————| + T < -tan
‘m((pcot[}l " 1] ¢ B,
o, = 3

L=
¢
arctan' — T | +2xm > - tan
@cotp, + 1] ® P,

A relation between the rotor and stator efficiency and the conditions and geometry has to be
inserted. These relations are the same for stator and rotor, if al input variables are given in a
relative frame. Hence, the relations given underneath for the rotor efficiency can be applied to
the stator, simply by replacing  with «, w with v, 1 with 0 and 2 with 1. The efficiency can be
calculated from three different loss-terms: 1) primary losses, which are due to losses over the
blade profile, 2) secondary losses, due to disturbance of the velocity profile near the casing and
3) clearance losses, due to the leakage flow over the tip of the blades.

n= 1 - (Cpnm + Csec + Ccl)

A minimum efficiency of 0.03 is assumed; if the losses add up to more than 0.97, n is still kept
at 0.03.

The primary loss coefficient can be calculated from the blade shape, the primary loss at design
conditions and the difference between gas flow inlet angle and blade inlet angle (= design gas
flow inlet angle). The influence of the blade shape is simplified with the construction of a
dimensionless blade geometry parameter vy:
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y=1 B3
s
With
f = camber in m (as shown in figure 4.8)
S = pitchinm
Bs = stagger anglein rad
) = camber anglein rad

Figure 4.8: Blade geometry.

The primary loss coefficient is calculated as a Gaussian function from the difference in flow
angle.

) e —aap*)®  Table4.4: Constants C, for calculation of a, b.

Cprim =1-(1- Cprim design.
: _— By > By prace By < B biage
in which:
[ a b a b

ﬁ1 B B1 blade B>B

27 - B 1= P1 blade 0 258 |[4.175 045 | 2413
AR - T 1 blade

By = By vrace 1 || -04 |10.802 |3.82 |10.38

- a By <B blade

B1 blade

The parametersaand b are dependent of the blade geometry parameter and from the sign of the
differencein flow angle:

2
a,b= 2 Cy
i=0

The secondary losses can be cal culated as afunction of the aspect ratio g/h, velocity ratio before
and after the row w,/w, and deflection angle Ap over the blade, using table 4.5:

h i=0 j=0

S 2 i !
(= ~F F= 3 3 CAp| 2

Table 4.5: Constants C; for calculation of F.

h = blade heightin m 1o ) ,
Ap = B,- B, = deflection angle in =]
rad 0 | 4.422-10° | 7.4842 102 | 1.6170-10°

The C|earance |OSS is also Ca'cu'ated 1 7.647 ‘1O>3 2.0060 ’1O>3 3.7016 ’1O>2
according to Traupel (1982):

Agp .

Ccl - Ccl AgaP SIIIB2 Agap - 6cl T dgap
axial

C, = -0382 AB + 0.850

d,, = diameter of the gap in m (hub-diameter for the rotor, tip-diameter for the stator)
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oy =g0apclearanceinm
In figure 4.9 atypical variation of the three loss-

terms with the relative inlet-angle is shown.

For thelossesduring backflow different rel ations,
al found by Zehner (1980), will be used. The
primary loss coefficient is calculated from the
constantsin table 4.6 with:

4

M~

Cprim - . Cij Yl ﬁJZ

1

0 j=0

Figure 4.9: Turbine losses.

Table 4.6 Constants C;; for calculation of ¢,

i,j| O 1 2 3 4
0 | 1.448203-10" |-1.370380-10" | 4.648633-10° | -6.478400-10" | 3.101000 -10?
1 || 5.749597 -10° | -4.833603-10% | 1.572941-10* | -2.350434-10" | 1.352909 -10°
2 | -4.951008 -10° | 4.403119-10° | -1.484955-10° | 2.248256-10* | -1.284760 -10*
3 | 1.157481-10* |-1.049211-10* | 3.580902 -10° | -5.446983-10° | 3.108084 -10*
4 || -7.249584 -10° | 6.621342-10° | -2.270661-10° | 3.461037 -10* | -1.974481 -10*

The secondary losses are simply related to the primary loss by:
Csec stat = 0.7 (1 B Cprim stat) Csec rot = 0.85 (1 B Cprim rot)

The clearance loss during backflow is very

small compared to primary and secondary

losses, but is calcul ated using the samerelation

asfor forwardflow. Sin B, isreplaced by sin,, W

so that the sinus of the exit angle is still used.

For very low flows, the turbine stage actsas an

theor,

energy dissipation, in so-called wi ndmllllng windmilling normal operation
. . . ¢
operation. Then istherefore negative. For zero - \,f

flow however, the calculation of the stage

power consumption using
W = ¢ Au?

theor

Figure 4.10: Theoretical solution and fit.

leads to a power consumption of zero, while in reality the turbine still consumes power. To
overcome this discrepancy, Schobeiri (1992) uses a parabolic fit for W at low positive flow, as
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illustrated in figure 4.10.
W = ayd® + byd + ¢y

Thisfitisconstructed in thefollowing manner. The maximum power consumption occursat zero
flow, which leads to b,, = 0. A correlation isfitted to relate this measured ventilation power at
zero flow to the blade velocity and geometry parameter:

W, (0) = ¢y = 097121 vy, Eu® &= pAu

A smooth transition from the theoretical solution to thefit isobtained by the condition that at the
transition flow ¢, the values of fit and theoretical solutions as well as their derivative with
respect to ¢ are equal.

dw w
Wﬁt ((l)mms) _ Wtheor ( ¢mms) ﬁzl ((:)trans) _ theocr1 El)d)trans)

After rewriting n to afunction of ¢, thisleadsto:

b = 2P Au097121 ¥, a, = u?

The same procedure can be applied to small negative flows.
The force of the blade on the fluid is calcul ated with:

Fo. - -pu? @

theor
€O Vax
Then - n relations give a good approximation of the behaviour for large positive and negative
flows. For small flows, resulting in less accurate predictions of the very low row efficiencies
however, the agreement is far worse. Therefore a parabolic fit is also made for the force on the
fluid a low positive and negative flows.

Fa = aF¢2 + b + o

At zero flow, the rotation will lead to a small pressure rise, so a small positive force should be
calculated. No model and only measurements for one configuration of this pressure rise can be
foundinliterature (Zehner, 1980), so only acrude estimation can be made. Theforceat zero flow
Isassumed to beasimilar function of vy, £ and u asthework at zero flow. Dimensional analysis
and the measurements suggest:

Fﬁt(o) = cF = Cforce fit Yrot E-' u E-' = pAu

Extrapolation gives avalue of approx. 1 for C;, ;- Because the derivative of F, ., with respect
to ¢ can not be found easily, a smooth transition can not be made by cal culating the transition-
point from the condition of equal valueand equal derivative. Therefore, the sametransition-point
by S fOr the work calculation is used, which leads to:
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Ftheor(d)trans) B Fﬁt(o)
4)2

A typical plot of force and work of a stage for different mass flows (design value 25.4 kg/s) and
design speed and inlet conditionsis givenin figure 4.11.
5 T T T T T T 80 T

\

60r
0

401
5t
201

-10r 0

W in MW

Fin kN

-201
-15F

-40t

-20r
-60

-25

-2‘0 -1‘0 0 1‘0 2‘0 3‘0 4‘0 50 80 —2‘0 —1‘0 0 1‘0 2‘0 3‘0 4‘0 50
@inkgls @inkgls
Figure 4.11: Typical force and work of a turbine stage.

The heat transfer from and to bladesis modelled as described in the compressor model. The data
used for the turbine model are given in appendix B.

4.4.3 Shaft and Generator
The shaft model relates the work performed in the turbine and consumed in compressor and
generator to the shaft speed. The rotational energy balance reads:

d27w _ Wturb B Wcomp B Wgen - W

mech loss

dt (| + 1) 21w

comp gen

| =inertiain kg m?

The mechanical 10sses W ..., 1. 8Nd €lectricity P, produced are calculated as:

Wmech losses (1 B nmech) Wgen Pel - ngen nFC Wgen
_ - mechanical efficiency Table 4.7: Shaft data.
Tgen = generator efficiency lomp || 10 Nmecn || 0-99
Nec = frequency converter efficiency I 10 N 0.96
Table 4.7 shows the data used. | gen 30 Nec 0.99

4.4.4 One-phase Heat Exchangers

The core model of all one-phase heat exchangers consists of ahot flow, a cold flow and awall
in between. For proper counterflow behaviour each flow isdivided in anumber of thermal nodes
(and flownodes) and thewall isdivided in the same number of elements. In order to reach closure
of the equations describing the flow through the core relations have to be obtained for friction-
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factor f and the heat exchange with the wall Q for both sides. Q can be written as:
Q= aal (T, - Th

The correction factor ais used to adjust for the lower hesat transfer due to the modelling with a
number of ideally mixed nodes instead of a continuous model. The efficiency of a counterflow
heat exchanger isconsiderably higher than the efficiency of asmall number of ideally mixed heat
exchangerswith the same areaand heat transfer coefficients. Thisisclarifiedinfigure4.12. With
a AT in each node which is equal to that in the continuous model, the difference between the
outlet temperatures of the discretised model is considerably larger than that of the continuous
model. A correction can be made by enlarging the driving force with afactor a. The value of a
is highly dependent on the number of mixed volumes which represent the heat exchanger; for
small numbers no a can be found, whereas for large numbers a tends to one.

division in nodes
e A O B I O

hot fi T T Iy Iy ) B B A
© wc;vl\ll ) heat flows
>

codflow| | =TT | | | | | | |
I T T T T R O I B

I _Thot out
temp.

- Tcold in

axial distance

Figure 4.12: Heat exchanger discretisation.

Sincethe temperaturesin amixed volume are equal to the temperature at the exit, the following
relations for the volume exist at steady-state:

Qnode =a (as)node (Thot out Tcold out) = Ccold (Tcold out Tcold in) = Chot (Thot in Thot out)

Using the definition of heat exchanger efficiency n and NTU asgivenin paragraph 3.1.2 one can
rewrite:

1

n C n

a -

NTU

max

nisafunctionof C,,,/ C,., NTU and the flow arrangement, therefore a can be plotted agai nst
Crir/Crax @d NTU for a counterflow arrangement. Thisis shown in figure 4.13.

The heat transfer coefficient for radial heat transport consists of a convective and a conductive
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part. Both for the hot and cold side with
different 4 holds:

1
o =

5 .
1 + wall ) g 4
Nourt Caid 2 Ametal 2]
Mo @Nd a4 @re calculated as described in the ol
steady-state model in paragraph 3.1.2 1 ,
05 -
Heat transfer between the hot and cold flow and 0o |

LF }TU

the headersis assumed to be negligible because
of the relative small heat exchanging surface, Figure 4.13: Correction factor a.

therefore only heat transfer from the header to

the core by conduction through the metal istaken into account in the energy-bal ance of the heads.
The friction losses in the heat exchangers are also calculated in the same way as in the steady-
state mode!.

The data used for all heat exchanger models are already given in appendix A and chapter 3
(table 3.2). The gas-gas heat exchangers are discretised with 20 axial nodes and 5 nodes are used
for the other heat exchangers.

4.4.5 Evaporator, Steam Drum, Downcomer and Deaer ator

For the two-phase flow models relations for the two-phase friction multiplier and slip ratio are
necessary, as well asrelations for friction-factor and heat-transfer.

Whalley (1987) statesthat the CISE correlation isthe best general applicablerelation for thedip
ratio. Thedlipratioiscorrelated to physical properties and adimensionless Reynolds and Weber
number with the following equations:

I
=

1
SR=1+E|—Y - yE]|? y B -
1(1+yE2 2] 1- px + py1-%)

0.22 0 -0.08
E, = 1.578 Reggy (p‘] E, = 0.0273 We g Regn. (‘)
g g
¢ D ¢’ D
Recsp = A - Weerse = 2 )
I A’ap

o =surfacetensonin N m*

Collier (1994) states that for fluids for which p/u, < 1000 (which is the case for water), the
Friedel correlation isthe best relation for cal culating a two-phase friction multiplier. Therefore
thisrelation isimplemented and described below:
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324 F, H p, T
2 1 ‘co
@, = Ep + — Fr 01:;35 E, = (I-x? + x? .

Fr%% Wep, P 1o

In which fo, and f, , are the friction factors cal culated from Reynolds-numbers Re;, and Re, ,
calculated from the whole massflow with the properties of only gasand only liquid respectively.

D D
Reg, = ¢ D. Re,, = ¢ D.
A Mg A
0.91 0.19 0.7
FFr — X078 + (l_x)0.224 HFr = pl) (ug) (l—ug]
P, W by
2 2 D U\ !
Fpo WCFHL o, - x o 1-x
A’ gD, p,’ A’ o p, Py oy

The best correlation for the heat transfer in case of flow-boiling with upward flow through
vertical pipesisthe Chen correlation (Whalley, 1987). The Chen correlation describes two heat-
transfer mechanisms working in parallel: 1) by forced-convection with an enhancement factor
Fenen @0d 2) by nucleate boiling, calculated from the Forster-Zuber equation with a suppression
factor Sge,- Thiscorrelationiswritten underneath in aformwhichissuitablefor both sub-cooled
and saturated boiling:

Q - FChen 061 Swalll (Twall_ T) + SChen o‘FZ Swall (Twall_ Tsat)
Fenen 1S calculated from the Martinelli-parameter X,,,, using the relation shown in figure 4.14.

. (1-x 09 &0.5 &0.1
Mart X P b,

100 —————————— — ——— 10

SChen

0.1 1 ] 10 100 10 100 [10° Re,, 1000

Figure 4.14 Relation between F,, and X,,,,- Figure 4.15 Relation between S, and Re;;.
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o, is calculated from the St-Pr?3-group using a
Reynolds number based on only the fluid part of
the flow:

¢, D

Re, = Ap,e )
1

Scren 1S Calculated using the relation shown in
figure 4.15 from a two-phase Reynolds number
Rep:

H‘AT
S

at

1.25
ReTP = Rel F Chen Toat Twa T

The Forster-Zuber heat transfer coefficient e, is Figure 4.16: Saturation temperature and
finaly: pressure showing AT, and Apg,.

0.00122 AT 0.24 Ap 0.75C 0.45 p;).49 A.;)jg

sat sat pl

Oz = 024 029 024
o AH," W™~ py
With:
ATy = Ty~ T
Apy shown in figure 4.16

10 nodes are used to discretise the evaporator. The discretisation inideally mixed volumes|eads
to anon-physical discontinuity when avolume goesfrom asub-cooled to aboiling state and vice
versa. In reality the boiling front moves gradually, but in this model it moves with steps since a
volume s either boiling or non-boiling, and not boiling in one part and non-boiling in the other.
Thisleadsto an increase of the mass flow |leaving the volume which istoo high dueto the faster
decrease of density at the onset of boiling.

Thesteam drumismodelled asasinglethermal nodeinwhichwater and steam are separated, but
inthermal equilibrium. Thevelocity in the steam drum isnegligible. Saturated water flowsfrom
the steam drum into the downcomer and saturated steam flows to the deaerator and the
superheater. The liquid level (L) iscalculated as:

L=ocddm1

drum = diameter of the drumin m

Thisisacrude approximation since it does not take into account the changein areawith level or
volume changes of the water by bubble formation in case of a pressure reduction. However, in
areal drum there are strong fluctuations in the measurement of theliquid level which can not be
modelled anyway. Therefore, no attempt is made to correct for the effects mentioned above.
Saturated water flows into the downcomer in which the hydrostatic pressure and velocity are
higher thaninthedrum. Theresult isadecreasein static pressure which leadsto steam formation.
This steam is carried along with the water with the same speed (SR = 1). The flows to the
superheater and to the deaerator contain saturated steam only.
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The drum has adiameter of 0.5 m and is 3 m long, while the downcomer has a diameter of 0.25
m and alength of 2.35 m. The deaerator isan ideal mixer of water and steam, resulting in an one-
phasewater outlet flow. The deaerator ismodelled as africtionless and adi abatic volume of 3 m?,

4.4.6 Reactor

A drawing of the reactor S $8E 8P SRS S gs5 $P SRS
with the division of the W] ] P
solid structure in different | o [ ‘
elementsisshowninfigure e | (F)

4.17 (adapted from Sl S e
(Verkerk, 2000)). The & . g
pebblebed (A)isdividedin | | K

ten axia layers. 4 axialy ERIER T
discretised reflector layers o 2 W

surrounding the pebble bed | [ s R
have been modelled: the 1 e (c
inner reflector with W L (3) (79) @ R 0 0PI0
channels for control-rods | BEEGnenin i s
and the small absorber Bl 9o 0T Lo
sphere-system (B), the S
middle reflector (C), layer . v B
consisting of the reflector .+ ] .
with cooling gas channels o e o
and separator reflector (D) Tl | s
andouter reflector, madeof " [ 7 Sl
‘kohlenstein’ (E). Theouter ST Dm— & | (o)
reflector issurrounded by a IO ]

border inwhich h.eatlossto | G - w
the surroundings is Sal=0 NG W

calculated (notshownsince | ~]

it has no heat capacity). o o L

o o

The top and bottom
reflector (F & G) aboveand Figure 4.17: Reactor discretisation.

beneath the pebble bed also

contain cooling channels and are surrounded by four reflector-layers. The sizes of the el ements
areshown in figure 4.17. For the pebble bed, the distance for heat loss to the first reflector (Ay,
in paragraph 4.3.3) is not equal to the radius but much smaller, since the heat is not produced in
the centre only but over the whole radius. This distanceis varied to achieve the best agreement
with the temperatures in the full scope model (Verkerk, 2000). The heat transfer coefficient for
the heat |oss to the surroundings is used to set the value of the steady-state heat lossto 433 kW,
whichiscalculated with the full-scope model. The data of the helium channelsare givenintable
4.8.

Theheat transfer coefficient and friction-factor are cal cul ated anal ogously to the heat exchangers,
using the relation shown in figure 3.3. The heat production is calculated as described in the
neutronicsmodel (paragraph 4.4.4). The point-kinetic parameters, X e-poisoning parameters, the
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axial power-profile and the temperature-reactivity relations for the axial pebble-bed layers are
given in table 4.9 and 4.10 and figures 4.18 and 4.19. Curves similar to those shown in figure
4.19 are used to calcul ate the reactivity contributions of all the reflectors.

Table 4.8: Data of reflector channels.

no. of channels diameter inm lengthinm
top reflector 35 0.163 1
bottom reflector 155 0.075 13
reflector 1 20 0.1 8.65
reflector 3 72 0.13 8.65

Table 4.9: Point-kinetic parameters. Table 4.10: Xe-poisoning parameters.

A=8.879-10"s Pyesao = 0.01718
groupi || B Ains? fission product || | Xe
1 0.1807 -10° | 0.013 Y 0.0603615 0.0077
2 1.237-10° 0.032 Ainst 2.912-10° 2.118-10°
3 1.192-10° 0.128 [Clyinm? 1.3732-10%° | 1.2887 -10%°
4 1.972-10° 0.304
5 0.6925-10° | 1.35
6 0.1314-10° | 3.63
0.15 0.6
S 0.4
3 Foz
%‘ aQ
%Co,j_f or layer 17
<:§ %
D.C 0.2+
-0.4r 107
(top
0.05 : : : : : -0.6 : : :
0 2 4 6 8 10 -400 -200 0 200 400
layer i AT in°C

layer

Figure 4.18: Reactor power distribution. Figure 4.19: pebble bed reactivity.
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4.4.7 Secondary Helium Blower and Feedwater Pump
Inthe helium blower and pump, two sourcetermshaveto betaken into account: theforce exerted
onthefluid F,., and the corresponding work done W,,.. The friction forces can be neglected since
they are small compared to the externally applied force, and heat transport from or to thewall is
also negligible because of the small heat transferring area. F and W can be cal culated from the
pump head h and efficiency n:
Frot = 8 hA Wrot - M

n
The head and efficiency under different operating conditions are described by the one-

dimensional pump characteristics, whicharegivenin chapter 3. No attempt ismadeto dimension
the pump and blower.

4.4.8 Valves

For the valve, arelation hasto be given between stem position and flow. This could be obtained
by adjusting the cross-sectional area of the thermal node, but this would induce very high fluid
speeds with corresponding high Mach-numbers and compressibility-problems when avalveis
closed quickly.

For valves which operate at low Mach-numbers this would unnecessarily complicate the model.
The flow through the valve can be influenced more easily by changing thefriction lossfactor in
the following manner:

ev valve kvalve ev open valve 1

No heat transfer from or to the fluid is modelled. 1
Theflow through an open valveiscalculated using
an e, of 8whichistypical for aglobe-valve (Bird,

1960). Theflow through aclosed valveisassumed 9730'67 ? 3
to be 10° times smaller than the flow throughan | 4
open valve. This approximation has to be made, 5

since the numerical solver can not handleastable ¢!
zero-flow. For different types of valves, different
relative flow versus valve stem position relations, o - ¥ o o5 ]
so-called vave characteristics, are obtained ' valve position '

(Stephanopoulos, 1984). For six frequently used Figure 4.20: Valve characteristics for quick
types, these valve characteristics are plotted in opening (1), square root (2), linear (3),
figure4.20. A relation between k. and the valve parabolic (3), equal percentage (5) and
position is easily obtained: k. is inversely hyperbolic valve (6).

proportional to the square of therelativeflow ¢,4.

Complex models for valve behaviour are readily available. One could take into account the
second-order behaviour of the stem positioning and the maximum adjustment velocity (ACM,
1999). However, the goal of thismodel isto cal culate the dynamics of the plant and not those of
the control system. Therefore, only afirst-order delay is built in to simulate the inertia of the
valve:
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dvPp 1
— = —— (VP - VP
dt tvalve (V et )
With:
Tyave = valvetime constant in s
VP = valve position

This approach leads to a correct prediction of the flow in case of low Mach-speeds (<0.7).

For valvesin which higher Mach-numbers can be expected (like those connecting low- and high
pressure plenums) amodel based on Pool (1982) isused. Herelatestheforces on thefluid to the
input and output conditions and two dimensionless numbers, in the form of area-ratios:

A - L) An,

Ain \/; Ain
A, = areaat inlet, cross-sectional area of connecting pipesin m?
A, = fictional areafor friction caculation in m?

A, cross-sectional area at nozzlein m?, see figure 4.21

These two ratios can be found W
experimentally as a function of the stem i

position. The behaviour for low Mach- A A, A=A,
numbers is determined by the first ratio, Ni N > Nou

the behaviour for choked flow (Mach one M

a the ‘nozzle’) is determined by the T I

second. In the intermediate regime, both Figure 4.21: Model for high Mach-number valve.
numbers are used.

The calculation is based on the flow-numbers N, and N, a theinlet and the nozzle, which are
related to the Mach numbers as:

The static flow-pressure relation is based on the formula (Bean, 1971):
1 v)?
A = - e J— J—
p- e to(
Y = expansion ratio
For Y=1thisformulareducesto the normal pressure-flow relation for flow with constant density,

thevariable Y corrects for the effects of compressibility. For flow through a pipe with constant
cross-section, atheoretical expression for Y can be developed (Streeter, 1987).
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2
Y = & pipe ~in
K 2
+ N.
o N]n -1 in
Nout £ + Nozut
\ k-1

N = flow number at pipe outlet

out
Pool (1982) suggests that the expansion ratio Y for the valve can be taken equal to Y for apipe
which chokes at the same mass flow, thus avoiding the necessity to establish Y for different
valves. Thisis a strongly ssimplifying assumption, which is supported by measurements. The
flow number N, for which the nozzle chokesis given by:

K+ 1
2 K+1 k-1
Aol 2 N 2
Al kD x- 1
in 1 + N.*

mn

The equivalent friction loss factor g, .. ¢, fOr which a pipe with the same inlet flow number
chokesis:
1 k-1

=+
s 1 , N~*2 X

m

1
veeer 02 K 2K K+ 1
K

With this equivalent friction loss factor, the outlet flow number N, for the pipe with the same
N.," asthe nozzle can be calculated as afunction of N, :

1 k-1
— +
1 1 k+1,| Ni K
S pipe eq o B o B In
2Nin 2Nout 2x L k-1
N2 K

out

From N,,, Y can be calculated and used in the pressure-flow relation. If the velocity reachesthe
speed of sound in the nozzle, a recompression shock-wave will occur just downstream of the
nozzle. It is assumed that this leads to exactly Mach-number unity in the nozzlewhichisafair
approximation; thereal Mach-number isjust alittle higher. From the mass flow through and the
pressure difference over the valve calculated in this manner, a virtual friction loss factor is
calculated and used in the momentum-bal ance downstream of the valve. Typical arearatiosfor
aglobe valve for different stem positions are given in figure 4.22 (Pool, 1982).
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4.4.9 Plenums, Vessels and Pipes 1

Between the components, helium or water flows
can be split or joint together. Thisisdoneina  ost
plenum, a thermal node with several inputs and
outputs. These thermal nodes all have relatively
large cross-sectional areas and thus low
velocities. Therefore, theincoming and outgoing
flows are assumed to carry no momentum to the
connecting flownodes. This is a valid
simplification, since the difference in static and

0

area ratio
o
o
:

o
~

o
N
:

total pressureintheseelementsisnegligible. The 0 0.2
pressure loss within these plenums is also

0.4 0.6 0.8 1
valve position

negligible. For numerical stability however, a Figure 4.22: Arearatio for a globe valve.

very small friction loss factor isintroduced. The

plenums are all supposed to be adiabatic. Thisisavalid assumption since both the heat transfer
to and the heat capacity of thethewalls of the plenumsis negligible compared to the heat transfer
to and the heat capacity of wallsin heat exchanging equipment. The dimensions of the plenums

in the primary circuit are given in table 4.11.

The inventory control vessels are also modelled with plenums. The heat transfer to the

surroundings is calculated from:
Q - - (06 S)vessel (THe B Tsurr)

Ton = (constant) temperature of surroundingsin K

The connecting pipes are

assumed to be adiabatic on 1o 4 11. plenum volumes,

the same grounds as the
plenums. The friction loss plenum

volumein m?

factor iscalculated fromthe
between precooler and compressor

2

friction factor using the Re-
fr relation for apipe (given | petween compressor and recuperator

21

in appendix A). The reactor
and energy conversion between recuperator and reactor

4

system are connected witha

. between reactor and turbine
pipe and an annular space.

0.5

The pipe from the reactor between turbine and recuperator

4

has a length of 4 m and a
diameter of 0.95 m andthe | Petween recuperator and precool er

10

annulus to the reactor has a
length of 11 m and an
equivalent diameter of 0.7 m.
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4.5 Conclusions

A best-estimate code for the complete nuclear gas turbine plant has been produced. Its level of
detail surpasses any model described in literature, except for the reactor neutronics. The setup of
the code allows also for use as adesign-code. For example, one can not only predict the pressure
ratio for a compressor from its geometry during off-design operation, it is aso possible to
determine the impeller diameter necessary to achieve a certain pressure ratio.

Because of its modular approach it can easily be used for other power plants. If thermodynamic
propertiesof air, fuel and off-gasare added, one can easily model acomplete conventional power
plant. The detailed description of the natural circulation evaporator makes the code with small
adaption fit for the study of boiling instabilities, as they can occur in a boiling water reactor.
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Chapter 5

Verification and Validation of the Dynamic Model

Generally, there are a number of options for verification and validation of a model. The most
obvious option iscomparison with datafrom the actual plant. Since the cogenerating NGT-plant
has not been built, this option is not possible. Another method of validation is by comparison
with another model. The reactor model has been validated with a 3-dimensional neutronics and
thermal hydraulics model. The other component-models are verified by checking the simulated
transientson e.g. the principles of conservation of energy. Moreover, the sensitivity of the model
withregard to uncertain parametersand the spatial discretisation hasbeen checked. Finally, some
transients have been cal cul ated with this dynamic model and with the nuclear thermal hydraulics
code RELAP. The results are compared and discussed.

5.1 Compr essor

In order to check the compressor model,
first the compressor map shown in figure
5.1 has been produced. The map shows
that the compressor model gives very
realistic results. The most striking
differencewith the map used in the steady-
state model (shown in figure 3.1) is that
the design-point (marked with an asterisk)
does not have the highest efficiency.
Because the friction losses are high
compared to the incidence |osses, ahigher
efficiency is reached at lower mass flows.

The dynamic behaviour is tested in a
configuration in which the compressor is
connected with a plenum and a valve as shown in figure 5.2. When the valve is closed, the
pressure ratio over the compressor rises. With the decreased flow the surge-line is passed and
oscillatory behaviour results. Greitzer (1976) states that the shape and frequency of the flow
oscillation is dependent of the plenum volume. A stable operation point in the rotating stall
region can befound withasmall plenum. For alarger volume high frequency oscillationswithout
negative flow are expected. When the volume is enlarged further, a cycle including backflow

Figure 5.1: Compressor map.
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appears and the frequency decreases. The transitions
are predicting using a parameter B:

\Y

O e

B = u plenum
2Vsound Acomp comp
u = rotational velocity in m/s Figure 5.2: Surge test configuration.
V = volumein m®
A = cross-sectiona areain m?
L = lengthinm

<

sound

acoustic velocity in m/s

Greitzer predictsthat for B = 0.45 an overdamped transition is expected, whereas with B = 0.6
the transition to stalled operation is underdamped. Classical surge appears for B = 0.7. At

B=1

58 the lowest mass flow is zero, and B = 5 leads to deep surge.

First aone-stage compressor istested. In figures 5.3 to 5.6 the plenum pressure and compressor
mass flow are shown for increasing plenum volumes (note the different time scales!). Thevalve
has been closed to a position which brings the compressor just past the surge-line. If thethrottle
Is closed further, the transitions occur at other values of B.
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Figure 5.3: Sngle stage behaviour with 0.028 m? plenum, B = 0.1.
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Figure 5.4: Sngle stage behaviour with 0.114 m® plenum, B = 0.2.
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Figure 5.5: Sngle stage behaviour with 1.82 n? plenum, B = 0.8.
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Figure 5.6: Sngle stage behaviour with 6.40 m® plenum, B = 1.5.

For B = 0.1 and smaller the transient gives an underdamped result. The damped transition which
Greitzer observesis due to the fact that he ignores the inertia of the gas. When B is enlarged to
0.2, classical surge appears. If B isincreased further, the lowest mass flow comes closer to zero,
as shown in figure 5.5 with B = 0.8. Negative flow and the corresponding deep surge pattern
appear when B isenlarged to 1.5. The qualitatively expected behaviour isexhibited, however the
transition appear at lower values of B than Greitzer predicted.

When the multi-stage compressor is tested, the interaction between the stages |eads to a chaotic
pattern, resembling those Greitzer and Davis (1991) measured. Results are shown in figure 5.7
to 5.10 for aplenum size of 0.01, 0.1, 1 and 10 m®. Thetransitions now take place at much lower
B-values. Thisisbecause for L, the complete compressor length istaken, while the last stage
alone aready could establish the surge. If only the length of the last stage is used in the
calculation of B, its value would increase approximately with a factor v'5 which would bring
them in the range expected.
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Figure 5.7: Compressor behaviour with 0.01 m?® plenum, B = 0.024.
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Figure 5.8: Compressor behaviour with 0.1 m?® plenum, B = 0.077.
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Figure 5.9: Compressor behaviour with 1 m® plenum, B = 0.24.
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Figure 5.10: Compressor behaviour with 10 m? plenum, B = 0.77.
5.2 Turbine

In order to check the turbine-model, the steady-state results of the dynamic stage-by-stage model
have been compared to the results of the simple steady-state model presented in chapter 3. In
figure 5.11 the flow ¢ and isentropic efficiency n,4, are plotted against the pressure ratio ¢ for
different rotational speeds w. The mass flow of the smple model is hardly dependent on the
rotational speed. Thisisconsistent with the expectations, since the massflow is calculated from
an expression based on the similarity with a nozzle, in which there is no rotational speed. The
stage-by-stage model does not model choking correctly; the mass flow doesnot level off at high
pressure ratios. This was to be expected, since the discretisation-scheme cannot be used for
choked flow. The*‘nozzle’ -model of course correctly predictsthe choking. If acorrect prediction
of choking inthe dynamical model is necessary, then achoking valve can be placed directly after
the turbine. The efficiency curves are again similar but not the same. The simple model assumes
aquicker decline of efficiency at off-design conditions than the stage-by-stage model. If the off-
design efficiency relation showninfigure 3.2 isreplaced with acurve which isflatter around the
top, the results would be more similar.
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Figure 5.11: Comparison between stage-by-stage and simple model.
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5.3 Heat exchangers

The heat exchanger dynamics have been verified with the energy-balance of the transient
following a step change of 100 °C on the cold flow inlet temperature of the recuperator. The
pressure on both inlets and outlets aswell asthe hot side inlet temperature were kept constant at
their valuesat normal operating conditions. Theresponse of theinlet and outlet temperaturesand
the mass flows are given in figure 5.12. The increased temperature and constant pressure gives
alower density. If the mass flow was constant, the velocity would increase, which leads to a
higher pressure drop. However, the pressure difference over the heat exchanger is constant,
therefore the mass flow decreases.
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Figure 5.12: Response on a step change of the recuperator cold inlet temperature.

In figure 5.13 the heat flow to the heat exchanger body is shown:
Qto steel Cp [(I)hot (Thot in Thot out) + d)cold (Tcold in~ Tcold out)]

Integration of Q4. Jivestheenthal py difference of steel, from thisthe average steel temperature
rise can be calcul ated.

t
[Qp seet = AhgeyH) = MC, AT() ~ AT(=) = AT(100 §) = 50 °C
0

The mean wall temperature rise is agan 12
calculated to be 50 °C from comparison of the 100
average wall temperature before and after the
transient. This is also the expected behaviour =
when the inlet temperature on one sideis raised z

with 100 °C whilethe other inlet temperatureis &,/
kept constant. o

This logical test shows that there are no 0
modelling errors. However, the accuracy of the ‘ ‘ ‘ ‘
model depends on the accuracy of the empirical 0 20 el 80 100
relations used and some modelling choices (like

the number of thermal nodes used to discretise Figure 5.'13: Heat fl OW to the recuperator
stedl during the transient.
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aheat exchanger). Since a comparison with real datais not possible, asensitivity analysisisthe
only way to assessthe models. For the one-phase heat exchangers, theempirical relationsfor heat
transfer coefficients and friction factors only influence the steady-state results (and thus the
design). If the heat transfer coefficient turns out to belower, the heat exchanger must be enlarged,
but the dynamic behaviour isnot directly influenced. (Indirectly it is: more steel leadsto aslower

response).

For the evaporator-model, correl ationsfor thedlip-vel ocity and steam drum ‘
two-phasefriction multiplier are added aswell. The sensitivity —>

of some output parameters to these two parameters has been
tested with amodel of the drum, downcomer and evaporator

(showninfigure5.14) and atransient in which the heliuminlet downcomer
temperatureisincreased with 50 °C. Whether thetransient was Y
simulated with a two-phase friction multiplier which was N\ evaporator
double or half the value of that calculated with the Friedel- Jr

correlation did not matter at all for the important output
parameters like steam flow leaving the drum, drumlevel and Figure 5.14: Seam generator.
pressure. The circulation ratio (of total water flow and steam
production) is changed, because with alower friction factor more water is dragged through the
evaporator. Since the heat transfer is hardly
dependent on conditions on the water-side (the 2
helium side resistance against heat transfer is
dominant) this does not influence the amount of
water evaporated. A change of dip-velocity
however, does affect the output parameters. In
figure 5.15 the behaviour of the drumlevel,
pressure and steam-production during the 0
transient is shown for homogeneous flow (slip
ratio=1), thedipvelocity ascalculated withthe 05}
CISE-correlation, and withadlip-velocity which ‘ ‘ ‘ ‘
istentimes aslarge. This strong overestimation 0 10 20 40 50
is needed to obtain avisible effect.
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Figure 5.15: Behaviour with different slip velocities, +50 °C step on T, ;, drawn: CISE-
correlation for dip-velocity, dotted: homogeneous flow, dashed: over-estimated slip-vel.
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When THE helium temperature isincreased, more steam is produced. Pressure builds up, until
a new balance between inflow and outflow of the drum is reached. The drumleve is a pure
integrator, therefore no new equilibrium will be reached. The massflows of water and steam are
set by the heat-balance. With alarger dlip vel ocity the comparatively higher steam velocity leads
to alower steam fraction in the evaporator. The total mass of the system is higher which gives
amore sluggish response. The drumlevel is affected by the pressure dependent inlet flow from
economiser and evaporator and outlet flow to downcomer and superheater. With alower steam-
fraction in the evaporator (due to a higher dip velocity) less mass can be accumulated in the
evaporator. The reaction of the evaporator outlet flow on achange of theinlet istherefore faster
and a balance between the flow to the downcomer and from the evaporator is reached earlier.
Therefore, the homogeneousflow model doesnot exhibit the samefluctuation asthe model swith
higher dlip velocities.

The sensitivity to the discretisation is tested as well. For the high efficiency gas-gas heat
exchangers, the number of thermal nodes should be fairly high, since otherwise the correction
factor a(seeparagraph 4.4.4) cannot be determined. Thefinal cool er, economiser and superheater
can be discretised with afew or even one node. The sensitivity of the accuracy to the number of
nodes has been checked with the economiser model. The economiser was discretised with 1, 2
and 10 nodes and the same step change (+50 °C on the hot inlet) has been applied. The results
shown in figure 5.16 are very similar. A small divergence can be seen between the single node
and the two-node discretisation, but afiner discretisation makes little difference.
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Figure 5.16: Sensitivity to economiser Figure5.17: Sensitivity to evaporator

discretisation, drawn: 10 elements, dashed: 2 discretisation.
elements, dash-dotted: 1 element.

For the evaporator, the discretisation a so influences the stability. Thisisillustrated with figure
5.17. With a strong transient and too few nodes, the mass flows start to oscillate. This can be
overcome by refining the mesh.

5.4 Choked Valve

Thevalvemodel with choking effectshasbeen tested plenum 1 [ i ]_} plenum 2
inaslow (quas steady-state) transient. The pressure

in plenum 1 of the model of figure 5.18 is kept
constant, whereas the pressurein plenum 2isslowly Figure 5.18: Valve test configuration.
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raised. Theresulting massflow throughthevalve 15
asafunction of the pressure difference is shown analytical approx <17

in figure 5.19. A positive and large pressure gl < vatve model |
differenceresultsinapositivechokedflow. Inthe 45| ]
choked regimethe decrease of pressure drop does

not affect theflow, theflow isonly determined by 0
the constant upstream pressure. With a small
pressure drop, the choking effects are negligible

@ /(pc hoked

-0.5¢

and the valve friction determines the mass flow. -1

For alarge negative pressure difference the flow f

is choked again, however the increasing pressure Ty 2 0 2 4
in plenum 2 is now the upstream pressure. AP 1A chote

Therefore the density of the flow through the Figure 5.19: Pressure-flow relation for valve.
valve increases and with the constant (acoustic)

velocity thisresultsin alinearly increasing backflow. Theanalytical solutionsfor ahigh positive,
high negative and small pressure difference have also been plotted and agree with the model.

5.5 Reactor

Thereactor-model has been validated with the three dimensional model with coupled neutronics
and hydraulics built in Panthermix (PANTHER, 1995, Oppe, 1998). Results of four modelswill
be given for sometransients. The model developed hereisfirst compared with the results of the
compl ete Panthermix-model. Subsequently, another model is used, which has the same thermal
hydraulics model as Panthermix (modelled with a code called Thermix-Direkt), but a point-
Kinetic neutronics model. In this manner the effects of different discretisation of flowpaths and
heat structure on one hand and the different neutronics-models on the other hand can be
separated. The results of apoint-kinetic reactor model with yet another nodalisation of the heat-
structure, modelled in RELAP are shown aswell. The complete primary system response will be
compared to those of the RELAP model inthe next paragraph, therefore thereactor responsesare
compared first. In the comparison the models will be named after the code in which they were
developed (Panthermix, Thermix-Direkt & RELAP), so the dynamic model developed in this
thesis will be called the ACM-model (Aspen Custom Modeler).

In the first two transients the helium inlet temperature changes with -100 °C respectively
+100 °C. The normalised reactor power and changein helium outlet temperature are plotted. The
initial temperature and reactivity-effects are monitored during 500 seconds (figure 5.20),
subsequently the Xe-transient is monitored during 50 hours (figure 5.21). The increase of inlet
temperature leads to anegative reactivity, hence the power isreduced. Less heat istransferred to
the helium, so its temperature rise is reduced. This effect is larger than 100 °C, so the outlet
temperature decreases. This temperature fall at the outlet again leads to a reactivity and power
increase, which explains the oscillations. With the lower power the xenon-concentration is too
high; it initially even rises due to the decay of iodine. This leads to poisoning of the reactor,
indicated by alower power level. Only after about 40 hours, the Xe-concentration isin balance

again.
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Figure 5.20: Comparison of short termtransient after inlet temperature change, drawn: ACM,
dashed: Panthermix, dash-dotted: Thermix-Direkt, RELAP: dotted.
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Figure 5.21: Comparison of long termtransient after inlet temperature change.

It can be seen that the models are very consistent, with differences of afew percent. The point-
kinetic approximation works very well, nearly al the differences are due to the different
nodalisation of the heat structure. The speed at which heat is conducted through the structure and
resulting temperature profileis slightly different for the models, hence the temperature-induced
reactivity effects lead to a minor discrepancy in power production. The Panthermix model
calculates a dlightly lower power level, since the burnup over two days is taken into account.

A transient in which the coolant massflow isreduced to 25% isalso monitored (figure5.22). The
graphite temperatures rise slightly. This leads to a reduction of the power, again with some
oscillatory behaviour. The oscillations are somewhat slower in the ACM model, but the models
reach the same steady-state at 25% of the nominal power.

A more thorough discussion of the comparison between the point-kinetic model and the full-
scope model can be found in Verkerk (2000).
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Figure 5.22: Comparison of transient after mass flow reduction.
5.6 Primary Cycle

Now that all the component models have been tested, the results of some transients of the
integrated primary circuit are compared with those calculated with a model implemented in
RELAP5MOD 3.2 (RELAP, 1995). RELAP isanuclear thermal hydraulics code widely used
for simulation of light water reactors. The code has been thoroughly validated and is accepted by
licensing authorities. However, hardly any previous modelling and no validation of helium
systems has been done with RELAP. Verkerk (2000) built amodel of the primary system of the
NGT-IS plant using RELAP component models. Since there was no standard RELAP model for
a compressor it was modelled with a series-connection of pumps. The head and power curves
were based on the ¢-A and -y curves produced with the ACM model. The curves are similar to
those in figure 4.6, with inclusion of the friction losses in the diffuser in the calculation of .
THE plate-fin heat exchangers were modelled with flow of both the hot and cold flow through
ahigh number of pipeswithitswallsjoined together. THE number of pipeswas chosen such that
it yielded the right pressure drop and heat transfer coefficient, while the wall thickness was
adjusted to achieve the thermal inertia calculated
with the ACM-model. THE turbine was modelled
with the RELAP steam-turbine model. THE _@)
RELAPmodel can be connected to the Panthermix E

reactor core simulation for a best estimate model
or apoint-kinetic neutronicsmodel can be used for outiet €1 |
faster performance. The ACM and RELAP-model
have been built with the same input-data. No fit-
parameters have been tuned to improve the
agreement of the two models. Some differences second. loop
can be expected due to the different models of the _‘L
reactor heat structure as well as different

component models in the energy conversion _D<_ % < D‘—
system. The modelled circuit is shown in figure ~ Plenum L

5.23. Inthe RELAP model, the temperature at the

compressor inlet is kept constant. In order to Pl g—
obtain the same boundary conditionsfor the ACM Figure 5.23: Modelled primary system.
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model, the secondary flow through the precooler is made very large with a temperature nearly
equal to that of the compressor inlet flow at design conditions. The inventory control systemis
simplified. Instead of the modelling of tanks, the helium flow leaving the system simply expands
inaninfinitely large volume at 1 bar, whereasthe heliuminlet is connected to aninfinitely large
volume at 70 bar and 20 °C.
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Figure 5.24: Comparison of transient after load rejection.

The models have been compared with three transients. In the first transient aload rejection (a
generator trip) is simulated (figure 5.24). The generator-load is step-wise reduced to zero. The
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shaft directly goesinto overspeed. At amuch higher speed and mass flow the compressor power
bal ances the power produced by the turbine. At the higher final speed the pressureratio is also
increased, so the compressor inlet pressure is reduced while the outlet pressure increases. This
of courseleadsto afast increase of outlet temperature. Theturbine outlet temperatureis strongly
decreased, since more power is produced at lower efficiency. Because of the strong coupling by
way of the recuperator the reactor inlet temperature also decreases.

The models agree quite well. Due to the different compressor and turbine characteristics, the
massflow and rotational speedsat which the system isin steady-state again differ. Thisof course
alsoleadsto adifferent pressureratio and temperatures. The differences between thetwo models
are mainly due to the different turbine characteristics. One can see that the same compressor
outlet temperature is predicted by both models, but the predicted turbine outlet temperatures
differ by 40 °C, while both inlet temperatures hardly change. The decrease of turbine efficiency
for thisfar off-design operation is not properly modelled in RELAP, so its efficiency estimation
istoo high. The RELAP model thus hasthe highest turbine power which leadsto a higher shaft
speed and mass flow.

Thehigh rotational vel ocity of the shaft may |ead to unacceptably high stresses dueto centrifugal
forces and the sudden increase of the recuperator cold inlet temperature leads to thermal stress
which can reducethelife-time of the recuperator. Therefore, avalve can be used which bypasses
the turbine. In similar systems, a valve between the reactor inlet and the turbine outlet is often
proposed (General Atomic, 1995). In the second transient, at the same time the load is rejected
and the bypass valve is opened stepwise (figure 5.25). This reduces the mass flow through the
turbine and increases the mass flow through the compressor. Now the compressor and turbine
power are balanced at the design rotational speed of 200 rev/s. A lower pressureratio will result.
In order to reach the corresponding pressures, the mass has to be redistributed over the high and
low pressure plenums. Thistakes sometimewhich explainswhy the shaft first goesin overspeed.
Themassflowsof thenew steady-state areremarkably similar. The ACM model reacts somewhat
faster, therefore the shaft exhibits a smaller initial overspeed.

Withthethird transient thelong term behaviour iscompared. Part-load operation can beachieved
with a high efficiency when the helium inventory is reduced. In this transient, the inventory is
reduced to 50% and after two days the system isfilled again, after which the behaviour is again
monitored for two days. For this test not the electricity output but the shaft speed is set. This
corresponds to avery fast control loop in the asynchronous generator system. When the plant is
grid-coupled (opposed to stand-alone electricity production) the amount of electricity produced
can have any value. In this case the value which keeps the shaft speed at 200 rpm is chosen. The
transient is started by opening the valve between the compressor outlet plenum and the helium
outlet. Thevalveiskept openfor approximately 300 s, until the helium inventory isreduced with
50%. The valve is choked during thistime, so the mass flow through the valve reduces linearly
with the system pressure. Now the system ismonitored for 50 hours, until the xenon-transient is
complete. After 50 hours, the helium inlet valve is opened until the system isfilled again.
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Figure 5.25: Comparison of transient after load rejection with opening of bypass valve.
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Figure5.27: Comparison of long termtransient with inventory reduction and el evation, drawn:
ACM, dashed: RELAP, dotted: Panthermix.

When the inventory is halved, the pressures, mass flows, the reactor power and electricity
production are also reduced to 50%. The transient behaviour during the inventory reduction is
showninfigure5.26. Thebehaviour during thefull transientisshowninfigure5.27. At thelower
mass flow the recuperator efficiency increases. Thisexplainsthe sudden increase of reactor inlet
and turbine inlet and outlet temperature. Subsequently, the initial increase of xenon is
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compensated by a lower reactor temperature. When the xenon decays again (starting after 4
hours), the reactor power and temperatures rise again. With the constant shaft speed, the
electricity production follows the reactor power.

The discretisation of the RELAP model of the recuperator is not very fine and the correction
factor for the discretisation error (a) is not adjusted for different operating conditions. The
efficiency does not increase with the decrease of mass flow, hence the recuperator outlet
temperatures of the RELAP model differ from the ACM-prediction. The Panthermix model
includestheburnupinitscalculation, therefore the deviation in produced power increases during
the transient.

5.7 Conclusions

It isimpossible to prove that a dynamic model correctly predicts the transient behaviour under
all conditions. However, by logical testsand comparison to anal ytical solutionsand other models
and codes, it ismade plausible that the model developed gives acorrect estimation of the system
dynamics over atime-scale varying from fractions of a second to several days. The comparison
of reactor transients show that the point-kinetic model gives an excellent approximation of the
behaviour calculated with the full-scope model.
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Chapter 6

Influence of Design on Dynamics

In chapter three a number of design-choices have been made, most of them based on
thermodynamic grounds. Some of the design choiceshave aninfluence on the dynamic behaviour
of the plant. No other configuration of the components in the flowsheet is conceivable, but for
componentsdesigns, like sizes of heat exchangers, construction of the turbine etc, other choices
arepossible. Inorder to assesstheinfluence on thedynamics, thesealternative choiceshavebeen
tested with typical transients. Moreover, several design parameters have been varied to test their
significance with respect to the dynamic behaviour.

6.1 Turbo-machinery Design

An aternative for the single shaft systemisa
two-shaft system with a free-running power _@
turbine (Op het Veld, 1998). When theturbine
issplitin two sections, each part can run at its L’D—
optimal speed (with an asynchronous
generator), which improves the efficiency.
This possibility has been tested by simply bypass valve 2

O
splitting up the turbine. The first four stages ﬁ A
are used to drive the compressor, whereas the —_:[

(I

last three drive the generator. Both turbines R’ bypass valve 1
operate at a shaft speed of 12,000 rpm; to .- |« % < E«
achieve this without redesigning the turbines, |—>
correctionfactorshave beenintroduced for the

turbine power and forces. Theconfiguration is Figure 6.1: Two-shaft Configuration_
shownin figure 6.1.

d
«

Infigure 6.2 the steady-state rel ation between generator rotational speed and produced el ectricity
is shown for both the single shaft and the two shaft system. The results are produced with a
constant compressor and turbineinlet temperature and constant helium inventory. For thesingle
shaft plant, the electricity-production shows a maximum to the left of its design-point. At this
speed the system works | ess efficient because the turbo-machinery doesnot operate at the design
point and becausetherecuperator effectivenessdecreaseswith theincreased massflow. However,
the electricity production increases since the larger mass flow transports more energy from the
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reactor to the energy conversion system. These
counterbal ancing effectsyield amaximum power
production at a shaft speed of approx. 230 rev/s.
The nuclear gas turbine is in this respect
completely different from a conventional gas
turbineinwhichtheenergy input (by injection of
fuel in the combustion chamber) is totally
unaffected by the shaft speed.

15

101

electricity in MW

| | — single shaft system .

At shaft speeds lower than the maximum no = - - two-shaft system
stable operation is possible without an active -0, 0= 00 200 400 500 600
control-system. If the eectricity-demand is not winrev./s

met, the shaft decelerates, sincekinetic energy is Figure 6.2: Seady-state relation.

consumed to produce electricity. At the lower

shaft speed even less power is produced, so the shaft will decelerate until its speed is zero. If the
shaft accel erates from its design speed, morework will be donein theturbine, which will further
accel erate the shaft, until the maximum of the curve is reached. With a bypass valve opened or
with different temperatures and pressures the position of the top of the curve changes. However,
there will always be an unstable |eft half of the working line. The control system must stabilise
the system. This can easily be achieved with a control loop using the €electricity as the
manipulated variable.

An increase of turbine speed in case of the two-shaft system does not lead to an increase of
energy withdrawal from the reactor, because the compressor speed and thus mass flow remain
unchanged. Sincethetwo-shaft characteristicisextremely flat around the operating point, asmall
change of electricity demand has an enormous effect on the shaft speed. Thisis because thereis
no change of compressor load associated with the change of generator speed. Moreover, the
asynchronous generator precludesthe el ectrical network from limiting the speed. The only effect
which reduces the power of the free running turbine, isits decreased efficiency. Infigure 6.3 the
responses to a load rejection and to a load reduction with 0.1% are shown. The shaft speed
increases alot, as expected.
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Figure 6.3: Effect on shaft speeds of large Figure 6.4: Effect of bypasses on shaft
and small load reduction. Speeds.
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In figure 6.4 the responses of the load rejection with opening of bypass valvesis shown. In the
first transient bypass valve 1 (20 cm diameter) is opened 30%, which leads to speed reduction
of both shafts. In the second transient, bypassvalve 2 (also 20 cm diameter) which bypassesonly
the power-turbineis fully opened. This leadsto an increase of the compressor speed, while the
generator speedisreduced. Thisshowsthat the combination of both valves can be used to control
both shaft speeds. However, due to the strong sensitivity of shaft speed to electricity demand it
will be complicated to control the speeds and large speed swings must be expected. Therefore,
the possible improvement of efficiency due to more optimal shaft speeds does not outweigh the
induced control problems.

A passive ‘control-method” which keeps the shaft speed within bounds is choking of the
compressor or turbine. In an air-breathing gas turbine, the mass flow cannot rise too much since
the normal operating conditions are close to Mach one. The helium turbo-machinery does not
have to work at these high Mach-numbers, but the outlet can be made small so that the machine
chokes. In that manner, the overspeed can bereduced. With the turbo-machinery operating closer
to choking, the helium hasto be accel erated and decel erated further. Thiswill increasethelosses
in the diffuser.

340 . . . . 650
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300 i turb. outlet
choked comp. 500F
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£ — 400
240+
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Figure 6.5: Influence of choking on load rejection transient.

In figure 6.5 the uncontrolled response of the load rejection is shown, together with those in
which the turbine or compressor outlet ischoked. Thisisaccomplished with anearly frictionless
nozzle directly after the compressor or turbine which operates at Mach 0.9 during normal
operation. The combination with both compressor and turbine choked has also been tested, but
offershardly any improvement over thetransient with only the turbine choked. It can be seen that
the shaft overspeed can be greatly reduced. With the turbine outlet choked, its outlet temperature
(the hot recuperator inlet temperature) hardly changes, since the pressure ratio over the turbine
stays the same. The additional pressure drop takes place in the choked section, which does not
affect temperature. Unfortunately, it does not help to choke the turbo-machinery when bypass
valves are used. The bypass valves reduce the primary mass flow, which prevents choking.

The shaft inertiais one of the most influential dynamic parameters of the system. Its influence
is shown in figure 6.6, in which the response on aload rejection of shafts with 0.01, 0.5 and 2
times the normal inertia is shown. The time-constant (at which 63.2% of the new steady-state
valueisreached) as afunction of the inertiais aso shown. When the shaft inertiais negligible,
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the shaft speed exhibits an overshoot. A new helium distribution over high and low pressure
plenumsis achieved amost immediately. However, the temperatures are slowly changing dueto
the recuperator. With the new temperatures alower pressureratio at aslightly lower shaft speed
isreached. This effect is damped out by the shaft inertia.
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Figure 6.6: Influence of shaft inertia on load rejection transient.

240

With alarger inertia, the overshoot in case of
speed control with abypassvalveisreduced. In 230
figure 6.7 the load rejection with simultaneous "\ design inertia
opening of the bypass (time-constant of the 4

valve: 0.5 s) isshown for different inertias. The
slower response facilitates the control system
design. Theshaft inertiacan beaugmented quite
simply, but this enlarges the forces on the
bearings.
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The effects of changed compressor time in's
charecteristics are tested by assuming curves Figure 6.7: Load rejection with bypass
which are 1.5 times and half as steep as the gpening for different inertias.
normal curve, as shown in figure 6.8. The
compressor design has not been changed,
instead the compressor model has been replaced
by a model based on characteristic curves. The
responsesonaloadregjectionareshowninfigure  06f
6.9. The responses with different compressor 0.5¢
curves are hardly different. The steady-state 0.4l
shaft speed in case of the flat compressor curve
isonly 3 rev./s higher than that with the steep
characteristic. This gives a dightly higher
pressure ratio and a higher temperature change 0.1f
over the compressor and the turbine. The 0 o2 03 o035 04 ous 05
changes are small because the ratio of gas and ¢
rotor velocity ¢ changes with only 10% in the
transient. One can conclude that the compressor
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Figure 6.8: Diff. compressor characteristics.

90



Chapter 6: Influence of Design on Dynamics

characteristic does not have a pronounced influence on the dynamics of aload change.
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Figure 6.9: Influence of compressor characteristics on load rejection transient.
6.2 Reactor Design

The 100 hour transient in which the helium inventory is reduced to 50% and after 50 hours
increased to its original value at constant shaft speed (described in paragraph 5.5) is used to
investigate the influence of the reactor design. The run has been repeated with temperature-
reactivity curves (asin figure 4.19) which are twice or half as steep. Results are shown in figure
6.10. With a stronger temperature dependancy of the reactivity, the temperature rise which
compensatesthe xenon reactivity effect issmaller. Thereactor outlet temperature therefore stays
closer to its design value. The non-minimum phase response due to the Xe-concentration is
hardly visible with the doubled steepness of the curves.
b
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Figure 6.10: Influence of temperature-reactivity curves.

The influence of the thermal inertia of the reactor has also been assessed. With a doubled or
hal ved reactor mass, the temperature and power curvesof the 100 hourstransients hardly change.
On thistime scale, the xenon effect dominates the dynamics, the thermal inertiaeffect istoo fast
to be noticed. The energy conversion system reacts much faster than the reactor temperature can
change, so in the fast transients one can just as well assume a constant reactor temperature,
instead of calculating it from the thermal inertia and energy balance.
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It can be concluded that a strong negative temperature coefficient is not only favourablefromthe
safety point of view, it also facilitates the temperature and power control. The reactor mass has
no measurable influence on the dynamic behaviour for the operational transients.

6.3 Primary System L ayout

Based onthelayout (paragraph 3.2.4) the helium
massin low and high pressure plenums has been
estimated at 24 and 103.5 kg respectively. The
response of the shaft speed in case of a load
rejection is shown in figure 6.11. The normal
situation is caled distribution A. With this
unequal distribution, only a small amount of
helium has to be transferred from the high
pressure volumeto thelow pressure volume and
vice versato achieve a new pressure ratio. This ‘ ‘ ‘ ‘
makes the response in which the pressure ratio 0 10 Zoﬂme . 530 40 50
changes fast. The total helium mass and mass

distribution obvioudy does not influence the Figure6.11: Influence of He mass
steady-state results. In order to determine the distribution on load rejection transient.
influence of the helium distribution over the

plenums, the load rejection transient has been calculated with different plenum sizes. First all
plenums except the turbine inlet plenum are made very small, the turbine inlet plenum is sized
at 69.7 m® to keep the total mass at 127.5 kg. In this way the mass on the low pressure sideis
minimised at 10.2 kg, which is situated in the recuperator and precooler. The mass on the high
pressure side is concentrated in a plenum which has a constant temperature during the load
rejection transient. In this manner the transient following a load rejection is made as fast as
possible, as shown in figure 6.11, distribution B. There is hardly a noticeable difference with
distribution A. An equal distribution over the high and low pressure side (distribution C: 62.75
kg on each side) is reached by setting the volume of the compressor and turbine inlet plenums at
40.6 m® and 16 m® respectively. Thisleadsto a somewhat slower response. The response can be
slowed down even further by concentrating the massin the recuperator outlet plenumswhich are
not constant in temperature, contrary to the compressor and turbineinlet plenums. Thisisshown
with distribution D, which has plenum volumes of 12.8 m® and 62.3 m® for the reactor and
precooler inlet plenums respectively, again leading to an equal distribution over the HP and LP
side. The sow temperature change of these plenums |leads to a change of density and therefore
mass content, which slows down the transient. The last transient shown is with a 50% larger
helium mass, again equally distributed over therecuperator outlet plenums(distribution E), which
of course gives an even slower response.

winrev./s

Since aslower response is favourable, one would favour alarger inventory. However, thiscalls
for larger inventory vessels and makes the inventory adjustment unnecessarily slow. The effect
of thetotal helium mass of the plant on the transients in which the system isemptied or filled is
tested with the system as shown in figure 6.12. The load reduction to 70% with inventory
reduction by filling the first inventory vessel has been tested with a helium inventory which is
125% respectively 150% of theinitial estimation. Theinventory has been increased by enlarging
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the compressor and turbine inlet plenums,
thus keeping the ratio of HP and LP mass at

one. The size of the inventory vessel is _@D
adjusted proportionally to the primary system _ :

inventory. Thetransient showninfigure6.13 ig{;,ereducnon *
is produced by 10% opening of the 20 cm €
diameter inventory reduction valve at t = 10 f
s and closing it again when the pressure inventory

difference is equalised. In this way the vessel O
inventory is reduced to 70%. The electricity f
load isreduced to 70% at t = 10s. ——l
valve and the shaft speed have been plotted.

The shaft initially goesin overspeed because 4 < 4—
of the load reduction. With the reduced

inventory less power is produced and the L —f
shaft speed is reduced. No new stable o
operating point at ashaft speed of 12000 rpm Figure 6.12: System with inventory vessel.

can be found, since this point is situated to

theleft of thetop of the working line (as shown in figure 6.2). During thefilling of the vessel the
electricity productionisreduced even further since helium iscompressed which does not expand
in the turbine. Therefore the shaft speed rises again after the vessel is filled for the largest
inventory. With alarger inventory the valve hasto be open for alonger time before theinventory
is decreased to 70%. This leads to a somewhat larger overshoot of the shaft speed. The larger

volumesof the primary system amplify the oscillatory behaviour of the pressuresand shaft speed.
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Figure 6.13: Influence of inventory size on inventory reduction transient.
6.4 Heat Exchanger Design

The magjor feature of the heat exchanger design which influences the dynamic behaviour isits
mass. A higher mass gives an increased thermal inertia. The importance of this effect is tested
with a complete model of primary and secondary cycle of the NGT-DH plant, shown in figure
6.14. The primary system conditions are kept at the samevalue asthe NGT-1Splant initsdesign
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point. Thecoolingwater flow iscontrolled with
avave. Inthetest transient thisvalveis opened 1

from 20% to 100%. Thisleadsto anincrease of QD— —@
cooling water flow from 73 kg/s to 324 kg/s. A
The transient behaviour of the final cooler hot
outlet temperature, compressor inlet O
temperature and shaft speed areshowninfigure
6.15. <

4
A

The increase of cooling water leads to a direct (D-@
temperature drop of the final cooler helium
outl et temperature and thus of the precool er hot
outlet temperature. Thisreducesthecompressor —>k
volume flow and therefore the needed
compressor power which results in a higher
shaft speed. With the changed pressure ratio, Figure 6.14: NGT-DH plant.

the recuperator dowly warms up. The

consequenceisariseof precooler outlet temperature. The effect of thethermal inertiaof thefinal
cooler isassessed with adoubled and halved heat exchanger core mass. With anincreased inertia
the response is more damped. The influence of the thermal inertia of the DH heat exchanger is
completely similar to that of the final cooler.
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Figure 6.15: Influence of final cooler mass on transient with step change of cooling water flow.

The same test has also been performed with different precooler weights, results are shown in
figure 6.16. It can be seen that the slight oscillation of the shaft speed is damped out with an
increase of precooler mass.
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Figure 6.16: Influence of precooler mass on transient with step change of cooling water flow.
6.5 Steam Generator Design

Theinfluence of the steam generator design on
the dynamics has been tested with amodel of
the secondary loop of the NGT-IS plant as
shown in figure 6.17. The results of a 50 °C
increase of the primary inlet temperature of the
precooler on the steam conditions have been
monitored. The additional heat input leads to
anincrease of the steam temperature and extra
steam production. In the actual plant the steam
flow would be controlled by the customer, so
the extra steam production will only lead to an
increased pressure and not to an increased
steam flow. In this test a valve with a high
pressure drop has been situated in the steam >0k

line, so the temperature increase leads to both

an increase of flow and pressure. The valve

could be adjusted to yield the original steam Figure 6.17: Secondary loop.

flow, however the controller would only

complicate the test and the behaviour would be very similar. The drum level isnot controlled in
thistest which meansthat the drumisfull or falsdry after acertain time. Then thetest hasto be
stopped.

First theinfluence of the superheater thermal inertiahas been tested by increasing and decreasing
the core mass with 50%. The dynamics of the pressure and consequently the steam flow are
hardly affected. The steam temperature dynamic behaviour is (in this test) amost completely
determined by the superheater mass. One can see in figure 6.18 that the time-constant of the
process would reduce greatly when the steel mass is negligible. This is because the steam and
helium massin the superheater are very small and the effect of the rest of the system (by means
of the helium loop) is secondary.
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Figure 6.18: Influence of superheater mass on steam temperature transient.

The same test has been performed with an altered evaporator steel mass (50% and 150% of the
normal value). The influence on the steam temperature dynamics is hardly visible, but the
behaviour of the steam pressure changes dlightly (fig. 6.19, A: normal steel mass, B: 50%,
C:150%). With the changed pressure the evaporator, downcomer and drum temperature change,
since the complete system is at the saturation temperature. The water mass in the system is
approximately equal to the steel mass, but due to the much higher specific heat, itsinfluence on
the time-constant influence of the water mass is more pronounced. This is demonstrated by
increasing the drum size leading to atotal water masswhichis 1.5 and 2 times the design value
(D and Einfigure6.19 respectively). Decreasing wasimpossible, becausewith asmaller sizethe
drum would be completely filled half way the transient.
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Figure 6.19: Influence of evaporator design on steam pressure transient.

Changesin the evaporator design quickly lead to adifferent circulation ratio. In atest transient,
the circulation ratio of the evaporator has been lowered by adding a flow restriction in the
downcomer. A decreased circulation ratio leads to a lower water mass in the evaporator. The
influence on the time-constant is the same as with the increased drum-size and can therefore be
read from figure 6.19. The helium outlet temperature of the final cooler rises with only 5 °C,
therefore the influence of the design of the economiser and final cooler on the dynamics of the
steam production is very small.
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6.6 Conclusions
With regard to the turbo-machinery design one can conclude that:

1 Theinvestigation of the dynamic behaviour showsthat afree-running power turbinewith
an asynchronous generator isvirtually impossible to control. Thisisdueto the extremely
small influence of the shaft speed on the power production near the operating point.

2. Choking of theturbineisvery favourablein the uncontrolled situation, sinceit keepsboth
the shaft speedintherecuperator hot inlet temperature near itsdesign value. Unfortunately
one cannot make use of this effect when the shaft speed is controlled with a bypass,
because with the decreased mass flow the turbine does not choke.

3. Theshaft inertiaisone of the most influential parametersfor the dynamic behaviour. With
alarge inertia the overshoot in case of bypass control is reduced.

4, The compressor characteristics do not have a significant influence on the dynamic
behaviour.

The reactor dimensions are hardly relevant for the dynamic behaviour during normal operation.
Thethermal inertiaisso largethat the outlet temperatureis essentially constant during transients
shorter than a couple of minutes, whereas during the long term transients the xenon effects are
dominant.

Because of thesmall and unequally distributed helium inventory, theredistribution over high and
low pressure plenums is very fast. Its dynamics are negligible compared to that of the shaft
inertia. A smaller helium mass of course facilitates the inventory adjustment, since less helium
has to be removed to achieve a pressure reduction. Moreover, with an increased inventory an
oscillation in the shaft speed appears.

The steam generator and heat exchanger design influence the dynamics mainly through its
thermal inertia. The thermal inertia of the steam generator is mainly determined by the water
mass, while for all gas-gas heat exchangers the steel mass is dominant.
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Chapter 7

Decentralised Feedback Control System Design

In this chapter first the possible operating strategies and the demands for the control system of
the cogenerating NGT plant are examined. A typical control system proposed in literature will
be discussed. Some possible valves for shaft-speed control will be identified and tested, after
which a choice will be made. Then the position of the inventory valves is considered and two
options for steam temperature control will be assessed. A set of control valvesis chosen, after
which the optimal steady-state operating conditions over the complete operating region are
determined. The interaction between the inputs and outputs is then analysed and with this
information achoicefor pairing inputs and outputswith control-loopsis made. Then single-loop
feedback PI controllers have been tuned and tested.

7.1 Operation Strategies & Control Goals

For acogeneration plant several operating strategies can befollowed. If the plant supplies power
and heat to a customer it simply has to meet both heat and power demand. If the plant operates
grid-coupled, one could meet the heat demand and produce a suitable quantity of electricity. A
possibility would be to operate at part-load at the HPR which yields the highest efficiency and
thus to minimise operating costs. Another strategy could be to maximise the electricity-
production. Thiswould generate the highest revenues and thus lead to a shorter pay-back time.
Given the comparatively high investment costs of nuclear power plantsthe second choice would
probably be the most economical.

The strategy in which both heat and power demand are met obviously is the most difficult one.
A muchwider two-dimensional operation region exists. When only the heat demand isexternally
determined, one can produce afixed amount of electricity. Alternatively, the electric load can be
manipulated to control the shaft speed. In this manner the electric efficiency can be optimised.
Moreover, the control system will be comparatively simple, since bypass valves can be omitted.
In order to investigate both strategies, the NGT-DH will be operated heat-load following at
constant reactor power, while the control system for the NGT-IS plant follows both the heat and
electricity demand.
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The demands on the control system (leading to the desired dynamic behaviour) are:

1.

Conditions of heat produced near design values

Thetemperature of district heating water or temperature and pressure of industrial steam
must be closeto their set-point. For industrial steam a correct saturation temperature and
thus pressure is more important than the temperature. Unfortunately, no hard constraints
can be given.

Stable compressor operation

The compressor must not fall in surge or stall. Rapid flow and temperature fluctuations
lead to too high blade stresses which may lead to failure. The problem is not as
pronounced as with an axial compressor since the blade stresses are lower. When the
asynchronous single shaft systemiscontrolled with abypassvalve (and not with athrottle
valve) itisvirtually impossibleto get the compressor in surge. Thisisbecause areduction
of the compressor mass flow (which brings the compressor closer to the surge limit)
directly leadsto areduced turbine flow. The reduced turbine power leadsto areduction
of the shaft speed which again moves the operating point in the compressor map away
fromthesurgeline. Inaconventional gasturbinethe compressor can goin surgewhen the
turbineis speeded up through injection of additional fuel. Thisgivesafast rise of turbine
inlet temperature, which causes the imbalance of power and thus the compressor surge.
Inthe nuclear gasturbine plant such afast temperatureriseisimpossible dueto thereactor
therma inertia.

Constrained shaft speed

Thecentrifugal forcesin turbine, compressor and generator increase quadratically with the
rotational speed of the shaft. In order to avoid over-dimensioning of the rotating
equipment the shaft speed must be constrained.

Constrained thermal stressin heat exchangers

Fast temperature gradients in heat exchangers can lead to fatigue or direct failure (Lu,
1998). The thin-walled gas-gas heat-exchanger might be vulnerable. It would be
convenient if the dynamic model could predict the thermal stresses, but in order to
calculate the thermal stresses the complete geometry must be known and a three-
dimensional finite element model is necessary (Nakaoka, 1996, Carter, 1996). However,
inorder to minimisethermal stressesthe speed and magnitude of temperature changescan
be limited.

Constrained temperatures

The reactor and turbine inlet temperatures have been chosen in view of materia
limitations. At elevated temperatures creep accelerates. It is desirable to keep the
temperature at or under its set-point, but for shorter periods of time it is acceptable to
operate at higher temperatures. The main problem for temperature control is the xenon
effect. Infigure5.22 it can be seen that during part-load operation thereactivity deficiency
due to lower xenon levels are compensated by higher temperatures. With a constant
compressor inlet temperature the steady-state reactor inlet and outlet temperature at 50%
load are approximately 50 °C and 100 °C higher respectively. The reactor inlet
temperature can bereduced with areduction of the compressor inl et temperature, however
at the cost of an increase of the outlet temperature due to the compensation of reactivity.
Figure 5.16 showed a change of +50 °C of the outlet for a-100 °C change of the inlet
temperature. Theturbineinlet temperature coul d be decreased using ableed flow fromthe
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compressor. Note that in order to effectively lower the temperature of the turbine blades
good mixing between the small bleed flow and the reactor outlet flow must be achieved.

6. High efficiency
Especiadly for prolonged operation at a certain power-level and heat-to-power ratio the
installation must operateat high efficiency. Theoptimal valuesfor someparameterswhich
can be used as set-points for the control system can be calculated with the steady-state
model (paragraph 3.3) or with the dynamic model (paragraph 7.3.2).

7. Drum level within boundaries
The steam drum must not flood or dry out. In order to have agood separation of water and
steam the level must be somewhere in the middle of the drum.

8. Deaerator near saturation temperature
In order to deaerate the feedwater, the temperature in the deaerator must be just below the
saturation temperature. The easiest way to achieve this is with both pressure and
temperature control.

9. Economiser outlet temperature below saturation temperature
No boiling should occur inside the economiser.

The demand of nuclear safety has deliberately been omitted in thislist. Thisis becausethere are
no incidents conceivable which bring the reactor in an unsafe condition. Therefore the control
system has no task in the safety plan.

7.2 Control System Strategy

7.2.1 Literature

In literature, some different

control system designs for controller
nuclear gas turbine plants ____ _ _ ol | spP. T ’?‘_]
can be found; Yan (1990) | SPMese | system :
gives an overview of these |
methods. However, all

| i
those designs are for

|

electricity production only. !
|

|

|

|

|
|
|
|
|
|
| V- | @®-
A typical control system is : Y
that of the MGR-GT (Yan, | - > e |
|
|
|
|
|
|
|
|
|

1990), shown in figure 7.1. control

rods

|
For prolonged part-load | A )J%_)
operation the helium ! | bypasslv_allve
inventory is reduced. The | I__ |
inventory of the vessels is :——‘l‘ K < Ule | @
caculatedfromtemperature | | | f 1
and pressure measurement. ¥ | ¥ > T )i
Deviations from the set- | helium

inventory attemperation valve

point (SP M) Which is | control
calculated from the power L System
demand, arecorrectedusing Figure 7.1: Typical NGT control system.
the four inventory control

101



Chapter 7: Decentralised Feedback Control System Design

valves. Since the large plants have a large inventory, the inventory reduction is fairly slow.
Therefore there is a bypass-val ve between reactor inlet and turbine outlet which can be opened
to reduce the shaft speed. In order to have control at full power as well, the bypass has to be
aways dightly open. The opening of the bypass|eadsto alower pressure and temperature drop
over the turbine. The fast temperature rise of the recuperator can lead to thermal overstressing.
This can be reduced by mixing the turbine outlet flow with ‘cold’ helium from the compressor
outlet. For thisreason an attemperation valveisadded. Thereactor temperatureisregulated with
control-rods. The compressor inlet temperature is not controlled, the systemissimply cooled as
far aspossible.

Another control method proposed in literatureisthrottling (Adams, 1994). A throttlevalveinthe
primary flow can be closed partly in order to reduce the massflow through the system. Similarly
to the inventory reduction, less heat is transported from the reactor to the energy conversion
system. A throttle valve either has to be very large or consist of many valves ducted in paralel
since otherwise it gives a significant pressure drop (leading to a poor efficiency), even when it
is fully opened.

Y et another method for turbo-machinery control is the use of variable-geometry inlet vanes
(Cohen, 1996). The stator-vanesare rotated so that i n of f-design operation the bl ade-angl es better
fit the angles of the gas flow. Only small adjustments can be made in this manner without loss
of efficiency. Inthe control system of the PBMR large adjustments of the vane-positionsare used
to control the shaft speedsin case of aload rejection (Nicholls, 1998). This actually hasthe same
effect asthrottling. The use of variable-geometry isnot considered for thisstudy sinceit strongly
complicates the turbo-machinery design and the benefits are small.

The control of the NGT-CHP plant will be different in two aspects. (1) The reactor outlet
temperature control-loop will be omitted, since the self-regulation capacity by virtue of the
negative temperature coefficient is sufficient for the temperature control and (2) the compressor
inlet temperature determinesthe heat-to-power ratio, so it must be controlledinaCHP plant. The
turbine inlet temperature of about 900 °C (which

appears at lowest part-load) is considered

acceptablefor sometime, sinceinthe PBMR design w_ 9
900 °C was chosen as the design-temperature
(Liebenberg, 1996). Note that this is the total HP throttie \

; : o LP throttle
temperature, the static temperature at the first rotor
inlet and thus the moving blade temperature is ——e—
approximately 25 °C lower. ?oylfrass valve ?
7.2.2 Shaft Speed Control Options 2#?55 valve
Infigure 7.2 anumber of alternative control-valves _,} —>—>
is shown. Valves one and two are the bypass and % < -«
attemperation valve mentioned above. The bypass all
valveissituated in ahigh temperature environment, L bypass A
which might complicate the design. An alternative yalve bypass valve
position for the bypass valve would be between the

cold (instead of the hot) inlet and outlet of the Figure 7.2: Possible control-valves.
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recuperator (valvethree). Thismight makeacheaper valvefeasible, sincethetemperature would
be260 °Cinstead of 494 °C. Y et another possible position isbetween compressor outlet andinlet
(valve four). In this manner the compressor inlet temperature is increased and the density is
decreased. The compressor massflow istherefore reduced. Thisisfavourablefor the efficiency,
since the the heat transport from the reactor is decreased. Two possible throttle-valves are
conceivable, either positioned in the high pressure (HP) or low pressure (LP) side.

The influence of these valvesistested with atransient in which the shaft speed isreduced to its
nominal speed after aload rejection. Thisis done in a system with constant compressor inlet
temperature, with bypass valves of 20 cm diameter with a time-constant of 0.5 second. In one
transient no stable operating-point can be reached at nominal speed and zero electricity-
production, asexplained in paragraph 6.1. In this casesthe control valves are adjusted so that the
lowest stable shaft speed is reached.

In order to assess the different control-possibilities a number of output parameters have been
monitored. The shaft-speed must bereduced with aslittle overshoot aspossible. Figure 7.3 shows
the transients of the shaft speed w during 50 s. The recuperator temperature profile has been
monitored to estimate the thermal stresses. The profile should preferably change as little as
possible. Moreover, an increase of temperature (both in flow direction and perpendicular to it)
isworsethan adecrease. Figure 7.4 showsthe original temperature profile of the recuperator (hot
and cold helium temperature) dotted while the profile at the end of the transient (after 50 s) is
drawn solid. Finaly, the heat flows Q to and from the primary helium flow in the reactor
respectively the precooler are plotted in figure 7.5. In order to minimize the disturbance of the
secondary system, both the heat flow to it and the precooler hot inlet (recuperator hot outlet)
temperature must be as constant as possible. The heat from the reactor becomes equal to the heat
supplied to the secondary system, the difference is used to heat the recuperator and precooler
core. A small and short deviation between both heat flows showsthat the heat exchangers operate
at constant temperature.

It can be seen that in case of aload rejection without any control action the recuperator actually
coolsthe low pressure flow instead of heating it. The temperature profile changes alot, but the
temperature differences are reduced. The heat flow to the secondary cycle becomes 2.4 times as
large, which leads to a poor efficiency. The fact that the compressor inlet temperature is
constantly kept low isresponsiblefor the high heat transport. The strong increase of the precool er
hot inlet temperature will normally also lead to arise in compressor temperature and thus to a
decrease of the heat transport. If necessary, thetemperature can beincreased further by reduction
of the cooling flow. With the turbine choked, the behaviour is essentially the same, albeit much
less pronounced as can be seen in figure 6.5.

With the LP throttle (in the turbine outlet) the mass flow is reduced to 23 kg/s. This leads to a
hardly changed energy transport to the secondary cycle and a well controlled shaft speed.
Unfortunately thetemperaturedifference over therecuperator increases. The HPthrottlecanonly
limit the increase of mass flow to 29 kg/s (no control gives an increase from 25.4 to 33 kg/s).
Throttling further brings the system in the unstable | eft half of the electricity versus speed curve
(fig. 6.1). The increased recuperator hot outlet temperature gives a strong increase of heat
transport to the intermediate helium loop.
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Figure 7.3: Shaft speed response during 50 s after different control actions.
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Figure 7.4: Recuperator axial temperature profile response on different control actions (dotted:
profile before transient, drawn: after transient).
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Figure 7.5: Heat flow response during 50 s after different control actions (upper: heat to
primary systemin reactor, lower: heat to secondary system).

For control with a bypass flow, valves one to four have to be opened to 38.5%, 31.2%, 31.5%,
and 25.3% respectively, so that the shaft speed returns to 200 rev./s. This has hardly any effect
on the recuperator cold inlet temperature for valves one, two and three. The reason is that the
compressor inlet temperatureiskept constant with thelarge secondary flow through the precool er
(simulating perfect control of the secondary |oop) and the pressureratio over the compressor does
not change very much. When valvefour isopened hot helium is mixed with the compressor inlet
flow so the compressor outlet temperature rises. This rise could also be accomplished by
decreasing the final cooler water flow. The increase of temperature leads to a decrease of hest
transport from the reactor.

For valves one, two and four, the mass flow on both sides of the recuperator isequal. Thiskeeps
the temperature lines parallel, which is favourable because it keeps the temperature difference
and thus the thermal stresses perpendicular to the flow direction small. Opening of valves one,
three or four leads to an increase of the turbine outlet temperature. Thisincrease isthe smallest
with the ‘normal’ bypass valve no. 1. A load decrease with opening of the attemperation valve
(valve two) leads to a decrease of the recuperator hot inlet temperature. This shows that the
combination of the bypass and attemperation val ve can be used to keep the temperature constant.

Finally, the results for a transient in which two bypass valves are opened simultaneously are
shown. Thiscan lead to ahardly changed recuperator temperature profile. Figure 7.5 shows that
the energy transport to the secondary cycle is still too high. It can be reduced further with an
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increase of the compressor inlet temperature. 600
Thiswill again raise the temperature at the cold

side of the recuperator. In figure 7.6 the T
recuperator inlet temperaturetransientsincaseof g0l . one

opening of valve one, two or three are shown.
From the dynamic behaviour (the faster response
and dlight overshoot of valve two) one can see
that opening two valves in perfect ratio will not
work perfectly; unnecessary temperature swings L ]
will occur. This can be overcome by adding a
first-order filter with a time constant of approx. % 10 2‘0_ _ 30 40 50
three seconds in the signal path to valve two, fmeins

which of coursewill makethetotal responseabit Figure 7.6: Turbine outlet temperature

more sluggish leading to higher overshoots of response for valve one, two and three.
temperature and shaft speed. An alternative for

the opening in perfect ratio isto use valve one or three for shaft speed control and valve two for
temperature control as shown in figure 7.1. This can keep the recuperator temperature perfectly
constant during afast load following transient (Kikstra, 2000). However, the goal of the control
structure is not to keep the temperature constant, but only to limit the rate of change of the
temperature. Tryingto keep thetemperature constant will lead to an unnecessarily opened bypass
which reduces the efficiency. Moreover, a temperature above the set-point can till not be
corrected because the valve is closed during normal full power operation, in other words:. the
controller operates very close to saturation.

Tin°C

5001 \

It can be concluded that bypass-control is preferred over throttle-control. The disadvantages of
throttling are the additional pressure losses, the larger shaft-speed overshoot and the increased
temperature differences over the recuperator. Its only asset is the unchanged heat input at the
constant compressor inlet temperature. Moreover, it can be concluded that valve threeworksjust
as good as valve one. A dightly higher recuperator hot side temperature results when the valve
isused solitarily. If the combination with the attemperation valve number isused, valvethreeis
favoured because of its lower shaft speed overshoot and smaller change in heat transport to the
secondary cycle. Valvethree operatesat amuch lower temperature which might lead to acheaper
design. Thevalve can also be 20% smaller, because of theincreased density at theinlet. The goal
of the control systemisnot to keep the recuperator temperature constant, but merely to limit the
rate of change of the temperature. Moreover, in order to operate at the highest efficiency the
valves should be closed. Therefore, operating valvethree and two in agiven ratio to control shaft
speed only is preferred over feedback control of both recuperator temperature and shaft speed.

7.2.3 Inventory Control Valve Position

The inventory valve between vessel and primary system (which is used to empty the tanks and
fill the primary system) isin all previous designs situated before the precooler, see figure 7.1.
However, the injection of cold helium before the precooler could be undesirable in case of
cogeneration, because of the sudden change of temperaturein the precooler. The helium fromthe
inventory vessel could also be injected between the precooler and compressor. In this case the
compressor inlet temperature will decrease which brings the operating point closer to the surge-
line.
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Both options have been tested in a transient in which the system is emptied and subsequently
filled again. Thefirst vessel isfilled by opening thevessel inlet valve 10% att =10 sand closing
it when theinventory isreduced to 70%. Starting at t = 50 s one of the two possible vessel outlet
valvesisalso kept open at 10% until the system inventory is back at 100%. In order to simplify
theanalysisthetransient has been cal culated with aconstant shaft speed and avariable el ectricity
production. Some results are shown in figure 7.7.

Theflow through thevalvesisequal in both cases. Thetransients of thelow pressure and the heat
flows only show a minor difference between the two cases with different vessel outlet valves.
Adding the helium to the primary system before the precooler leads to a deeper temperature dip
because of the larger temperature difference between plenum and vessel temperature. However,
the dip in the temperatures in the secondary and water or water/steam circuit are not as
pronounced due to the thermal inertia of the heat exchangers. The temperature dip of the
compressor inlet in case of opening of the alternative valve brings the compressor hardly closer
to the surge-limit, because the absol ute temperature only decreases with 3%. The valve position
between precooler and compressor therefore givestheleast disturbance of the temperatures and
power and is dlightly favoured. However, the difference is very minor and from construction
poi nt-of-view the position between recuperator and precool er ispreferred, ascan beseeninfigure
3.18. This option will therefore be chosen.
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Figure7.7: Inventory adjustment transi ent with two vessel outlet valves. Drawn: injection before
precooler, dashed: injection after precooler.
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When the inventory isreduced, an amost instantaneous drop of electricity results, additional to

the ramp down proportional to the inventory. This is due to the imbalance of the mass flow
through the compressor and the turbine during the emptying. The compression work used to fill
the vessel does not contribute to the turbine power, hence the decrease of electricity production.
A similar explanation holds for the non-minimum phase behaviour of the electricity production
during the increase of the inventory. The helium is added at the low pressure side, therefore the
compressor work is increased before the turbine power increases. An extra ‘kick’ (sudden
increase) will result instead of thisinitial dip in power production if the helium is added to the
high pressure side. This would call for a different inventory control system with a separate
reciprocating compressor. The electric power will increase completely proportiona to the
inventory without these initial and final effects if equal amounts of helium enter the primary
system at the high and low pressure side.

Unlike, thelarger systemsstudied in literature, theinventory of the plant under consideration can
be reduced very quickly. Therefore a control system which does not use bypass valves for fast
control might be conceivable. The non-minimum phase behaviour of the electricity during the
inventory increase poses aproblem, which can be overcome by redesigning theinventory system
to inject helium at the high pressure side. Another problem is that with power control by
inventory adjustment only, the heat-to-power ratio is constant given aconstant compressor inlet
temperature. The only way to changethe heat-to-power ratio, thustoindependently control steam
and electricity production, isto change the compressor inlet temperature by means of changing
the cooling water flow. This control method is not only very slow due to the thermal inertia of
the heat exchangersin the secondary cycle, it is also bounded due to the limited duty of thefinal
cooler and because heat can only be withdrawn but not added in the cooler.

7.2.4 Steam Temperature Control Possibilities

Two possible control strategiesfor the control of the steam
temperature of the NGT-IS have been identified:
superheater bypass-control and spray attemperation, both
shown in figure 7.8. The superheater bypass valve gives a >\ >
dlight pressuredrop, so it is not favourable from efficiency
point-of-view. This effect can be overcome by placing the

He bypass valve

vave in the bypass pardlel, but than it must be larger, XDaS;Ec?eanTperation
becausethe helium flow bypassing the superheater islarger >\ valve

than the flow through the superheater. Control by means of

spray attemperation can be applied without loss of *

efficiency because the pinch-point is situated at the e /AR
entrance of the evaporator, and not at the high temperature

side (see figure 2.4). Steam can easily be overheated and +

subsequently cooled by water injection. Figure 7.8: Seam temperature

control options.
The transients of the steam conditions following

adjustmentsof thesetwo valvesare showninfigure7.9. If the superheater bypassvalveisclosed,
the helium flow through the superheater as well as the total secondary helium flow is reduced.
Thisleadsto areduced heat flow to the superheated steam and initially to an increased heat flow
to the evaporator. The latter occurs faster due to the better heat transfer in the evaporator. This
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leads to the non-minimum phase behaviour of the superheater outlet temperature. The thermal
inertia of the superheater leads to a sluggish response. The increased evaporation-rate of water
due to the higher evaporator helium inlet temperature gives an initial increase of pressure.
However, more energy is used for further superheating of the steam, so eventually less heat is
available for the evaporator. Therefore the pressure decreases again to avalue which is dightly
below the starting-point.

Sincethetemperatures of the heat exchangers stay constant when spray attemperationisapplied,
the transient is very fast. The flow through the attemperation valve for thistransient is less than
1% of the total steam flow, so the steam pressure and flow are hardly influenced. It istherefore
obvious from the dynamic behaviour that spray attemperation is the best method for steam
temperature control, sinceit isfast and it does not influence the steam pressure.
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Figure 7.9: Comparison of steam temperature control with helium bypassing or attemperation.
Drawn: helium bypass valve, dashed: attemperation valve.
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7.3 NGT-DH Plant Control System Design

The control system design for the NGT-DH plant will be kept as simple as possible. Only the
heat-load will be followed, while operating at constant reactor power and maximum efficiency.
The result of the opening of a bypass valve is a reduced efficiency of the energy conversion
system in order to reduce the electricity produced. If one is prepared to continuously vary the
electric load, the bypass valves can be omitted. Since no part-load operation of the reactor is
required, the inventory system can be omitted as well. This has the additiona benefit that the
temperature swings associated with xenon hardly appear. Optimal values for the blower speed
and the generator speed for different heat demands were determined in paragraph 3.3. This
optimal generator speed is given asaset-point to the control system, the blower speed isdirectly
mani pul ated.

The shaft speed can be controlled using the generator load. The DH-water returntemperature and
especialy the flow are set by the customer, thisis modelled by considering the DH-water valve
position (V P) adisturbance. Thedelivered temperature must be controlled, thiscan be donewith
the cooling water valve position. When the cooling water flow isreduced all thetemperaturesin
the secondary loop areincreased. Thisgivesan increase of DH delivery temperature. The blower
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speed cannot be used to control the
temperature because, for low heat
demands an increase of speed leads to
an decrease of DH water delivery

response appears a high heat
demands. Theproposed control system
issummarised in figure 7.10.

temperature, while the opposite l
manipulated variables

In order to keep the design simple,  electric load

only Pl feedback is used. The
response of the shaft speed on a

li ter VP
cooling water

change of electric load is unstable  [o oL P& __ >0
during normal operating conditions, ~ [cond | TTT1 0
as described in paragraph 6.1, A o (tlD
therefore the controller cannot be it i i

tuned using step responses. Figure

7.11 shows the response on an unit

step-change of set point for different
proportiona gainsG (inMW/(rev./s)).
The performance improves with an
increasing gain up to a gain of 2.5,
which is therefore used. In order to
reduce the steady-state error, integral

action with a time-constant t, of 1
second has been added.

Figure 7.12 shows the step responses
of the DH water temperature on
change of cooling water valve
position with the shaft speed control
loop closed. The DH water flow has

external disturbances

dA Jorem Ha

wia) uinjal Jarem Ha

d

shaft speed
—>

l. controlled ouputs

DH water delivery temp.
—>

been varied between 20 and 120 kg/s Figure 7.10: NGT-DH control system.

corresponding to a heat demand

variation between 4 and 23 MW. The non-
linearities are due to the changing heat
capacities of the two water flow and
intermediate helium flow. With either the DH
valve or the cooling water valve almost closed,
(at aDH water flow below 20 kg/s respectively
above 80 kg/s) asmall absolute changeinvalve
position yields a large relative change in heat
rejection which gives a large gain in the step
response of the DH water temperature. When
both valves are in the middle of their range (at
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a DH water flow of 60 kg/s) the sensitivity of Figure 7.11: Shaft speed control loop tuning.
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the temperature to the cooling water flow islow.
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Figure 7.12: Step responses at different DH ~ Figure 7.13: Approximation of step response
water flows. (dashed) with first order + dead time process
(drawn).

Figure 7.13 shows that the step responses can be approximated very well with a *first-order +
dead-time’ response, characterised by the process gain K, the dead time t, and the time constant
1. Cohen and Coon calculated the following ‘optima’ Pl-settings for such a process
(Stephanopoul 0s,1984):

ty 30 + 3td/1:
T = ty—————
9+ 20td/1:

The optimal value of t, is for all responses 136
approximately equal to 65 s, whilethe optimal 134! ‘
gain G varies between 0.02 and 0.25. Therefore,
various gains have been tested over the |
operational range. The results are shown in -21130’
figure 7.15. The DH water flow has been + 15!
decreased from 120 to 20 kg/s with a step-
change of 20 kg/s every thousand seconds.
Simultaneoudly, the shaft speed set-point and ~ 124f
the blower speed have been changed to their |,
optimal steady-state values. The responses of
the DH water temperature for four values of the
controller gain G are shown. A gain of 0.15
gives a good response over the whole
operational range. Improved performance could
be obtained with gain-scheduling.
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Figure 7.15: DH water temperature response

for different controller gains. Drawn:

G = 0.2, dotted: G = 0.15, dashed: G= 0.1

and dash-dotted: G = 0.05.

7.4 NGT-ISPlant Control System Design

7.4.1 Choice of Manipulated and Controlled Variables
A possibility for pairing of control system inputs and outputs for the NGT-IS plant is shown in
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figure7.16. Just likeinthe NGT-DH plant,
the electric load will be used to control the external disturbances
shaft speed inthe NGT-IS plant. However,
in this plant the customer will give a set-
point for the electricity production. This
set-point will be tracked using bypass
valvesfor fast control. In paragraph 7.2.2 it
is shown that a combination of valve two
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helium inventory system. GiYen the power feedwater pump speeg ______ > drum level
and heat demand, the Opt.l mal rea,Ctor inv. system (4 valves) He inventory
power and thus the optima helium . G —’me 4
inventory can becalculatedand used asthe /P9 YRERES e — z:v*—p?
set-point. Alternatively, the inventory bypass valve twg | ===~ | rec. hotinlet temp.
system could be used to drive the bypass Figure 7.16: A priori choice of input-output
velve positions to zero. pairing for NGT-1S control system.

The blower speed can be used to control the energy transport to the secondary system. In order
to efficiently transport energy to the secondary circuit, thetemperaturelines of the precool er must
be approximately parallel. With areduced inventory in the primary circuit, the secondary mass
flow through the precooler must be reduced to obtain the same ratio of heat capacities between
primary and secondary side. This can be achieved by reduction of the blower speed. The
temperaturesin the secondary cycle and heat flow are also influenced by the cooling water flow.
The blower speed and cooling water valve position therefore can be used to control the steam
pressure and economiser outlet temperature. It is not easy to see a-priori which manipulated
variable should be used for which controlled variable in Single Input - Single Output (SISO)
loops. Thiswill be investigated below.

In paragraph 7.2.4 it has been shown that the steam temperature can best be controlled with a
spray attemperator. The steam pressure for a given steam flow to the customer is strongly
dependent on the temperature in the secondary circuit, therefore the cooling water valve can be
used to control the steam pressure. The drumlevel will be controlled with the feedwater pump
speed, and the deaerator can be kept at the saturation temperature using the deaerator valve (in
the steam flow from the drum). The deaerator pressure can simply be controlled with avalvein
the return water inlet.

7.4.2 Operating Conditions

With the choice of inputsand outputs (but not necessarily the connecting loops) onecan calculate
the optimal steady-state working conditions. The NGT-1S plant has atwo-dimensional operation
region. Optimal conditionsare showninfigure7.17. At optimal conditionsthe bypassvalvesare
of course closed. The shaft speed is aways kept at 200 rev./s. The conditions are calcul ated for
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areactor outlet temperature of 800 °C, so they do not reflect real steady-states, only steady-states
for the energy conversion system. At high electricity and heat production the area is bounded
because otherwise the helium inventory and thus the pressure become too high. The *‘left’ and
‘right’ boundariesin figure 7.17 are due to saturation the cooling valve. At the left boundary the
valveis fully closed, whereasit is fully opened at the right boundary. With the bypass valves
opened, the plant can operate in steady-state at much lower electricity demands.
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Figure 7.17: Optimal operating conditions of NGT-IS plant.

7.4.3 Analysis of Step Responses

In order to map the interaction between inputs and outputs, step responses have been produced
at the three operating points indicated with an asterisk in figure 7.17. With all other inputs
constant, asmall step is applied to one input. The output is monitored during 700 s, after which
steady-state is reached for most input-output combinations. Only for a small step on the steam
input to the deaerator, it takes|onger to reach steady-state than the time-scal e shown, because of
the large thermal inertia of the deaerator. Linearity has been checked by applying a step of
oppositesign or, if thisis not possible, astep twice aslarge. In order to obtain stable responses,
perfect control is assumed for the shaft speed. The responses under full load conditions (¥1in
fig. 7.17) are shown in figure 7.18.
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Figure 7.18: Response on ‘unit’ step of manipulated variables under normal operating cond.
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valve + 30%, *feedwater pump + 10%, Il deaerator valve + 40%, 4 cooling valve + 20%.
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Three of the inputs and outputs shown in figure 7.16 have been omitted in figure 7.18, namely
the electric load, the inventory system and the return water valve. Step responses on the electric
load could not be simulated because they would not result in a stable response. If asmall step-
changeisapplied to avalve of theinventory system, an integrating response resultsin which the
systemisslowly emptied (or filled). Moreover, obvioudly it istheonly input availablefor control
of the primary system mass. The return water valve finally is omitted, because a priori it can be
concluded that the control loop of this valve and deaerator pressure shows no interaction with
other loops. The steam drum level is a pure integrator. In order to easily obtain a state-space
model from the step responsesthe time-differential of the drum massisshowninfigure 7.18 and
used in thefollowing analysis of input-output interaction. The transient behaviour of this output
yields the same information, but has the advantage of being stable.

Some conclusions can be drawn from the step responses:

1 The attemperation valve position hardly influences any other output than the steam
temperature. This is because the water flow diverted from the feedwater pump for
attemperation is very small, so that it does not influence the drumlevel or economiser
temperature.

2. Similarly, the deaerator valve position only strongly affects the deaerator temperature,
with smaller influence on the economiser temperature and the drum level.

3. The responses of the steam pressure and economiser output temperature on the blower
speed show non-minimum phase behaviour. Changing the secondary mass flow changes
the temperature profiles in al heat exchangers in the loop. The speed at which a heat
exchanger reaches a new steady-state depends on itsthermal inertia. Thisthermal inertia
and the sign of the response are different for different heat exchangers. Directly after an
increase of blower speed more heat is transported from the precooler to the evaporator,
leading to a pressure rise, because more water is evaporated. After awhile more heat is
removed in the final cooler, which has the opposite effect.
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Figure 7.19: Response to step on blower speed, drawn: at normal operating conditions (point
1), dotted: at operating point 2, dashed: at operating point 3.

Figure 7.19 and 7.20 show some important step-responses in the other two operating points. A
strong non-linearity over the operational region exists. The non-linearity of the response on a
step-change in blower speed is due to the counterbalancing effects of the changed temperature
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profiles in the heat exchangers. The effect of the blower speed on the temperatures and the
pressure is dependent on the ratio of duties of the heat exchangers. The magnitude of the step
response on the cooling water flow strongly dependsontheinitial valveposition. Whenthevalve
isalmost closed (in operating point 3), asmall absolute change givesafairly largerelative change
which gives the response a high gain.
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Figure 7.20: Response to step on cooling water valve, drawn: at normal operating conditions
(point 1), dotted: at operating point 2, dashed: at operating point 3.

7.4.4 Relative Gain Analysis

Moreinsight into the optimal choiceof input-output pairing for aSISO feedback control structure
can be made based on analysis of the Bristol Relative Gain Array (Stephanopoulos, 1984). The
RGA matrix has as its elements the ratio of open-loop gain with all other |oops open and open-
loop gain with al other loops closed for every input-output combination. One element of a
column close to one with al the other elements close to zero indicates that thisis agood input-
output pair; the control-loop showslittleinteraction with other loops. Negative elementsindicate
that a difference of sign between the response with the other loops open or closed, which of
course complicates the use of this pair for control. The RGA at operating point 1 is shown
underneath. The elements indicating strong interaction have been underlined.

byp. v. 2 byp. v. 3 att. v. blower deav. cool. v. pump
1.1435 03023 -0.0001 0.0024 -0.0001 -0.4473 - 0.0006

0.2955 03417 0.0012 0.0379 0.0000 0.3224  0.0013
0.0092 -0.0129 09618 0.1051 -0.0010 -0.0680 0.0058

el

TeC

st

Py -0.4811 0.4579 -0.0123 1.4716 0.0027 -0.2838 -0.1550
Ty -0.0159 0.0500 0.0178 0.7237 0.8341 -0.6456 0.0359
T -0.0149 -0.1546 -0.0373 -2.8260 0.0733 39454 0.0141

€co

dM,./dt 0.0638  0.0156 0.0688 1.4854 0.0910 -1.8231 1.0985
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The RGA does not show dynamic interaction. Dynamic Relative Gain analysis (Maciejowski,
1989) is an extension which overcomes this shortcoming. Assuming perfect control, the
frequency response at different frequencies can be cal culated from thetransfer function or astate-
space model. This state-space model is obtained from amodel reduction using Hankel Singular
Vaue Decomposition based on the step-weights (Zee, 1979) obtained from figure 7.18. Using
input and output scaling, atenth order state-space realisation could be obtained of the model with
700 step-weights (sample time 1 second) for each input-output pair. Figure 7.21 shows the real
part of the response at different frequencies. At the low frequency end an extrasymbol indicates
the RGA at zero frequency.

The only loop which shows no interaction with the rest of the system, is the steam temperature
control with the attemperation valve. The two topmost figures suggest that the best pairing for
the bypass valvesis the control of electric power with valve three and recuperator temperature
with valve two. However, as discussed at the end of paragraph 6.2.2, ratio control is preferred.
Therefore the electricity production is controlled with valve three and valve two is operated in
ratio with valve three. The a-priori guess of using the feedwater pump for drumlevel control and
the deaerator valve for control of the deaerator temperature is confirmed.

Theblower speed showsinteraction with almost all output variables. Moreover, asexpected from
the non-minimum phase behaviour, the sign of response changes with frequency. Some tests
proved that closed loop control using the blower speed is extremely difficult if not impossible,
due to the slow non-minimum phase behaviour. If the steam pressure is tightly controlled, the
economiser temperature will not change much either. Even without a closed-loop temperature
control the economi ser remains subcool ed, thereforethiscontrol loop can be omitted. Thisleaves
the cooling water valve as the remaining manipulated variable for steam pressure control.

7.4.5 Decentralised PI-Control Structure

With the choice of input-output pairs, a decentralised Pl-control structure can be designed. In
order to obtain afast and stable response to load variations, some feed forward |oops have been
added.

If the helium inventory is not adjusted or directly adjusted to its optimal steady-state value after
achangein electricload, the heat input to the secondary cycle changes quickly. The heat removal

in the final cooler cannot be adjusted equally fast, due to its thermal inertia. This results in
unacceptably large swingsin steam pressure during load changes. The problem can be overcome
by first adjusting the helium inventory to such a value that the primary mass flow through the
precooler iskept constant. Since the temperatures are also fairly constant due to the operation of
bypass valves, the heat flow to the secondary cycle remainsin balance. In case the bypass valve
isopened in order to reduce the electricity production, the compressor flow and thusthe primary
precooler flow increase. To counterbalance this effect the inventory is reduced. This is
accomplished by ramping up or down the set-point simultaneously with the el ectricity demand.
Subsequently theinventory can bereduced very slowly to the optimal value showninfigure 7.17,
thisis done with a1000 s ramp. The reduction in heat input into the secondary cycle leadsto a
steam pressure reduction, after which the controller closes the cooling water valve. The
compressor inlet temperature rises which through an increased power consumption of the
compressor givesareduced el ectricity production. Thisisbalanced by closing the bypassvalves,
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vesselsisopened. If the pressureinthe LP
vessd is higher than the compressor inlet
pressure its outlet valve is opened,
otherwisethesignal from the Pl-controller
is sent to the HP outlet valve. In case of
anincreaseof primary mass, aninlet valve
is opened. If the compressor outlet
pressure is higher then the HP vessel
pressure the HP vessdl inlet vave is
opened, otherwise the LP vessel inlet
valveisused.

The control structure is depicted in figure
7.22. The PI-controllers have been tuned
heuristically with various transients.

In order to test the control strategy, a
transient in which both el ectricity and heat
demand are changed has been simulated.
The time history of some important _.
variablesis shown in figure 7.23. Starting Figure 7.22: NGT-IScontrol structure.

At t = 10sthe electricity demand is ramped down with 25% in 10 s. Asaresult, theinventory is
directly adjusted and during the next 1000 s ramped down to its optimal value. At t = 2000 sthe
heat demand is decreased with 15%. The blower speed is directly adjusted.

The éectricity production exactly meets the demand, while the steam flow and pressure show
only small deviationsfrom their set-point (shown asdotted line). The steam temperature and the
deaerator conditions are aimost the same as their set-points. Ratio control of bypass valve two
cannot keep the recuperator temperature completely constant, but the changes are small. The
drumlevel iskept in the middle of the drum. The controller isnot set very aggressively since that
would lead to short and large deviations of the steady-state pump speed, which would
unnecessarily upset the system. Because of the integrating nature of the drumlevel response to
both the pump speed and disturbances, longer small differencesin pump speed work equally well.
The bypass valves are amost closed during the heat load following transient. If they are
completely closed (as could happen in larger load-swings), either the el ectricity set-point cannot
be attained, or the inventory must be adjusted to secure the electricity production. It can be
concluded that the overall response of the system is satisfactory.
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Figure 7.23: Results of NGT-IScontrol systemtest transient.
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Figure 7.23: Results of NGT-1S control system test transient (continued).
7.5 Conclusions

The operating strategy and demands for the control system for the CHP plant are different from
those for the designs for electricity generation only, therefore the control system design will be
quite different from those found for NGT plantsin literature. Because of the small reactor with
a strong negative temperature coefficient, the temperature control with control-rods can be
omitted. In order to control the quality and quantity of heat, a number of control loops must be
added.
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With the dynamic model, the effect of various control valve positionsin the flowsheet has been
compared. Bypass valves proved to work more efficient then throttle valves. Moreover, it was
found that not bypass valves one and two (referring to figure 7.2), as proposed in literature, but
valves two and three are the optimal combination for shaft speed and recuperator temperature
control. The position of the valve between inventory vessel and primary system, before or after
the precooler, does not heavily influence the dynamic behaviour. Consequently, the position
which gives the easiest mechanical construction is chosen. For steam temperature control, the
attemperation valve clearly gives the tighter control than the helium superheater bypass valve.

With this choice of control valves, the operational region and optimal working conditions is
found. Then the optimal pairing of controlled and manipulated variables was investigated. For
the NGT-DH plant this was very straight-forward. Two SISO control loops are sufficient to
control the plant. For the NGT-1S plant however, it has been shown that there exist strong non-
linearities in the operational region, that there is a strong interaction between control-loops and
that some important responses show non-minimum phase behaviour. This complicated the
control system design. Neverthel ess, the implemented control structure was capabl e of heat and
power load following with acceptabl e deviations from the set-points.
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Chapter 8

Simplified Non-Linear Model

In this chapter asimplified model for usein acontrol schemeis developed. First the reasonsfor
themodel development and itsgoal sarelisted. Thentheassumptions onwhichthesimplification
Is based are discussed and the model is presented. Finally it is shown that thislow-order model
givesthe sameresults asthe model developed in chapter 4 in awide region of normal operation.

8.1 Goals and Demands

A dynamic model can not only be used to tune and test a control scheme, it can also be
incorporated in the control structure, in order to optimise the dynamic plant behaviour. Such a
structure can be advantageous over the decentralised feedback structure presented in chapter 7.
Based on an measured and/or estimated state of the plant and a plant model, a number of future
control moves of all manipulated variables can be optimised with regard to a criterium based on
the weighted performance of al controlled variables. VVarious methods with varying complexity
havebeen presentedinliterature, e.g. singleinput-singleoutput or multi input-multi output, linear
or non-linear, using different state-estimators, etc. (Garcia, 1989, Morari, 1999). The assets of
model-based control include the multi-input multi-output approach, the use of feed-forward
control, taking into account constraints on inputs and outputs, the formalised way of weighing
several control goals and its unified approach to plant wide control.

Model-based control structures call for afairly simple dynamic model, most methods therefore
uselinear state-space or step-response models. The optimisation ispreferably donewith alinear
model because of the availability of robust numerical recipes and computational efficiency.
However, in chapter 7 it was shown that over the operational region alarge non-linearity can be
observed. A work-around could be to use locally linearised models in the optimisation step. A
way to produce such modelsisto measure step-responsesin anumber of operating pointsand to
estimate the model s between operating points by e.g. gain scheduling or interpolation (Kikstra,
1998). A more elegant way however, would be to start with adynamic low-order first-principle
model which can be used initsnon-linear formulation for prediction of future outputsand which
can be linearised at any given state (Prasad, 2000).

Themodel developed in chapter 4 isobviously far too complex for usingit online; itscalculation
time is too high, since the system of differential and algebraic system is large and implicitly
formulated. Therefore alow-order explicit model will be developed in this chapter. This model
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only needs to be valid in the normal operational range. It will not be used for design, so the
preprocessing part which trand ates sizes and geometry into the model parameters does not have
to be included.

8.2 Simplifying Assumptions

In order to achieve alow-order model, strong simplifications have to be made to the full-scale
model of chapter 4. The most important are discussed underneath.

1.

Simplified material properties

Helium and steam are treated as ideal and perfect gases. Helium almost behaves as an
ideal gas, the disagreement in the operational region being lower than 2%. Steam at the
pressuresand temperatures of interest showsvery different behaviour. Neverthel ess, ideal
gas behaviour can be assumed using alocal gas constant R. Since steam pressures and
temperatures in a certain plenum or component vary very little this approach can give
reasonable results. For the same reason one can work with a constant specific heat C; in
acomponent, even though for example the C,, of steam varies between 2690 and 2270 J
kg™* K* when the temperature varies between 180 and 230 °C at apressure of 10 bar (the
inlet and outlet temperature of the superheater). Liquid water is almost incompressible,
which gives very stiff dynamic mass balances. Therefore a constant density is assumed
and the mass balances are solved statically. For the same reasons as steam, a constant C,
isapplied. Althoughtemperaturesinthefinal cooler vary more over theoperational region
then those in the superheater, the C, is less sensitive to temperature and very insensitive
to pressure. In the drum, downcomer and evaporator, the pressure, temperature, densities
and some partial derivatives of state-variables are calculated from the gas density, using
locally fitted fourth order polynomials.

Simplified balance-equations

The helium mass in all components is negligible compared to the helium mass in the
connecting plenums. Moreover, due to the large velocities and small distances, the
residence-time in components is small compared to the dynamic effects of importance.
Therefore static energy-, momentum- and mass-balances can be solved for the
components. This results in instantaneous changes of outlet conditions for a change of
inputs. For the plenums, dynamic mass- and energy-balances are solved. In the energy-
balance, only internal energy is taken into account. Kinetic energy can be neglected
because the velocitiesin the places of interest are low. Potential energy can be neglected
becauseit wasonly of interest in the natural convection evaporator. In thiscomponent the
waterside flow phenomena are hardly of interest as was shown in paragraph 5.3. The
simplification of the evaporator model will be discussed later. The corresponding terms
are also removed from the momentum-bal ance. M oreover, sincethe momentum-balances
are always solved between two plenums, the incoming and outgoing momentum is also
negligible and changes in the cross-sectiona area are not of interest. This results in a
simple relation between flow, and pressure drop. For the drum, downcomer and
evaporator, the mass and energy balances for amixture of saturated water and steam are
solved. For the deaerator a dynamic energy balance is solved, while the assumption of
incompressibility gives a static mass balance.
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3.

Map-based simulation of rotating equipment

Both the compressor and turbine model are based on two two-dimensional maps
correlating dimensionless groups. Since the maps are produced using the stage-by-stage
models, they give the same result under the condition of adiabatic operation. The groups
have been re-ordered compared to the usual representationtoyield an explicit calculation.
Theblower and feedwater pump forcesare cal culated from the samerelation asin thefull-
scale model, but the temperature rises are neglected.

Coarsely nodalised heat-exchanger model

In literature, no simple low-order model for gas-gas heat exchangers with a large
temperature rise compared to temperature difference can be found. In the modelling tool
MMS for example, either a constant temperature difference between gas and wall is
assumed, or the efficiency-NTU relation (Kays, 1985), which only holds for steady-state,
is used. Therefore a new method must be developed. The assumption of a constant
temperaturein anode of the heat exchanger wall in the full-scale model called for afine-
meshed discretisation, otherwise the correct steady-state solution can not even be found
(seeparagraph 4.4.4). In order to reduce the number of differential equationsnow alinear
temperature profile is assumed between the points for which atemperature is cal culated
fromthe dynamicwall energy-balance. Given thistemperature profileand astatic energy-
balance for the fluids, an analytic solution for the fluid temperature is obtained. With a
low number of nodes, the correct dynamic behaviour can be simulated.

No reactor model

The model for the calculation of reactor power can be omitted completely. With afixed
graphite temperature, the heat transfer to the helium flow can be calculated. The change
of power only slowly leadsto achange of solidstemperature, on thetime scale of interest
for the control system, the effect istrivial.

8.3 Component Models

8.3.1 Gas Plenums

In the plenums the local density, pressure and temperature are calculated from the temperature
and mass flows of incoming and outgoing streams and heat transfer with the surroundings by
means of mass- and energy balances. Application of the ideal and perfect gas properties,
neglecting kinetic and potential energy and assuming perfect mixing gives.

dp
dt

dT
dt

p:

1
= V(Ed)m_ 2:d)out)
1
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P
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8.3.2 Rotating Equipment
The most common compressor model isatwo-dimensional map relating efficiency and pressure
ratio to dimensionless speed and mass flow, as explained in paragraph 3.1.1. For steady-state
calculations, this is a practica form. However, in order to achieve an explicit dynamic
calculation, the dimensionless groups have been re-ordered. From the upstream and downstream
plenums, the pressures and temperaturesare known. The shaft speed iscal culatedin amechanical
energy balance of the shaft, exactly the sameasin thefull scalemodel, see paragraph 4.4.3. Using
theinput-conditions pressureratio and dimensi onl ess speed, the resulting outl et temperature and
mass flow are known from efficiency and dimensionless mass flow which are the outputs of the
map. There-ordered mapisshowninfigure8.1. Becausethe speed isalwayscontrolled, itsrange
inthe map isfairly small.
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Figure 8.1: Compressor map showing dimensionless mass flow (left) and isentropic efficiency
(right) as a function of dimensionless shaft speed w,,,, and pressureratio e.

Theturbine map can berepresented using exactly the same structure, asshowninfigure8.2. This
isagain not anormal representation, but it allowsfor aexplicit calculation of output parameters.
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Figure8.2: Turbine map showing dimensionless massflow (I eft) and i sentropic efficiency (right)
as a function of dimensionless shaft speed w,,,, and pressureratio e.

In the blower and feedwater pump model, the mass flow is calculated from the dimensionless
head, (which isknown from the pressure difference) using the relations shown in figure 3.4 and
3.5. The temperature rise is neglected.
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8.3.3 Valves
The flow through a valve is calculated from the upstream density and temperature, pressure
difference and stem position VP. For alinear non-choking valve it is ssmply known from:

q)non choked ~ Cf open VP VP Ap

For achoking valveit isassumed that theflow areaa so varieslinearly with stem position, figure
4.22 shows that this is approximately the case. In that case the choked flow can be calculated
from:

A VP p Vsound Vsound = VKRT

A common approximation (e.g. in the nuclear code RELAP (1995)) iSt0 USE ¢y, crokeg UNIESS it
grows beyond ¢ e 1IN Which case it is‘ chopped off” at ¢ goxed-

d) = mll’l( d)non choked * d)choked)

From 5.19 it can be seen to that the error made by this approximation is not too large, it only
yields an abrupt change.

¢choked = f open

8.3.4 Heat Exchangers

In the heat exchanger model the flows and outlet temperatures are calculated from the inlet and
outlet pressure and temperatures. The mass flows are calculated from the momentum-balance
which has been smplified to apressure drop-flow relation by means of neglecting theinertiaand
all forces but friction losses. The friction loss factor e, is proportional to the fanning friction
factor which approximately scaleswith the negativefractional power -aof the Reynolds-number.
This corresponds with a linearisation (on log-log scale) of e.g. figure 3.3. If the influence of
change of viscosity with temperature is neglected, Re scales With ¢/deqq,- This gives:

$-Cphp C = -2 CCRe G- cpp | 0]
= LgvpAap £ & = c £ = “f design
2ev d)design
| | |
Substitution yields: | | |
. hot flow Q :0/2 Q2 1Q/2 Q/Z: Q
C; —
b (7) G o W LLAZINKN AL LA
(I) design cold flow : (:— :
- - 1 1 1
Dueto the.low resdencg time and the small _)<_<—><—>( o, 0, <T; <
heat capacity of the fluid compared to the (dx), (dX)s

wall in the gas-gas heat exchangers, the
energy balance can be solved statically. The transient temp. profie
calculation of wall and fluid temperature —————-

profilesisillustrated in figure 8.3. The wall —iAT (@=¢ C,AT)

temperature is calculated in a number of N :
nodes, shown with dots. At both ends, a TT \\/\

negligiblelengthandthereforea sonegligible
heat capacity and heat transfer area of the X 2 5 0"
wall is associated with the node. The wall is

Figure 8.3: Heat exchanger discretisation.
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further divided in a number of equi-distant nodes (here three, but any number is possible), the
hatched areas in figure 8.3 show which part of the heat capacity is associated with each nodes.
It can be seen that thefirst and the last centre nodes have alarger heat capacity than the other(s).
Given the assumption of alinear temperature profile of the wall the energy balance of the fluid
between the nodes becomes:

dT oS X~ X
¢Cpa = T (T ® - T) Toan = Toani ¥ r_lxi(’rwanin = T )
Integration and application of boundary conditions gives:
$C
¢C ¢$C S
Ti1= Toan s * a_Sp(Twalli_ Toatie D ¥ | Tim Toaniv 1 * O‘_Sp(Twalli_ Toani-| € °©

The energy input over the section between i and i+1 is of course known from:
Qitwir1 = ¢Cp(Ti+1 - T)

The end-nodes both have anegligible heat capacity and surface area, however, their ratio isthe
same as that of the complete heat exchanger. Therefore energy balance for the end-nodes using
local gas temperatures using total the heat capacity and surface areaiis:

dT 1

wall end -

dt (MC,)

((OC S)hot (Thot end Twall end) B (a S)cold (Twall end Tcold end))

steel

The energy-balance of the interior nodes is using the local wall heat capacity:

dT B 1

dt  (MC,)

(¢1Qi 1 t0inot =1 110icoldt €2 Qitois1hot™ 2 Rtoir1 cold)

steel i

Generally, c, and c, are %, however for the first and last interior node c, respectively c, is 1,
which is apparent from fig. 8.1. M C, of the first and last interior is also 1.5 times larger than
those of the other nodes.

Inliterature avariation of theoverall heat transfer with fractional power of the Reynol ds-number
Is frequently assumed (MMS, 2000). However, this assumption no longer holds for a non-
negligible hesat resistance in the wall and extended surface. Since most heat exchangersin the
plant under consideration have extended surface, amore precise alternative is used. Analogous
to the frictional losses, the Stanton-number scales with ((b/(bdesign)_b! under the assumption of
negligible influence of temperature on viscosity and Prandtl-group. Consequently, the heat
transfer coefficient of the fluid o4 varieswith (<|>/<]>dagign)1‘b and the (ml 4)-group introduced in
the fin efficiency calculation (paragraph 3.1.2) varies with (¢/¢esq,) ™. The heat resistancein
thewall R,,, is of course constant. The off-design heat transfer coefficient can be calculated
from:
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S tanh (ml
asS = 1 nsurf = 1- fin ( _ ( eff) )
Rwall + 1 Stotal mleff
Nourt Fuia S
i b (1-b)2 i ® (1-b)
mlg = (M) gegion ( ®ria = %fuid design
d)design d)design

For the waterside in the economiser and the final cooler, the assumption of negligible heat
capacity of the flow does not hold. In order to use the same approach, the heat capacity of the
flow has been lumped together with the wall. For the fluid side this yields a response which is
instantaneous, which is of course not a good approximation. However, the cooling water outlet
temperature is not of interest at all and a correct prediction of the response of the economiser
outlet temperature is not crucial.

The model has been validated with atransient in
whichtherecuperator hot inlet temperaturedrops
300 °C and becomes lower than the cold side ;!
inlet temperature. Figure 8.4 showsthe resulting
hot and cold outlet temperatures of the L0
recuperator for the full scae mode and the ¢
simplified model with 3, 4, 5and 10 wall nodes. "~
In order to correctly simulate this transient with 300t
strong changes, a number of wall nodes over 5
should beused. Inthat case, thesimplifiedmodel ~ >*°|
performances very well.

500E

cold outlet

full scale model

simple model, 10 nodes
simple model, 5 nodes
simple model, 4 nodes
simple model, 3 nodes

Thot outlet

0 2‘0 4‘0 o 6‘0 8‘0 100
timeins

Figure 8.4: Recuperator response of the
simplified model.
8.3.5 Steam Gener ator
In the analysisin paragraph 5.3 it was already concluded that the discreti sed waterside model of
the steam generator with a number of empirical relations does not have a pronounced influence
on the behaviour of outputs on input-changes. Thisis due to the fact that the resistance against
heat flow lies almost solely at the helium side. If oneis not interested in the internal variables,
like velocities, steam fractions etc., a much ssimpler model of the drum, downcomer and
evaporator is sufficient. Schoen (1993) formulated a combined mass- and energy balance for
these three components, based on the state-variabl es saturated steam density pg and liquid phase
water volume V,. The model assumes one mixed saturated water/steam mixture. All material
properties needed are locally fitted using a fourth order polynomia in ps. The temperature
difference between the water and thewall isafraction of adegree centigrade, thereforetheliquid
water mass has been enlarged with a constant term to take the thermal inertia of the steel mass
into account.

dpg 1

it~ 00, - 0, Bt T B abin  dooube Q)

129



Chapter 8: Simplified Non-Linear Model

dv, 1
= @ T - & . h . - h. +
dt q)1¢’4 _ @2(1’3( 4(¢L in d)G out) 2(¢L in~L in d)G out— G Q)
®, - @ -V v o+ v 3k & -
S A ¢ 2 = Viotalcor = YL T Ld_ 3 = U P — YU Pg
Pg
duG duL dpL
q)4 = (Vtotal corr VL) de_pG + Ugs + VL pL dpG + Ld_pG
M_ . C
steel steel
Vtotal corr Vdrum + Vdowncomer + Vevaporator + C 2

p L water pL water

In Schoen (1989) thewater fractioninthe evaporator iscal culated. Themodel used hereisfurther
simplified by the assumption of a constant liquid water mass in the downcomer and evaporator.
This of course is not the case but the changes in filling only have a short term effect on the
drumlevel (seefor examplefig. 5.15: after 15 seconds the effect of a different distribution over
the two phases of the evaporator and downcomer is negligible). Due to the strongly fluctuating
nature of the level measurement such short term effects can not even be measured; in order to
smooth the signal afilter with time-constant in the order of perhaps half a minute might be used.
The drumlevel is calculated as:

Vv

L — L drum V M C

= VL - (V +V + steel —p steel )

L downcomer L evaporator
Cp L water pL water

L drum
drum

The helium outlet temperature and consequently the transferred heat Q are cal culated from the
helium inlet temperature and the uniform wall temperature equal to the saturation temperature
using the method introduced in paragraph 8.3.3.

The steam generator model has been tested by comparison of the responses of the high-order
model of chapter 4 and the simplified model on a step-change of the helium inlet temperature.
In order to use consistent boundary conditions the water inlet and steam outlet of the drum are
ducted with avalve with apressure drop of five bar. The helium massflow iskept constant. The
responses of the drum level, the pressure and the inlet and outlet flow are shown in figure 8.5.
The dynamic behaviour is approximately correct, but the steady-state gains are clearly different.
Thereasonfor thiserror isthat the step-responses of the simplified model areextremely sensitive
to some parameters. Figure 8.5 also shows the response of the ssmplified model in case of a
constant pressure drop for the helium side. This gives a mass flow which is 0.1% lower due to
the decreased density at the higher inlet temperature. Theresulting differencein gain of the step-
responses is almost 10%! The reason is that the step-response is now a result of two input
changes, a change of temperature and a change of flow. The magnitude of the effect of a 1%
change in mass flow is approximately the same asa 1 K change of inlet temperature. Thisvery
high sensitivity makes it very difficult to tune the simplified model to the high-order model.
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Figure8.5: Responseon 1 °C stepin heliuminlet temperature, drawn: high-order model, dotted:
simplified model, constant mass flow, dashed: simplified model, constant pressure drop.

8.4 Balance-Of-Plant M odel

The component model s described above are implemented in so-called S-functionsin Matlab. In
Simulink they are combined to form abal ance-of -plant model . Theinformation flow inthemodel
isclarified infigure 8.6. Some components are combined and represented by onemodel, because
thisalowsfor explicit calculation. Thisis shown by a dotted rectangle around the components.
The combination of drum downcomer and evaporator is already discussed in paragraph 8.3.4.
Because of the assumed incompressibility of water, thefinal cooler and cooling water valve are
combined in one model. The series-connection yields a combined C;:

1

2
1 +
VP C

f valve open

Cf total

1 2

f hx

C

If the variation of C;,, with flow istaken into account direct substitution into the flow-pressure
droprelationisnot feasible. Thereforefirst theflow iscalculated using C;,, = C; , gesign @Nd from
that flow C;,, is corrected for the variation of the Reynolds-number. Subsequently a new flow
is calculated. Three iterations of this kind are made to obtain the flow. This approximation is
good enough, since alarge deviation from the design flow can only be obtained by closing the
valve, in which case the pressure drop over the heat exchanger isonly of minor importance. The
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feedwater pump, attemperation valve and
economiser are also combined in one model
because of the assumption of incompressible
liquid water. The pressure drop over the
economiser is negligible, therefore the pump
flow can be calculated from the drum and
deaerator pressure. Similarly, theattemperation
vave flow is known from the drum and
attemperator pressure. The economiser flow is
the difference of these flows. In the deaerator
the pressure is assumed constant at 3 bar,
which makes the mass balance static. The
returnwater flow istherefore cal culated, which
corresponds to the assumption of perfect
control of the pressure with this flow.

The Baance-Of-Plant model has also been
tested by comparison of step responses of the
high-order and simplified model. Because of
the extreme sensitivity to a number of input
parameters, no attempt has been done to tune
the simplified model based on the step-
responses. Figure 8.7 showsthe step-responses
of the most important input-output
combinations of both models. The step
responses are dightly different from those in
figure 7.18, because of the different boundary

conditions. For the transients in fig. 7.18 the rigure 8.6: Sructure of simplified model.

return water valve position was fixed, and the

deaerator pressure was uncontrolled. The simplified model assumes perfect control, so in order
to make afair comparison, the high-order model simulations were carried out with this pressure
tightly controlled using the return water valve. As expected the steady-state gains do not exactly
match, but the dynamic behaviour (time-constants and non-minimum phase behaviour) is
correctly predicted by thesimplified model. MPC algorithmstend to befairly forgiving for errors
of this magnitude in step-responses (otherwise control over a region of conditions with one
linearised model, which is only correct in one working point, would always fail). When the
model is used for online prediction it can be continuously corrected, for example by using an

extended Kalman filter (Prasad, 2000).
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8.5 Conclusions

In this chapter, asimplified physical plant model has been constructed. A heat exchanger model
especialy fit for the high-efficiency gas-gas heat exchangersis developed. Tests show its good
performance in modelling thistype of heat exchangers with a coarse nodalisation. The Balance-
Of-Plant model is robust and is capable of very quickly calculating operational transients. Its
steady-state gains of step-responses are unfortunately very sensitive to certain parameters. The
model is neverthelessfit for use in a model-based control scheme.
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Chapter 9

Concluding Remarks

9.1 Conclusions

This thesis describes investigations into the modelling, design and control of a Nuclear Gas
Turbine(NGT) plant for Combined Heat and Power (CHP) production. Four different plant wide
models were devel oped and used to assist in the design and control of the plant.

With help of the thermodynamic model, the major design parameters were chosen. Based on the
characteristics of CHP, it is decided that a direct, recuperated cycle without bottoming steam
cycle is optimal for the NGT-plant for cogeneration. The plant should produce electricity and
Industrial Steam (I1S), or electricity and hot water for District Heating (DH). In order to separate
the primary system and the high pressure water cycle, an intermediate high pressure helium
system is introduced. The reactor power, pressure ratio mass flows and temperatures were
optimised over the operational region of different heat-to-power ratiosand power levels. In order
to ssimplify the design, the reactor and primary cycle design were kept the same for both the IS
and DH-cogeneration plant. The most striking difference with a non-cogenerating design isthe
fact that the compressor inlet flow isnot cooled asfar aspossible. In order to obtain a substantial
heat production of a certain quality, the temperature level of the waste heat of the primary cycle
must be high. This is achieved with an elevated compressor inlet temperature. The primary
system pressure is low compared to other designs for larger plants. This ssmplifies the turbo-
machinery design. An often encountered assumption is that an elevated pressure increases the
heat transfer in the reactor and the recuperator, but thisis not the case. If one keepsthe geometry
of the heat exchanging equipment the same and oneincreasesthe pressurelevel, theonly positive
effect on the cycle efficiency is by means of the decreased pressure losses. A DH-cogeneration
plant is favourable over a steam-coproducing plant. A cycle which has been optimised for
electricity production only, givesawaste-heat flow which still can be used for water heating. On
account of to the recuperator however, the heat-content of the recuperator hot outlet flow istoo
low to produce a decent amount of steam.

With use of a steady-state model, a preliminary design is produced. It can be concluded that a
high efficiency can be obtained over a large operating region. By means of reduction of the
pressure level one can operate at part-load with hardly altered gas velocities and thus constant
turbo-machinery efficiency. The heat-to-power ratio can be changed by altering the compressor

135



Chapter 9: Concluding Remarks

inlet temperature.

In order to analyse the influence of design choices on the dynamic behaviour and to develop and
test acontrol structure, abest-estimate dynamic codeisdeveloped. Thelevel of detail of the code
exceedsall previousattemptsdescribedinliterature, except for thereactor neutronics. It hasbeen
proved that the point-kinetic approximation for neutronic calculations works excellent for the
wholeoperational region of interest. Comparisonswith analytical solutionsand with simulations
performed with the nuclear code RELAP show that the dynamic plant behaviour is predicted
correctly over awide range of conditions and at time scales varying from afraction of a second
to several days. Theimplicit formulation of the problems makesit possible not only to calculate
the system behaviour from its design, but also to deduce the geometry needed to obtain the
requested performance. For example, the compressor geometry isobtained by fixing its pressure
ratio and aset of velocities through the compressor.

Investigations of the dynamic behaviour of different designs led to the conclusion that a single
shaft configuration is preferred if one wants to apply an asynchronous generator. With a free-
running power turbine, the generator speed would be very difficult to control due to the small
influence of the power turbine speed on its power production. Thisis very different from the
situation with an ordinary gas turbine. In that case the heat input (by means of fuel) can be
regul ated separately. In case of anuclear heat source, the large thermal inertiaof the reactor core,
leads to a linear increase of heat input with mass flow. Another difference between a
conventional turbine and the helium turbine is the fact that the latter operates far removed from
choking. Therefore, aload regjection leads to a much higher mass flow and thus to a very high
shaft speed. Alternatively, one could choke to turbine or compressor outlet flow and reduce the
overspeed in this passive manner.

Thethermal inertia of the reactor is so large that the influence of its dimensions on the dynamic
behaviour is hardly visible. During short term transients the outlet temperature is virtually
constant, while during long term transients the xenon effects are dominant. A strong negative
temperature coefficient is shown to be not only favourable from a safety point of view, it also
reduces temperature variations during off-design operation and is as such beneficent to the
reduction of creep due to operation at elevated temperatures.

Unlike previous NGT plants, the helium inventory of the primary system is so small that the
dynamics associated with the redistribution of high and low pressure plenums are very fast
compared to the mechanical shaft dynamics. The small inventory also allows for quick
adjustments using the inventory control system.

The dynamic model has also been used to assess the effect of various control options. In most
previous designs a bypass valve in a high temperature environment is used for speed or power
control. It was found that a valve at another position in the flowsheet, operating at much lower
temperatures, givesthe same performance. Control with throttle valvesinstead of bypassvalves
is aso feasible. Two disadvantages are the pressure losses even when the valve is fully opened
and the comparatively high temperature changes in the recuperator. The main advantage is the
unchanged heat transport to the secondary cycle, which simplifies the control of the quality and
quantity of heat delivered.
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The optimal working conditions were also be established using the dynamic model. Then the
pairing of controlled and manipulated variables was investigated using Relative Gain Analysis.
The NGT-DH can easily be controlled with two SISO control loops. The NGT-IS plant shows
alot of interaction between the control loops, strong non-linearities in the process and non-
minimum phase behaviour which seriously complicatesthe control system design. Neverthel ess,
the distributed control system was capable of following both heat and power demand with
acceptable deviations from the set-points.

A dynamic model can not only be used to develop and test a control structure, it can also serve
as an online estimator of the plant behaviour, integrated in the control scheme. This callsfor a
robust model, which alows for fast calculation. Such a model has been developed in the last
chapter. Themodel isdeveloped fromfirst principlesbut highly simplified compared to thehigh-
order dynamic model, inorder to allow for explicit cal culation with aminimum number of states.
Because of the use of an analytical solution, the high-efficiency gas-gas heat exchanger can be
modelled with a very coarse discretisation. The results of the simplified model are similar to
those of the high-order model, but their final gains are not exactly the same. Luckily, model-
based control schemes tend to be forgiving for this type of discrepancy.

Overadl, it can be concluded that the NGT plant istechnically well suited for combined heat and
power production. The plant can quickly follow widely different heat and power demands, with
ahigh efficiency. This can be achieved with a simple design and control system. Moreover, the
economic investment can easily be protected against failure through thermal stress or load
rejections.

9.2 Recommendations

The dynamic model can easily be adapted to simulate the transient behaviour of conventional
power plants. Thermodynamic properties of air, fuel and off-gas have to be implemented, this
work is currently underway. The level of detail of the compressor and the turbine model make
it a useful tool for preliminary designs. A model dedicated to axial compressors is also under
construction. In future, aradial turbine model and simple combustion chamber model could be
added, so that a complete conventional gas turbine can be modelled.

Boiling instabilities asthey can occur in aboiling water reactor, could also be studied, using the
detailed description of the natural circulation evaporator. Addition of a moving boundary
formulation for the transition from liquid water to a water/steam mixture would improve the
capabilitiesin thisfield.

The model described in the last chapter is intended for use in an online optimising control
structure. This method should be implemented and tested in future. The scheme could use the
non-linear model for calculation of the free response (response following current initial
conditions and no future control moves), while alocally linearised model could be used for the
optimisation step. Thisisexpected to givebetter performancethan thedistributed control system.
Moreover, it should be easier to tune the control system to specific demands, like e.g.
minimisation of thermal stresses.
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Appendix A: Heat Exchanger Data

Appendix A

Heat Exchanger Data

For the plate-fin strip-fin heat exchangers, a number of identical modulesis used. The hot and
cold side geometry of themodulesareidentical. The geometry-dataof amodule and heat transfer
and friction correlations are given in table A.1 and figure A.1.

Table A.1: Recuperator module data. 0.2
Ltiow 0.85m ol
_0.08}
Atronta 0.903 m? 0.06]
0.041
MCOFE 894 kg [
|fin 324 mm N%O.()Zi \
i 0.1 mm 0.008
0.006
6Wa” 0.5 mm L L L L Ll L L L L L L
0.2 04 0608 1 2 4 6 8
B 1803 m?/n?® _ 0® Re
Figure A.1: S Pr?® and f versus Re for the
o 0.42 plate-fin strip-fin heat exchanger.
S/S 0.85
D, 2.11 mm
For finned tube banks, the contraction o, v B
specific areap, arearatio S/S and equivalent g "
hydraulic diameter D, of the shell and tube  flow direction y/
side can be calculated from longitudinal, s _)@
transversal and fin pitch (Xigng: Xisane Xsin) @NC Xirans Jouter 5.
tube and fin diameter and thickness (d, . A
iy Owans Orin) Dy considering a unit cell as X Ao
shown in figure A.2. < 'OL e
¢ d\‘in 3

Figure A.2: Finned tube bank unit cell.
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Appendix A: Heat Exchanger Data

For the shell-side applies:

AT, 2 2 1
Sﬁn u_ 2 Z(dﬁn B doutel') Stube u ( B 6ﬁn) ndouter
Xfin

v-_ly x > §-=S_ +8

u long ““trans "~ outer u fin u tube u

Xﬁn

Sf _ Sﬁ]l u ﬁ _ Sll A _ A _ A

o | shell ~ 7 contr u  * “frontal u bank u

S S, v,
A =y g A (-5 )d +8 d

frontal u ~ trans " outer bank u ~ fin/ “outer fin - fin

Xﬁn fin

o _ Acontr u D _ 4Acontr uXtrans douter

shell - A (4] - S

frontal u u
And for the tube-side:
2
n dinner ndinner
0-'cube = 2 Btube = 2 dinner = douter -2 6wall
4 Xlong Xtrans douter Xlong Xtrans douter

Now L, A and Sof both shell and tube side can be related to the no. of baffles and passes (Npies
N, ) asindicated in figure A.3, and shell length and diameter (I, dge):

A

—

AY
7 \
¥
T
- {
\
X J—pass

baffle

4
Figure A.3: Tube & shell heat exchanger
with two passes and two baffles.

Ltube = 1shell Npasses Lshell = (Nbafﬂes + 1) dshell
2
_ T dshell _ 1shell
Atube = Oube Z N Ashell = Oghen dshell N + 1
passes baffles
T 2 T ,2
S dgl S dil

tube Btube Z shell ‘shell shell = Bshell Z shell Lshell
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Appendix A: Heat Exchanger Data

Finally, the mass of the tube-bank M, can be calculated using:

B T, 2 2 1 =, 2 2
Vﬁn u - 6ﬁn_(dfm B douter) Vpipe u _(douter B dinner)
4 Xp 4
v, = Ltx_x_d v, = 1, %d2
u long ““trans  outer hx shell shell
Xgp 4
n
M _ Vﬁn u + Vpipe u \V4
bank vV nx Psteel

u

The relations for non-finned tubes can be deducted from these finned tube-rel ations.

The data of the two bank geometry which are used are given in table A.2, and the heat-transfer
and friction characteristics are given in figure A.4 to A.6.

Table A.2: Tube bank data.

staggered tube bank finned tube bank
Owal 25mm 25mm
ovter 2.6cm 2.6cm
Xirans 15 1.9
Xjong 1.25 2
Xfin 346 fingm
Biin 0.3 mm
din 4.4cm
0.2
0.02F
0.1 C ] -
“ 0.08f ]
0.061 \ 1 0.01F
0.04} ] 0.008
0.006:
g‘_ 0.021 1 “’%0.004*
o & |
mo%gé: . 0.002}
0.006{ ]
0'006.4 ‘0‘.6‘0‘.8‘11 é | 4‘1 | é | E‘B‘l‘O 20 0'00%).4 ‘016‘0‘.8‘1‘ é | 21 | é | é‘l‘O 20
mo® Re mo® Re
Figure A.4: S Pr?® and f versus Re for the Figure A5: & Pr?® and f versus Re for the
staggered tube bank. tube side.
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< 002} \

0.01¢
0.008r

0.006

Stpr?3

0.004 '~ : e
08 1 2 4 6 8 10
mo® Re
Figure A.6: X Pr?® and f versus Re for the

finned tube bank.
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Appendix B: Turbo-Machinery Data

Appendix B

Turbo-Machinery Data

The compressor-design is impeller E Teoser Femerar >li<Bom oot
based on amethod published ' U Saln % ’

by Vavra (1960). The five > JI 2 il
congruent stages all have an s \ / -~

axial inlet and radial B / -

impeller outlet velocity of
150 m/s. Theimpellershave
twenty backswept blades
with an angle of 32 ° and a
ratio e e Timp Of 0.6. With
aconstant impeller radius of
0.399 m, the pressure ratio
of 2.3 is achieved. The
diffuser inlet is square and
has a diffusion angle vy Of
5°. Itslengthis chosen such
that it decelerates the
velocity to 150 m/s. The gigure B.1: Compressor geometry.

volute bends have aratio of

2.5for r,..4/b yielding minimal friction losses. 20 deswirl blades with athickness/chord ratio of
0.25 are used to redirect the flow in the next impeller.

deswirl
blades

volute

Table B.1 and B.2 list the main dimensions, shown in figure B.1.

Table B.1: Stage-specific compressor data.

Stagel | Stage2 | Stage3 | Staged | Stage5
no. of diff. channels 14 15 17 19 21
Fegeimer IN M 0098 0124 |0138 [0149 |0.157
binm 0.052 0.047 0.043 0.04 0.037
hg iN M 0178 |0166 |0.147 [0131 |0.118
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Appendix B: Turbo-Machinery Data

Theflow length of the impeller has been
approximated as a quarter of the

Table B.2: Compressor data common to all stages.

circumference of acirclewith radiusr;,, no. of impeller/deswirl blades 20
- (Nee imer Fleye auter) / 2. The equivalent .
hydraulic diameter, which is necessary | Pibiage 1N ° 63.5
for thecalculation of thefrictionlossesis B in° 30
by definition known from the perimeter 2 blade
P and area A of the eye: 0y gigg 1N ° 66.9
.= 4 Aqye Yaire IN° S
e imp
eye limp IN M 0.396
The hydraulic diameter of the diffuser " inm 0.238
and the volute is a'so known from this eye outer :
definition, using the perimeter and area &y inmm 1
at thediffuser outlet. The diffuser length .
can be calculated from: Ogep IN MM 10
hdiff_ b
diff 2 ta'n-Ydiff

The flow length of the volute comprises half the circumference of acircle with radiusr,,,,, the
straight section with length L 4 cos «., 4 and the section with the third bend which is assumed
to be equally long as the flowlength of the next impeller. The cross-sectional and frontal area of
the deswirl blades are known from the thickness/chord ratio and the number of blades.

<3‘1 blade

Theturbineisdesigned with aconstant axial inlet velocity,

a constant mean diameter and a degree of reaction of 0.5.

The diameter is calculated from the desired pressureratio, awads | Proas

while the blade height follows from the axial design { f

velocity of 210 m/s. Themain dataare shownintable B.3, | |

the nomenclature is clarified in figure B.2. Other }v Paviose
geometrical parameters like cross-sectiona area, pitch, A\
hydraulic diameter, heat exchange surface etc. can easily Loege >

be calculated from the datain table B.3.

Thub

Y___Jr__&,

Figure B.2: Turbine geometry.
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Appendix B: Turbo-Machinery Data

Table B.3: Turbine data.

all stages stage dyo in M hinm
LgaeiNM 0.08 1 0.722 0.058
Vet ro 0.4 2 0.726 0.062
no of stator blades 173 3 0.73 0.067
no of rotor blades 174 4 0.734 0.072
Oy in - mm 0.25 5 0.739 0.077
o design 1N ° 99 6 0.744 0.083
0 deign 1N ° 25 7 0.75 0.089
By desgn iN ° 81

B2 desgn IN ° 155

C prim stt,rot design 0.03
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Appendix C: Inventory Control Vessel Sizing

Appendix C

Inventory Control Vessel Sizing

The primary system helium inventory can be changed without use of a dedicated compressor if
anumber of vesselsisconnected to both the high and low pressureside (asshowninfigure 3.21).
In this case, if n vessels are consecutively filled and emptied, each vessel reduces the helium
inventory with an equal factor f. If the ratio of lowest part-load inventory and design inventory
pressureis X, then:

1
f=X"

The mass which is displaced with the first vessel is therefore:

AM, = (1- DM gy 10aa
In which the subscript v indicates the first vessel and s the primary system.
Thevessel size can be calculated inthe extreme processes of adiabatic and isothermal behaviour,
considering helium a perfect gas, and making use of the perfect mono-atomic gas relation:
S5¢,-3R-¢, - X1._2
37 3 P K 5
For the isothermal process the qualitative behaviour of the tank states mass M, pressure and
temperatureareshowninfigure C.1. Notethat the processesrefer to thetank, filling meansfilling
of the tank and thus emptying of the primary loop.

The vessal size follows from a mass-bal ance between states 1 and 2.
\Y%
AMV:(I_DMsfullload:Mv2_Mv1: (pZ_pvl)

RT "
When the first vessel isfull, its pressure equal s the compressor discharge pressure, and when it
IS ‘empty’, its pressure equal s the full load lowest system pressure.

pv2 - pshith - fpshighfu]lloald pv1 - pslowl - pslowfullloald

Thetemperatureisin theisothermal case equal to the temperature of the surroundings T,,. The
vessel volume V can now be calculated.
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Appendix C: Inventory Control Vessel Sizing

1 filling

| 1 filing 2 cooling 3 emptying 4  heating
| w
Mm

-

Figure C.1: Isothermal emptying and filling.  Figure C.2: Adiabatic emptying and filling.

- N

emptyin 1
ptying 1

The states and processes of the adiabatic filling and emptying are shown in figure C.2.
Similar to the isothermal case:

\%
=T ,=T AM= ——(,,~ b, 1)

T
3
v surr R Tsun_

Py2= TPy high i tond Py s = Potow il toad L 1

Applying the ideal gas law to the heating and cooling yields:

pv2 _ pv3 pv4 _ pv1

Tv 2 T Tv 4 T

v3 vl

An energy-balance over the filling-process gives:

4pUY R STV
PV - o H — = ¢ CT..
dt ¢1n m dt d)m p sm
Insertion of theideal gaslaw and integration yields:

VC,

(pv2_pv1) - ANICstin

R

Thelast relation can be obtained by considering the helium mass that stays in the vessel during
emptying. This mass expands adiabatically and frictionless. For the isentropic process the
following relation holds:

T

k1 2

v3 _ Py3 ko _ Py3|5s
Tv 4 pv 4 pv 4

Combination of all equations gives:

D5A2
= Ps1 - (A-BYp;, + 2BEB-A)p,, - B2E? = 0
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with:
2

) 2
- SAMC,T;, B=AMRT,,, C=p,,T D=p’T,, E=p,,

surr

Thereal root p, ; DEtWEEN Pgo, uit 10a0 ANA T Ps highruil 10a0 1S the cOrrect solution, backsubstition gives
the vessel volume.
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Nomenclature

Nomenclature

variables:

= heat transfer coefficient in JK™* m?s?, void-fraction or anglein rad or °
= delayed neutron, decay-heat group fraction or anglein rad or °
=yield fraction or blade geometry parameter

= thicknessin m, gap clearance in m or camber anglein rad or °
= difference

= pressure ratio

= efficiency loss

= efficiency

= angle between axial and absolute velocity

= ratio of specific heats (C,/C,)

= thermal conductivity in IJm™ K™* s, work input coefficient or decay constant in s*
= mean neutron generation timein s

= dynamic viscosity kg m* s*

=dlip factor

= porosity

= density in kg m™ or reactivity

= arearatio (Agn / Ajage) OF surfacetensionin N m*
=timeconstantin s

=massflow inkg s*

= specific potential energy in Jkg™

o = two-phase multiplier

4 =termsin steam generator mass and energy balance

= velocity ratio

= isentropic work coefficient

= rotational speedins® or rpm

EE€B6 BB IADINT T >>2A D3 N0 > ®R
P %

= correction factor for discretisation in heat transfer or power of Reynoldsin calc. of f
= (cross-sectional) areain m?
= correction factor for non-ideal-gas behaviour
= blade height in m or power of Reynoldsin friction
) = constant in division of Q over different nodes=%zo0r 1
= heat capacity in JK™s?, scaled precursor concentration or constant
= gpecific heat at constant pressurein Jkg* K™
= flow resistance factor in m?

O T m> o

©

OO0

-
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Nomenclature

diameter inm
equivalent hydraulic diameter in m
= friction loss factor
= exergy in Jkg*
= friction factor, camber in m or factor used in division of inventory over vessels
=forceinN
= Friedel-number
= gravitational constant = 9.81 m s?
= controller gain
= head in m, turbine blade height in m
= gpecific enthalpy in Jkg™
= normalised lodine concentration or inertiain kg m?
= gpecific kinetic energy in Jkg™ or process gain
=flow lengthinm
=lengthinm
=massin kg, Mach-number or moment in Nm
= flow-number or number of passes or baffles
= number of vessels
= pressure in bar
= power in Js* or dimensionless (in point-kinetic model)
= Prandtl-number
= heat flow in Js*
=radiusinm
= gas constant in Jkg™ K™ or resistance against heat flow in J*K s
= Reynolds-number
= price ratio of electricity to heat
= blade pitchinm
= entropy in Jkg™* K™ or heat transfer surface areain m?
R =dipratio
= Stanton-number
=timeins
= temperaturein K or °C
= impeller speedinm s*
= gpecific internal energy in Jkg™
=velocity inm s*
=volumein m?
= valve position
= relative velocity inm s*
= work done in rotating equipment in J s*
= Weber-number
= distance in flow direction in m, pitch or steam quality
e = normalised Xe-concentration
vat = Martinelli-parameter

= expansion ratio

= number of impeller blades

oo
I n

]

TOPTVOSZZTCATISEE@TTOS

D

o

nwv 00

[N 0))

sss<<<cec-H-~
D 0

N < X X X
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Nomenclature

abbreviations, acronyms and subscripts:

ACACIA = AdvanCed Atomic Cogeneration for Industrion Applications
am = atmospheric

att = attemperation

av = average

ax = axia

CCGT = Closed Cycle Gas Turbine

CHP = Combined Heat and Power

cl = clearance

comp = compensation (for gravitational force with area change) or compressor
contr = contraction

corr = corrected (for compressor off-design input conditions)
cr = cross-sectional

d = dead (time)

dea = deaerator

desw = deswirl

DH = District Heating

diff = diffuser

DRGA = Dynamic Relative Gain Array

ec = economic

€co = economiser

ECS = Energy Conversion System

eff = effective

el = electric

entr = entrance

eq = equivalent

ex = exit or exergetic

exp = expansion

FC = frequency converter

fr = friction

Fz = Forster-Zuber

G =gas

gen = generator

GO = gasonly

grav = gravitationa

GT = Gas Turbine

He = helium

HP = High pressure

HPR = Heat to Power Ratio

HTGR = High Temperature Gas-cooled Reactor
HX = Heat eXchanger

imp = impeller

inc = incidence

INCOGEN = Inherently safe Nuclear Cogeneration
IS = Industrial Steam
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Nomenclature

isen = isentropic

L = liquid

LO = liquid only

long = longitudinal

LP = low pressure

mech = mechanical

MIMO = Multi Input - Multi Output
nd = dimensionless

NGT = Nuclear Gas Turbine

no = nozzle

nom = nomina

norm = normalised

NTU = Number of Tranfer Units
PB = pebble bed

PBMR = Pebble Bed Modular Reactor
PI = proportional-integral
PINK = Programme for Intensification of Nuclear Competence
perp = perpendicular

pol = polytropic

pr = prompt

prim = primary

rad =radia

rec = recuperator

RGA = Relative Gain Array

rot = rotating equipment or rotor
S = system

sat = saturation

sec = secondary

SG = Steam Generator

SISO = Single Input - Single Output
SP = setpoint

ss = steady-state

st = steam

stat = stator

surf = surface

surr = surroundings

tang = tangentia

temp = temperature

th = thermal

theor = theoretical

TP = two-phase

trans = transition or transversal
turb = turbine

u = unit cell of finned tube

% = vessel

vap = vaporisation
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