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ABSTRACT:
The Dragon Reactor Experiment in Winfrith /UK was a materials test facility for a number ™ .
of HTR projects pursued in the sixties and seventies of the last century. It was built and
managed 'as an OECD/NEA international joint .undertaking. - The reactor -operated
successfully between 1964 and 1975 to satisfy the growing demand for irradiation testing .
of fuels and fuel elements as well as for technological tests of components and materials.” |
The paper describes the reactor’s main experimental features and presents results of 11~
years of reactor operation relevant for future HTRs. . . '
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1. Introduction . A
. ,;"‘ 4 e )*

The DRAGON Reactor Experiment (DRE) was' the experimental reactor of the OECD High -
Temperature Reactor Project. -This facility was uniquely suitable for testing the fuel, the fuel element ‘

designs and the structural materials not only for the HTR power reactor designs pursued by the Dragon
Project itself, but also for the development of natiorial power reactor projects like the THTR and the -+
Fort St. Vrain HTGR. During the later years of .operation, more than 60% of the available core *
positions were occupied by coated particle fuel ‘experiments sponsored by the UKAEA, the CEA,
Belgonucléaire and KFA. Although there were limitations in the geometry of irradiation experiments,
requirements concerning the burnup, the neutron flux, the temperature and the coolant flow could be

. ¥

satisfied individually by selecting the core position and adapting the base of the fuel element. The
precise irradiation conditions and the accurate measurement of the experiments performance were
made possible by continuously monitoring various fuel element temperatures and sampling gas release - -
from the fuel. These measurements were facilitated by the extremely low contamination of the primary
circuit and the controlled area in general. The results of the many DRAGON irradiation tests have
been incorporated in today’s general data base on HTRs. The operational expericnce was reported in
detail by B.G.Chapman [1}. This paper is also concerneéd with some less well publicised items." ST
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The core consisted of thirty-seven fuel elements, placed in a hexagonal amray with an effective
diameter of 1.08m. This hexagonal array was surrounded by 30 prismatic graphite columns of the -
“nner live” reflector, machined on one side to match the profile of the adjacent fuel element and on

the other to form a circle of 1.5m diameter. The 24 control rods operated in holes in the inner live - - -
reflector. The overall length of a fuel element was 2.54m, of which 1.60m in the middle contained fuel f
(s.Fig.1) Thé remaining lengths at the top and bottom comprised the axial reflector and end fittings. ;
The helium coolant entered the core from below and passed upward through channels between fuel

rods. Maximum thermal power was 21.5 MW obtained with an inlet temperature of 350°C, an outlet

temperature of 750 °C and a helium mass flow of 9.62 kg/s at gOatm ’ . cLos



Fig.1 shows the cross - s

secion of a typical v ,  i- - f 2 . c ’
DRAGON fuel element: P -"—ﬁa.:’r——x—-— i ‘
The six outer fuel rods (a) | et mraer= i i : -
were held together at the

top by a massive graphite

block (b) which extended

up to a reinforced lifting i )
head (2} artinﬂgle pottom 2 Fig 1. Standard DRE Fuel Element
six-rod assembly :
together. The central rod accommodated the experimental section. This central rod was firmly attached
to the metallic base of the fuel element, which accurately positions the fuel element in one of the 37
core positions by means of a central conical hole (d) sitting on the precisely fitting conical spike
attached to the core bed plate. Each spike was equipped with a key bolt to align the orientation of fuel
element and surrounded by 12 thermocouple terminals mating with contacts (e) under the fuel element
base. In certain fuel elements the outer ring of six driver rings with the lifting head and bottom ring
could be separated from the experimental central rod and the base by remotely unlocking the Nimonic
bottom ring. - e
The six outer rods of a fuel element generally contained highly enriched UO, driver fuel which
provided most of the reactivity of the core. The coated particles for this fuel were produced at the
reactor site: the UO,.kemels had a diameter of 0.8mm and had a triple (TRISO) layer of inner
pyrocarbon, silicon carbide and outer pyrocarbon with a combined thickness of about 0.15mm.These
coated particles were bonded together in a carbonaceous matrix to form the hollow cylinder
“compacts” (f) characteristic for DRAGON driver fuel. The experimental coated particle fuel in the
centre of the elements consisted of low enriched UO,, but also thorium and plutonium as oxide and
carbide. Specimens for a variety of HTR fuel cycles were irradiated simultaneously in the
experimental centre channels and in entire fuel element positions. The extensive DRE experience with
irradiating coated particle fuel at extreme temperatures confirmed that a statistical approach is valid
for failure prediction; Fig. 2" shows the measured Fission 'Product’ (FP) release (expressed as -
Release/Birth or R/B ratio) from a fuel with a temperature of 1800°C compared to the its release atan -
operating temperature of 1250°C..The significant feature is the exponential increase in release '
, indicating that'in the case of unexpected overheating or
o' - : other fuel failure; there is a slow build up of activity
3 i : i _ permitting location and removal.
RBU | : . /. As the sampling of released FP through the purge gas
C ' / system was generally limited to the experimental central
10% : —44  fuel rod in an element, a procedure for the identification
- ’ of defective 'unpurged “fuel ' was developed. This
Opetated / 1.1 technique_involves a slight reduction of the reactor
al /- . power and the changing of the control rod pattern to a 20
10%; 1800 }/ ) rod “curtain’ with ‘one rod fully inserted. The power and
' . ) therefore the temperature from the element closest to the
PUS | inserted rod dropped significantly and its FP release was
- + N reduced dramatically. This procedure was repeated for
o, S i each control rod position. The effect was most important
/ in the peripheral fuel elements, but still gave meaningful
results one pitch away from the dipped rod. The FP.
i . isotop¢ monitored in the outlet gas was the very short-
| Operaled - lived Kr-90 (8,5 seconds half-life) and its sister Kr-87

N,

; a12%°C || © (87 minutes), which reached equilibrium concentrations
, ; inthpéutletgasinl&csthanZhomsaﬁérﬁcconﬂolrod
0t - insertion. . This technique *could be"applied to power

DAY OF  (RRATRMOON

Fig 2: Fission Product Release/Bith Xe-133 - Te2ctorS, where the symmetrical arrangements of control

rods could allow the location of releasing fuel.



3. Power cycling - . C e
The experience with }iower cycling the reactor conﬁ;mcd the excellent behaviour pr&iicted in the
safety analyses.' The very small fuel particles embedded in a graphite matrix gave efficient heat ’

transfer and the difference between peak fuel temperature and graphite surface temperature were small ;. .

(about 200°C). During normal operation peak fuel temperatures did not exceed 1250°C. The physics ., .-
of the HTR core provided the system with a strong negative .temperature coefficient. Using this , .

characteristic it was possible™to control the reactor power by varying helium mass:flow. The; .,

experiments clearly demonstrated that the power immediately. followed the increase in helium ‘mass |
flow, but that core and fuel temperatures did not rise as consequence of raising the reactor power from
75% to 90% in a few seconds. 2 ST .
Two core positions were modified in order to further study the effect of regular temperature cycling on_
various graphites -and fuel assemblies. The sampling connections to the fuel element spikes were

altered to permit the injection of a pulse of helium to the base of the element. This pulse was used to - -

actuate a special valve that changed the coolant flow section to the element. Elements fitted with these
valves and irradiated in these positions were temperature cycled frequently without perturbing the rest
of the core. O - i e e A il .
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4. Chemical reactivity of the core » :

In the initial concept of the reactor experiment pm'go;dnﬂxfuel rods contained compacts of ‘bare’ uranium ..

oxide pellets in a graphite matrix. It was envisaged that this fuel would release the fission ‘product’
xenon and krypton as they formed to be purged out into a purification plant thus significantly reducing

the neutron poisoning effects of these isotopes. The purge helium flowed through large fission product
adsorption beds and on into three clean-up plants, to be used individually and regenerated as necessary. .. .
Early fuel tests Loop ‘A’ of the Pluto Heavy Water MTR at Harwell showed that, even at 1000°C, "~

most of the krypton and xenon was retained in the fuel matrix. This encouraged the development of a
revolutionary coated particle fuel that released less than 107 of the fission products. In practice the

purification plants maintained ultra pure helium coolant conditions in the primary circuit of the reactor.

Typical results of codlax}t chemical analysis during operation were (in vpm): .
0, - N - CO ! COo, . - .CH, - HO H. .
01 —~ 005 - 005 002.: ... 01 .01 0.1

Wt

This high purity coolant coupled with the advanced analytical system that had been c_leyélop‘ed;( o

permitted the study of the chemistry of the injection of very low concentrations (1-5 volume parts per
million) of possible -circuit contaminants. It became a routine procedure to determine the ‘core

chemical reactivity’ by injecting a small quantity of water into each fresh fuel configuration. In
addition experiments were carried out injecting small quantities of methane or carbon dioxide. Due to_.

the absence of metallic corrosion and the almost perfect retention of the FP.in the fuel there was’ o

- . ey

practically no routine secondary waste. oo .
S. Primary cin::uit Tt N

s N - s -

The primm:y heat removal circuit was contained ennrelf in the carbon steel prwsm'evésselwrth its six "

heat exchanger branches. It 6perated at reactor outlet temperatures of 750°C and inlet temperatures of . -

330-370°C. The operating pressure of the vessel was 20 ata. The coolant path of the primary heat -

removal circuit was arranged in a way that the vessel walls were in contact with the cold (330°C-

370°C) reactor inlet stream only. The integrated fast neutron dose of the vessel walls at mid core . _,. .

height was in the order of 5 x 10'® n/cin” after ten years of power operation. The hot leg of the circuit
consisted of a large plenum chamber above the core and six duct liners; which fed the reactor outlet

coolant to the primary heat exchangers. The plenum structure was thermally insulated the hot side by .-

two layers of 3 mm Nimonic sheet spaced 6 mm apart.

The helium inventory of the Dragon primary coolant system was about 355 kg of which, during .~

operation, 175 kg were kept in the reserve stores and the dump tanks. Of the other half, 68 kg were,
circulating in the main heat removal circuit, the rest was slowly circulating through the Fission™
Product Removal Plant (36 kg), the Helium Purification Plant (19 kg) and the Transfer Chamt?cr @ss
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kg). The heat sink contained the remaining 10 kg. The coolant losses from the primary circuit during
operation were identified as accountable or unaccountable losses. Losses due to refuelling shutdowns
(20-30 kg per shutdown) were mainly caused by changing the vessel contents from helium to air. .
The accountable 'losses consisting of coolant bled off for analysis or for other experimental and
operational purposes amounted to about 1 kg per operating day. The unaccounted losses stemmed
from leaks, maintenance work on instruments and ancillaries and "spillage” during insertion and
operation of experimental probes. The safety philosophy relied upon the leak detection for an early
warning of any conceivable major failure of the pressure vessel. A sensitive and reliable method of
monitoring the leak rate from the primary circuit was, therefore, primarily a safety requirement. As
any helium leaking from the primary circuit was rapidly dispersed in the large volume of the inner
containment, the background concentration from accountable losses had to be kept at a low level so
that any incréase in the leak rate could be observed at an early stage. A continuous measurement of the
helium concentration in the inner containment was provided by a highly sensitive mass spectrometer.
As the leakage from the active part of the circuit was the most important parameter, the readings of an
activity monitor measuring Kr-87 on the containment ventilation extract correlated to the primary
circuit activity gave a measurément of the primary circuit active leak rate, normally about half of the
total leak rate. Both instruments were recalibrated frequently. For an absolute determination of the
overall leak rate a helium balance within the primary circuit was taken twice a week. During routine
operation, the average helium leak rate was less than 0.2kg/day or 0.12 % of the circulating inventory.
In the beginning of 1974, the leak rate during operation reached 2.0 kg/day and after months of
searching a number of leaks' were found in the stainless steel (SS) pipework leading to the helium
purification plant. The leaks, almost invisible pores and crevices in the otherwise healthy lengths of
pipe, were produced by chloride corrosion. All leaks occurred in narrow sections of the pipes that had
been wrapped with PVC insulating tape during commissioning for the purpose of marking the various .
flow paths and components of the circuit. When the circuit operated at temperature roughly between
80 and 120°C, the innermost layer of PVC tape decomposed, leaving gaseous HCI trapped under the
outer still intact layers of tape. (On pipe sections under 80°C the PVC tape remained stable and above
ca. 120°C the complete wrapping cracked and fell off). After the discovery of the leaks caused by the
chloride corrosion all accessible SS pipework was searched and more than 200 tape markings were
removed. All sections of SS pipework that had carried tape markings were cleaned and sections that
had operated above 80°C were replaced. The result was a drastic reduction of unaccounted helium
losses to 0.2 kg/day. T

6. Maintenance

The fission product release studies, both gascous and metallic, indicated the
comparative cleanness of- the primary circuit but the in-core” maintenance
operations really proved the point. The original design made provision for the
remote removal of, in addition to fuel elements, inner live reflector blocks, fuel
support spikes and control rods and their winding heads. During the nine years of
operation all of these procedures were carried out and the last two even became
almost routine. The reflector block replacement carried out in 1973 proved to be a ;
rather non-standard operation and it is worthwhile reiterating some of the lessons
learned. Fig 3 shows one of the reflector blocks warped by the neutron flux.. - .. -
After removal of the primary helium and its replacement with nitrogen the circuit
was opened and no further precaution taken to exclude air. Without the easy access
made possible by~ these open-air  arrangements, .relative freedom from - @
contamination and the viewing opportunities afforded by a transparent coolant, the
task might have been impossible. Experience during this refit showed that small - -
simple tools were successful in many instances where more elaborate devices
would have proved unnecessary or even introduced difficulty. The great benefit
from the regular use of good viewing facilities® (e.g. the core periscope) was
demonstrated from start to finish of the operation. -

Experience from Dragon of the levels of contamination of the primary circuit are of Fig 3.
great interest particularly as Dragon's role in testing experimental fuels could be Reflector Block




expected to yield pessimistic information. In fact radioactive contamination problems during the
reflector change were remarkable by their absence. Continuous working around large open

penetrations to the core was always possible without the need for air-hoods or respirators. Numerous | ..
devices such as television cameras, lights, handling tools, etc., were lowered into the core chamber,

frequently rubbing against graphite’and metal -surfaces,-yet on removal “they' showed .very little
contamination requiring no personal protection other than normal industrial fabric gloves.

The frequently expressed fears that prolonged contact between metal components in a high
temperature, high purity helium environment could lead to self-welding seizure did not materialise.
Even at the loaded and hot (about 650°C) interface of the Nimonic control rod shield tubes with the
Monel 400 reflector head assemblies, resistance to disengagement was only that caused by normal
frictional forces. Detailed evidence of contamination by dust-borne activation products were obtained
from swabbing the metal surfaces of primary circuit components. On most of the areas examined a
simple swab soaked in methanol removed the bulk of the activation products suggesting that these
were in a non-adherent dust layer. Rowland [2] gave the typical ratio of activation products compared
to Mn-54 averaged over a Dragon heat exchanger, these were Cr-51, 6; Co-60, 0.14; Zn-65, 1.0; Ag-
110m, 3.2. These values were supported by subsequent examination of the thermocouple probes which
showed Mn:Co ratios on the hot side 4:1 (700°C) and ‘cold' side (320°C) 15:1.The deposits on the

graphite surfaces were totally different; Mn-54 was present at very low levels compared to cobalt and - -

it was not possible to detect Zn-65. If it had indeed been dust deposited on the blocks an alteration in

the ratios would have been expected but both Mn-54 (from Fe) and Zn-65 should have continued to_ - .
rise in activity (Zn-65 needs three years to reach saturation). It was therefore concluded that the

activity on the graphite was not due to dust, but rather to contamination during machining.”

7. Conclusions . ;

The O.E.C.D. High Temperature Reactor Project has produced exhaustive performance data for a
variety of fuels and coated particle fuel configurations during the eleven years of operating the Dragon
Reactor Experiment. The extensive facilities for measuring temperature and analysing fission product
release combined with the versatile control of coolant flow and neutron flux available for individual

fuel elements made it possible to exactly reproduce the required experimental ; conditions and

continuously monitor all relevant parameters.
The low release of FP to the primary circuit and the almost complete absence of corrosion not only
improved the sensitivity of individual release measurements, but also allowed hands-on maintenance

of non-activated components and personnel access to the containment building and during operation.:- - ‘

Operation with the Dragon High Temperature Reactor Experiment has proven that the HTR is a highly

stable reactor with good load following characteristics that the fuel can support overheating to ‘an

incomparable degree and that practically no secondary waste is generated.

» €

‘Al those results were documented by the Dragon Project and all reports made available fothe -

sponsoring organisations, inter alia the O.E.C.D and the European’ Commission. It is time to bring
these documents out of the archives and make them freely accessible for example on the www!
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. ABSTRACT

In the 1960s, JH.W. Simmons derived a theoretical relationship between the coefficient of
thermal expansion (CTE) and dimensional changes in irradiated graphite. At low irradiation
dose, the theory was shown to be consistent with experimental observations.” However, at
higher doses the results diverge. Despite this, modified versions of this theory have been used
as the basis of the design and life prediction calculations for graphite-moderated reactors.

This paper revisits Simmons’s theory, summarising the assumptions made in its derivation.
The paper then modifies and applies the theory to the dimensional change and CTE change
behaviour in isotropic nuclear graphite, making use of trends in irradiated behaviour recently
derived using finite element analyses.

The importance of these issues to present HTR technology is that the life of HTR graphite
components is related to their irradiated dimensional change behaviour. A more in depth
understanding of this behaviour will allow suitable graphite material to be selected or new
graphite types to be developed.

1. Introduction

Many nuclear reactors around the world use graphite as a neutron moderator and because the moderator
can not be replaced in most of these reactors, the life of the moderator governs the working life of the
reactor. The graphite material properties show considerable changes when subjected to fast neutron
irradiation. Two of the most noticeable behaviours are the dimensional change and CTE of the graphite.
The combined effect of these changes is often difficult to predict accurately for the design life of a reactor;
the situation being further compounded by the effect of radiolytic oxidation in carbon dioxide cooled
reactors.

Previous authors have investigated the relationship between CTE and dimensional change, a notable one
being the relationship by Simmons"), - This relationship linked the macroscopic properties of the
polycrystalline graphite to the properties of tl;é crystallites, and at low doses, it shows good agreement to
experimental data. However, the results diverge at higher doses, as the relationship does not predict the
reversal of shrinkage (turnaround) exhibited in many graphites.

The objectives of this investigation were to re-examine the derivation of Simmons’s work and to modify
the relationship so turnaround could be predicted. The predictions would then be compared to
experimental trends and.results from a finite element method study also being conducted. The
understanding of these relationships will aid the selection, design and development of new graphites.



2. Theory

2.1. Simmons’s relationship o o AR o
Simmons!" theorised that because some of the dimensional changes in irradiated graphite were caused by
changes in the graphite crystal lattice, a relationship between the CTE and dimensional change with fast
neutron irradiation could be formed. In order to derive such a relationship, several assumptions had to be

made. First, polycrystalliné graphite consists of a porous aggregate of graphite crystals, with each crystal
having the correct graphite crystal symmetry and possessing identical properties (that it is a'single-phase ~
material). Second, small elemental volumes of polycrystalline graphite may be chosen such that stresses .
either induced internally or externally can be regarded as being uniform. Third, the volume of each  ~ ’
element contains only graphite. ‘Using the laws of thermodynamics, Simmons was able to show that

RS
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de,,

—=Z =4 dx‘+(1—A,)dx" (1)
dy '..>dy . dy S -
a,=4a.+124), S ¢ D
where o is the rate of change of strain in the x direction of a polycrystalline graphite, T and 7
yooen T o Cdy, o dr

are the rate of dimensional change of a crystal, parallel andl'pér.'pendiculax to the 'hpxggonal axis, o is the
CTE in the x direction of a polycrystalline graphite, a, and a-are the CTE of a crystal, ‘paréllrel'ahd o
perpendicular to the hexagonal axis,  is irradiation dose, and 4; is the structure factor. oo

The CTEs of the crystal (@ and a) and polycrystalline graphite (a) are measured over the same | s
temperature ranges. Therefore, by rearranging equation (2), 4 can be successfully obtained as a function

of dose. 'Hdwevér,~ the use of Simmons’s relationship for dimensional change given in equation (1) bas

shown divergence in results. Therefore, a number of developments of the ‘original relationship have been =
investigated® but with limited success. Tt ol T

2.2. Modified Simmons relationship

To account for the relatively high strain dimensional changes, it is proposed that an extra term, B, should =,
be introduced to modify 4;: -This ‘extra parameter will be applied to the whole of the dimensional change
formula and therefore, the relationship will be of the form, o T

A p ¥ - - -
‘

SNy

&=A;§;£4(1;A,Bx)dx" o ey e
dy dy dy © : ’ . Sl
a,=Aa +(1-4), o - e @

In irradiated graphite, the Young’s modulus has been shown to be dependent upon dose (Fig'1). The
change in Young’s modulus, where E is the irradiated value and Eo is the unirradiated value, is the
combination of two distinct featires, pinning and structural changes. The pinning term P accounts for the
pinning of mobile dislocations and is considered to be instantaneous and constant. The structure term S
allows for irradiation induced structural changes and -is not instantaneous and changes with increasing
dose. The relationship is . L

%
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A working _ hypothesis is, ‘that for an isotropic
polycrystalline graphite, the structure term B; can

be defined by the changes in the modulus structure
term S with dose, and a constant, a
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B, =(S-1ae® +1 (6)
Fig 1. Components of the change in Young's Moduli
2.3. Finite element method
In conjunction with this work, there has been an investigation into the relationship between crystal and
bulk graphite properties, specifically dimensional change and CTE, using the finite element method
(FEM). Again, the assumption is that the crystal behaviour is the driving force behind the polycrystalline
behaviour. A model of an idealised filler particle/crystal surrounded by a binder material has been
developed and its behaviour, when subjected to loading conditions akin to those in a reactor, inserted into
a polycrystalline model.- In the isotropic case, the filler particles/crystals were randomly oriented and
distributed throughout the polycrystalline model. This was then subjected to the same loading conditions
as the crystal model, and its behaviour monitored. Comparison of these behaviours with experimental and
theoretical results will hopefully give insight as to.what is happening throughout the structure, and
possibly, how the graphite material can be better represented.

3. Results

The dimensional changes of an isotropic polycrystalline graphite have been calculated using both
Simmons’s original and modified relationships. The required crystal (HOPG) and polycrystalline graphite
(Gilsocarbon) data at 450°C were obtained from Brocklehurst and Kellyglo and Brocklehurst'!
respectively.

A trend can be fitted to the experimental polycrystalline data of Brocklehurst and Kelly® (Fig 2).
Calculation of the dimensional change- using Simmons’s original relationship, equations (1) and (2),
showed close relationship to the behaviour at low doses (Fig 2). If however, the modified relationship in
equation (3) was used, the behaviour was close at high doses (Fig 2). In both cases, there was a gap
between the experimental trend and the respective Simmons prediction. The dimensional change predicted
using the FEM model was also similar to the experimental trend, although it did show some noticeable
deviation from the actual values (Fig 2).
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Fig 2. Predicted and observed dimensional changes
of an isotropic polycrystalline graphite

Fig 3. Effect of varying a in the
modified Simmons relationship



In the Simmons (modified) results (Fig 2), the value of constant a in equation (6) was set at 0.2. Varying
this value gave visibly different dimensional changes (Fig 3). -When a was set to 0, the dimensional
change exhibited no turnaround and coincided with that ‘predicted using the original Simmons

relationship. - Increasing the value of a caused the dimensional change curves to demonstrate turnaround

and to show a higher rate of expansion after turnaround. -
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Fig 4. Structure term S used in the Fig 5. Effect of varying S in the
modified Simmons relationship modified Simmons relationship

Similarly, in all of the ;;reviops calculations using the modified Simmons relationship, the structure term S
had been set to that given by experiment (S curve 1, Fig 4). If however, the values of S were varied by

shifting the curve to the right (Fig 4), an identifiable change in results was observed (Fig 5). It should be S

noted that in the calculations, @ was set to 0.2. When the original S values (S curve 1) were used, the .

dimensional change exhibited turnaround. As the curve was shifted to the right (S curve 2 and above), the

respective dimensional change either displayed more shrinkage and delayed turnaround, or more - ,

shrinkage and no turnarounid. The change in behaviour with each subsequent shift of the S curve became
less i.e. the difference between the dimensional changes when using S curve 1 and S curve 2 was greater
than that of S curve 2 and S curve 3, which in turn was greater than S curve 3 and S curve 4, and so forth.

an b

4. Discussion~ " SR - o .

The original Simmons relationship predicted a dimensional change curve similar to that experimentally
observed for an isotropic polycrystalline graphite at low doses (Fig 2). The difference between the two

curves even at Jow doses can be attributed to the fact that in the experimental dimensional chaxfge data,
there was a small amotint of expansion at very low doses, followed by the shrinkage and turnaround. The
Simmons relationship however, did not account for this initial expansion.

The original relationship was unable to predict the behaviour of the graphites at higher doses, but the
modified Simmons relationship could (Fig 2). ~The .extra term B,,-or more specifically, S, is the main

difference between the two relationships, and thus; the modulus structure term may be important when
modelling graphite at higher doses. Again, there was a gap because of the experimental data’s initial . . -

expansion at very low doses.

The FEM model rgayé'a‘résonable representation of the graphite; the overall trends were similar buf the

actual values were not always close (Fig 2). The reason for this was that there were many variables within - ..

the modelling procedure that could alter the results of the FEM model such as crack volume, material

properties, and geometry. "However, a current parametric study is investigating these and their effect on * -
the model behaviour. This will hopefully lead to the development of a closer representation of the -

behaviour, and provide useful information as to what is happening at the microstructural level. An
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unexpected but promising feature of the FEM results was that the model did show a small amount of
expansion before shrinking, as demonstrated in the experimental data.
Changing the constant g in the modified relationship gave significant changes in the predicted behaviour.
Setting the value to zero effectively returned the modified relationship to the original Simmons
relationship and therefore, the dimensional change curve diverged from the experimental data (Fig 3).
Increasing the value caused turnaround to occur at a lower dose and for the proceeding expansion to be at
a higher rate (Fig 3). Thus, the constant a may be comparable to the effect of temperature changes, heat
treatment, porosity, grain size or some other parameter. One possibility may be that a is a function of
density as Kelly and Brocklehurst!”! observed that in an isotropic graphite, turnaround was delayed when
the initial density was lower. At present, the modified relationship is only an empirical relationship, but
further investigation is underway to examine the underlying hypothesis.

Variation of the S values used within the modified relationship also had a great effect on the predicted
dimensional change (Fig 5). If the shifting of the S curve to right (Fig 4) is assumed to be a consequence
of an ageing process, the subsequent changes in dimensional behaviour will also be a consequence of this.
However, this requires more examination.

5. Conclusions

a) The original derivation by Simmons of the relationship between irradiation induced dimensional
change and CTE has been re-examined and shown to give a close approximation of the dimensional
change with irradiation of polycrystalline, isotropic graphite at low doses. = -

b) As the original relationship was unsuitable at high doses, an empirically based, modified relationship
has been proposed and shown to give a good prediction of the polycrystalline, isotropic graphite up to
high doses. : st . e - X

¢) A finite element method model has been developed and shown to have similar dimensional change
behaviour to the experimental data. However, further investigation is required to understand how the
model behaves as parameters are changed and to its significance to real graphite behaviour.

d) Variation of the extra parameters (@ and S) in the modified relationship may allow for the application
of the relationship to different cases, although further investigation is required before this can be
Justified.
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ABSTRACT
Compared to helium cycles, cycle efficiency is improved by about 4% with a carbon dioxide " " ¢
cycle with partial cooling. Higher efficiency is_agcﬁbéd to reduced compression work resulting :
from its real gas effect and to reduced heat rejected to cooling water through partial cooling *+
required from its temperature dependence of specific heat; both effects cannot be expected for
helium cycles because helium behaves virtually as an ideal gas and has constant specific beat.
Compared 10 helium cycles, carbon dioxide turbine efficiency is higher by about 1% and the
turbine size is significantly smaller, but the recuperator size is larger. Assuming that opposing

trends in size will offset, higher cycle efficiency will yicld a Jower expected power generation
cost per unit electricity for the carbon dioxide cycle design than for a kelium cycle design. =

1. INTRODUCTION -

Helium (He) is currémly used as a working fluid of a_closed gas turbine direct cycle for high
temperature gas -cooled reactors (HTGRs). Since the compressol consumes 'atiout 50% of power .
produced by the turbine in this cycle, main efforts to enhance cycle efficiency have focused upon ~

reduction of ooinpr&ssor work by improving compressor qfffc:iency and increasing turbine qp_tpu_t_pyf"~ -

elevating turbine inlet temperature. Recuperator efficiency enhancement is also crucial to improve the’
cycle in the gas turbine system. If carbon dioxide (CO,) is used as the working fluid, condensability and :
non-ideal gas behaviour around the critical point (31°C, 7.3MPa) of CO, will provide additional means_
for improving cycle efficiency which cannot be used for the He cycle. Our partial oondcﬁsaiipn CO,
cycle is based on these additional means [1]. L ’ 7

Work W of one mol real gas in isentropic compression procssés is calculated as
W = -J‘vap - _J'zRTdP/P,

where V = gas volume, P = gas pressure, R = gas constant, and z = compressibility factor (fractional
deviation from ideal gas = 1.0). Compressibility factor z is given as a function of reduced temperature
Tr (Tr=T/Tc, Te=critical temperature) and reduced pressure (Pr=P/Pc, Pc=critical pressure) [2]. At
critical temperature and pressure, the z value dips sharply below the ideal line of unity. and takes an
extremely low value: as low as about 0.2. A low 2z value indicates that the gas is more compressible
than the ideal gas. Since compressor. inlet temperature (35°C) is very close to CO; critical temperature
(31°C), compressor work is expected to be smaller and cycle efficiency is higher in a CO; cycle than
that in a He cycle. Ay R

As coolant, CO, has other preferable properties in‘comparison to He: about 1.5 times higher heat
transfer coefficient between coolant and fuel surfaces, about 2.5 times Jmore effective decay heat
removal under natural circulation conditions, about 3.6 times longer depressurization time [3], and
about 24 times lower cost per unit volume. LT ”

Although CO; cycle efficiency was shown to be highest in a partial condensation cycle in previous
studies [1], cycle efficiency, turbine size and adiabatic efficiency, and recuperator size are compared in
this study between CO;, and He in Brayton cycles because a cycle with condensation is not applicable to
He due to its extremely low condensation temperature. ~ )
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2. CYCLE EFFICIENCY

Cycle efficiency of a Brayton cycle is improved when the number of compression stages with inter-
cooling is increased as shown in Figs: 1(a) through (c). However, contribution of each additional stage
to cycle efficiency becomes less and less; use of more than three stages with two intercoolers cannot be
justified economically. Hence, comparison of cycle efficiency is done in this study for one through two
compression stages between He and CO, in closed gas-turbine direct cycles. It is difficult to apply the
two-intercooler cycle to the He cycle because the length of the gas turbine rotor is much longer in a He
cycle than in a CO, cycle; rotor dynamics design becomes much more difficult if an additional
compressor is added.

Cycle configurations of Figs. 1(a) and (b) are adopted to actual designs of He cycle HTGRs [4],[5].
Cycle efficiencies of He and CO, cycles are almost identical in these usual Brayton cycle configurations
as shown in Table 1, although they are not preferable for the CO, cycle as explained hereafter. Specific
heat at constant pressure Cp of CO, is dependent on temperature and pressure, whereas Cp of He is
constant and Cp of CO, in the recuperator is considerably lower in the high temperature-low pressure
side (connected to the turbine outlet) than in'the low temperature-high pressure side (connected to the
compressor outlet). As a result, CO; cannot be pre-heated to such temperature at the core inlet as it
provides maximum cycle efficiency. If flow is by-passed to the compressor before pre-cooling, as shown
in Fig. 2(a), this temperature mismatch problem is avoided. Bypass flow reduces heat rejected to cooling
water and thereby improves cycle efficiency by about 4% as shown in Table 1. A cycle with a bypass
flow cycle is called hereafter a “partial cooling” cycle. Partial cooling is also achieved in the one-
intercooler cycle by bypassing flow to the third compressor before the intercooler as shown in Fig. 2(b).
As expected from the constant Cp of He, bypass flow is not necessary for the He cycle, but it degrades
cycle efficiency.

Turbee Turtwe R
Reactor Compreasor {/‘w t C 1 —E
X Ox O
b Reactor
' 3
Pre—
Cooler e
Pra- Cooler
My = M
Recuperstor
a) No-intercooler b) One-intercooler, ¢) Two-intercoolers

Fig. 1. Variation of Brayton cycles with number of intercoolers.
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a) Before pre-cooler ‘ b) Before bi gh pressure ‘oompr_cssot"
Fig. 2. Flow bypassing positions for partial cooling of CO; cycles.



The temperature mismatch problem is improved in the two-intercooler cycle given in Fig. 1(c) by
allocating a few times larger compressor as a high pressure compressor than the low and medium
pressure ones, and resultantly by providing a higher temperature at the high pressure compressor outlet
or recuperator inlet. Tt

Table 1. Cycle thermal efficiencies of Heand CO; cycles.

)

Cycle Thermal Efficiency (%) - SRR

Items No Intercooler "}~ On;: Intercooler Two Intercoolers

7MPa |12.5MPa| ~7MPa {12.5MPa| 7MPa |12.5MPa

He [NoPartial Cooling 453 | 451 | 47.5 | 474 | 484 | 483
co, No Partial Coolingl 45.8 | 455 .| 478 | 474 | 487 481 |
Partial Cooling | 492 | 49.7:| 514 | 519 | .- ce o

Evaluated under the conditions: reactor outlet lcn;ﬁcﬁmzrc = 800°C, turbine adiabatic
efficiency = 90%, compressor adiabatic efficiency = 90%, recuperator cffectiveness = 95%.

3. TURBINEDESIGN _,

Table 2 shows design conditions for turbine design. Turbine adiabatic efficiencies are evaluated
using profile loss and secondary-flow loss models of Craig and Cox [6], and the Roelke tip-clearance
loss model [7]. Results are shown in Table 3. Adiabatic efficiencies are 92.91%, 93.82%, and 93.78%
for a He turbine with one inter-cooler, a CO, turbine of partiai cooling with one intercooler, a CO,
turbine with two intercooler cycle, respectively. Reduction of efficiency by about 1% in the He turbine is
mainly attributed to a larger flow deflection angle at the turbine blade required by the 1.2 times larger
loading coefficient than CO,. As shown in Fig. 3, axial length is three times shorter for the CO; turbine
while diameter is almost identical; the flow channel is nearly parallel for the He turbine; but diverging
for the CO, turbine. .

{2

Table 2. Turbine design conditions. _

He Cycle CO; Cycle
1 Items | _ome Partial Two - RPN
* |Intercooler| Cooling ‘| Intercoolers | . - - s -
i Inlet Temperature (°C) R )
-t Inlct Pressure MPa) |, - - . 7.0 . _ RN
' ) Outlet Pressure (MPa) |~ 3.53 ™~ |- 1134 | 1.062 . f- L o -~
Mass Flow Rate (kg/s) | “318.9 | 12186 '|: 11473 "|" - ~. = ~ ’
Rotational Speed (pm)| . ... . .3600. Corte T
. ‘ Number of Stages . 9 | . .3 L - ‘ Lo
. ,““ : Tip Clearance " 0.008 (ratio to blade height) .|~ : e
| Loading Cocfficient 9’| 125 - s | e
Flow Coefficient @ 0.4 03 ‘ ' T

- - e Ah/u®, @=Cy [u,where Ah: enthalpy rise per stage, ,
: u': peripheral speed at mean blade radius, Cy : axial velocity. , -

<1

~Ls - ¥ M 0 - - -, B —

4, RECURERAIORDESIGN T AV S S e peen,
Three kinds Q:f{.haémi exchangers are used ‘in"a Brayton cycle, a ‘Tecuperator, pre-cooler, “and

intercooler. The recuperator is the most critical component for cycle efficiency, whose heat exchanger . -

units are located in an annular space between thc‘mrpif_ié’ Totor casing and pressure vessel. Compact -

3 - oL I
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“Table 3. Results of turbine design.

He Cycle CO, Cycle
Items One Partial Two
Intercooler | Cooling | Intercoolers
Peripheral Speed* (m/s) 338 - 312 317
i 3
Velocity * (m/s) Nf)zzlc Exit 426 330 334
- Blade Exit 362 33 335
ta d

Turbine Loss * Nozzle 0.0169 0.0221 0.0218
‘ Blade*** 0.0405 0.0265 0.0260

Centrifugal Stress**** (MPa) 215 285 280
Adiabatic Efficiency (%) ..| 92.91 93.78 93.82

* Values at the medium stage. ** Profile lo.;,s + secondary flow Joss.
*** Profile loss + secondary flow loss + tip clearance loss.  **** Values at the last stage.

s R AT rctmﬂﬂUW
: i QS‘|.47H'|'l
$1.88m $1.61m  $2.03m ¢1.58m | $2.04m
2.30m : O.B?m
.
O OO0 T i |
a) Helium Turbine b) CO; turbine

Fig. 3. Cross sectional vic\#s of He and CO, turbines.
i

plate-fin type recuperators are designed for He and CO; cycles to minimize the pressure vessel and
attain thermal duty, thermal effectiveness of 95%, and pressure drop of less than 1.5% relative to
system pressure. Heat transfer coefficient and pressure drop calculations are based on models proposed
by Wieting [8]. : - ’

Recuperator design is carried out using conditions given in Table 4; results are shown in Table 5.
Compared with the He cycle, CO, cycles exhibit: significantly lower gas velocities; higher Reynolds
numbers due to the approximately ten times higher CO, density; and a”quarter the heat transfer
coefficient due to thermal conductivity that is about one-sixth that of the He cycle. Consequently, total
height and weight are significantly higher in the CO; recuperator than in the He recuperator. However,
the recuperator can be accommodated inside the pressure vessel with height of about 30m and weight of
about 100 tones. Assuming that increased recuperator weight in the CO; cycle is offset by decreased
turbine size, the power generation ‘cost per unit electricity is expected to be lower in the CO; cycle than
for He cycles due to higher cycle efficiency.

5. CONCLUSIONS C

Cycle thermal efficiency, turbine adiabatic efficiency and recuperator heat transfer surface area are
compared between direct cycles of CO; and He cycles. A CO; cycle attains about 4% higher cycle
efficiency by introducing partial cooling than the He Brayton cycles. Turbine size is significantly
smaller in the CO; cycle than in the He cycle. Adiabatic efficiency is higher by about 1% for the CO,
turbine than for the He turbine. On the other hand, recuperator heat transfer area and weight are rather
smaller in the He cycle compared with those in CO; cycles. If these advantages and disadvantages
cancel each other, CO; cycles would be superior to the He cycle because CO, offers cycle thermal
efficiency which exceeds those of the He cycle by about 4%.



Table 4. Recuperator design conditions.

He Cycle CO, Cycle
Items
One Partial Cooling Two
Intercooler |41 | 42 | Intercoolers
Number of Units 6
Heat Duty (MW) 1243 76.75 | 2039 85.08
High Temperature Side
Inlet Temperature (°C) 569.3 561.1 | 2214 553.4
Inlet Pressure (MPa) 353 1134 | 1.119 1.062
Mass Flow Rate (kg/s) 53.15 203.1 | 203.1 191.2
Low Temperature Side
Inlet Temperature (*C) 953 2060 | 1102 121.3
Inlet Pressure (MPa) 7.15 7.14 717 7.15
Mass Flow Rate (kg/s) 53.15 203.1 | 184.1 191.2
Width x Length (m) 0.94 x 0.94
Table 5. Results of recuperator design.
He Cycle CO, Cycle
Items One Partial Cooling Two
Intercooler #1 #2 | Intercoolers
High Temperature Side
Fin Height (mm) 1.1 14 2.8 24
Outlet Gas Temperature (°C) 119 223 | 121 148
Pressure Drop (MPa) 0.039 0.016 | 0.014 0.013
Low Temperature Side
Fin Height (mm) 11 1.1 11 1.1
Outlet Gas Temperature (°C) 546 535 | 207 514
Pressure Drop (MPa) 0.023 0.006 | 0.021 0.012
Heat Transfer Area (m?) 2792 6574 | 2151 3858
Heat Transmitted (MW) 1243 76.75 | 2039 85.08
Effectiveness (%) 95.1 953 | 90.6 93.9
Total Height (m) 5.06 18.98 9.82
Total Weight (ton) 16.6 54.2 26.7
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STUDIES ON AIR INGRESS FOR PEBBLE BED REACTORS
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A loss-of-coolant accident (LOCA) has been considered a criticél event for helium-cooled
pebbled bed reactors. Following helium depressurization, it “is anticipated that unless
countermeasures are ‘taken air will enter the core through the break and then by molecular - Lo
diffusion and ultimately by natural convection leading to oxidation of the in-core graphite  *-
structure and graphite pebbles. Thus, without any mitigating features a LOCA will lead to =
an air ingress event. The INEEL is studying such an event with two well-respected light . |, - - =
water rc?cgor transient response codes: RELAPS/ATHENA and MELCOR.

S - e . e
To study the degree of graphite oxidation occurring due to an air ingress event, a MELCOR
model of a reference pebble bed design was constructed. . A modified version of MELCOR,
developed  at INEEL, which includes graphite oxidation “capabilities,” and " molecular’
diffusion of air into helium was used for thése ‘calculations.” Results show that the lower
reflector graphite consumes all of the oxygen before reaching the core. The results also "
show a long time delay between the time that the depressurization phase of the accident is
over and the time that natural circulation air through the core occurs. - ’ )

1. Introduction

- -
Avo

New and safer nuclear reactors (Generation IV reactors) are now in the early planning stages inmany - :

countries throughout the world. One of the reactor concepts being _seric;m'sly considered is the Pebble
Bed Modular Reactor (PBMR) of which several preliminary reference designs have been developed

[1,2]. To achieve public acceptability, these reactor concepts must show an increased level of inherent -~

safety over current reactor designs, i.c., a system must be designed to eliminate any concems of large -

radiological releases outside the site boundary. As such, the analysis of severe accidents such as anair. .... -

ingress using well-validated computer codes such as MELCOR, RELAP5/ATHENA or other thermal-
hydraulic codes specifically developed to analysis PBMR must be performed. ~ - -’ LRI

As a result of this hew interest in Generation IV reactors the NRC held in October 2001, a two-and-a-*

=

-

half day workshop [3] on high temperature gas reactor safety and research issues,'where a number of .-+ -+ -~

high priority issues were identified. Several issues that were identified include the development of

thermal-hydraulic and safety analysis codes, the need for an adequate database to validate the codes * "

and accident phenomenology for air ingress events and the resulting consequences.

N
R I < .

Over the past three years the Idaho National Engineering and 'llin\}ironmental Laboratory (INEEL),
through the use of Laboratory-Directed Research ‘and Development (LDRD) funds, has collaborated

with the Massachusetts Instituté of Technology '(MIT) to explore the use of the PBMR as a viable
alternative to present reactor designs. As a small ‘part of the overall funding we at the INEEL are °

investigating the use of proven thermal-hydraulic reactor accident codes sure as MELCOR (with some :
modifications) to analyze the air ingress accident, The main advantage of using such codes (provided

i

it can be shown that they are qualified for such analyses) is that they are available now and many of -
their thermal-hydraulic models have been validated against test data ovér the past twenty years. Thus, ..

the needed validation and verification effort to qualify these codes for PBMR safety analyses and
licensing activities should be greatly reduced. S
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This paper will address the air ingress accident associated with a reference PBMR design being
developed by MIT and INEEL. We will show that the results generated using the safety analysis code
MELCOR are consistent with experimental results reported in the literature [4]. RELAP/ATHENA
results will be published later.

2. Accident and model description

The air ingress accident is considered to be an accident that poses a serious threat to the integrity of
the fuel and subsequent the release fission products to the site boundary. For an air ingress accident to
occur, we are postulating that the primary coolant inlet and outlet'ducts experience a simultaneous
complete double guillotine break between the reactor vessel and the high-pressure turbine, which is
located in an adjacent auxiliary equipment room. This room will be referred to as the vault in this
paper. Following rupture.of the primary ducts, depressurization ‘of the reactor will'occur. The
depressurization event last only. a few seconds until the pressure in the reactor core comes to
equilibrium with the pressure of the vault. Based on Japanese experimental data [4 ] and results in this
paper, it is expected that little or no air will flow into the reactor core for many hours after the
initiation of the accident. :

A preliminary MELCOR model of a reference PBMR was developed to model a LOCA and
subsequent air ingress event. MELCOR [5] is a severe accident code being developed at Sandia
National Laboratory for the U. S. Nuclear Regulatory Commission to model the progression of severe
accidents in light water nuclear power plants. However, due to the general and flexible nature of the
code other reactor concepts such as the pebble bed réactor can be modeled. In this paper we are using
a modified version of MELCOR 1.8.2. These INEEL modifications to MELCOR" 1.8.2 were the™
implementation of multi-fluid capabilities [6] and the ability to model graphite oxidation. The multi-
fluid capability allows MELCOR to use other fluids such as helium as the primary coolant.

A schematic of the reactor configuration under
consideration is shown-.in Figure 1. , The
reactor was assumed to have a core diameter
of 3.5 m and a active core height of 8.0 m .
yielding a total core volume of 76.9 m% The
core of the reactor was divided into three
radial zones and eight axial zones for a total of
24 core control volumes. .- The core, control

volumes are cylindrical and are centered about
the core centerline. The inner radial zone’
contains 69,700 non-heated pebbles. The two -
outer radial zones contain a total of 342,900

heat-generating pebbles producing a total of

270 MW of thermal energy.

For nominal operating conditions the coolant  ig, 1 Schematic of pebble bed reactor and vault
enters the bottom of the reactor at 450 °C, flows . . \

up an annular flow channel located between the reactor side reflector and the reactor vessel. The
coolant then flows radially along the top of the reactor exiting into a plenum above the core. From the
plenum the coolant flows down through the core and exits the bottom of the core at 850 °C. The
coolant then flows to the power conversion unit, which is represented simplistically by several control
volumes. The double-ended rupture of both the inlet and outlet pipes as shown in Figure 1 is’
represented in the model as two valves that are connected to the vault and are opened at the beginnin
of the decompression accident. For this calculation the vault volume was estimated to be 27000 m
and is assumed to be isolated from any outside air. When details of the vault geometry are available
the vault volume will be updated.



The heat transfer from the pebbles is dominated by convection during nominal operation of the

reactor. However, during the LOCA when the flow in-the core decreases to near zero the heat ..

generated by the pebbles is removed by conduction and radiation through the pebbles to the graphite
reflector. The heéat is then conducted through the reflector, radiated to the reactor vessel-wall,
conducted through the vessel wall, and then removed from’the outside of the vessel by natural
convection and radiation. The pebbles in the core were modeled as spherical heat structures, one heat
structure per control volume. Radial conduction from each zone of the core was modeled as a -

homogenous cylindrical conduction. This conduction was then applied to the spherical heat structure - .

by dividing the conduction terms by the number of pebbles in the zone. We have validated our
modeling approach by matching our model against cylindrical transient heat conduction solutions..
The heat transfer from the one structure was then multiplied by the number of pebbles in the control
volume to obtain the overall heat transfer from all the pebbles in the volume. ~ e :

Since thisis a breliminary calculation, the heat transfer from the outer surface of the graphite reflector
to the outside heat sink was modeled as radiation heat transfer through two radiation shield
representing the reactor vessel wall and the vault wall. In other words the thermal conductance of the _
two walls were neglected, as was the natural convection from the reactor vessel to the environment -
abjection to the vessel. Axial conduction in the core and in the lower graphite reflector was also
modeled. The air ingress event is assumed to occur after the reactor has been operating for many
hours at steady state conditions. o i - C-

2.1 Oxidatioq Model

As stated above, the main objective of this study
was to evaluate the capability to model the
oxidation of ‘the reactor graphite structure
(reflector and’ core) due to an air ingress
accident. The graphite oxidation kinetics shown
in Figure 2 was implemented in MELCOR. The
present model is based-on graphite oxidation

s
rates obtained experimentally at the INEEL by  §
O’Brien et al., as reported in Reference [7]. T

- - . k3 -7

N g' - « . o 10°°F '}
The rate equation is based on the oxygen . g8} Y e -
concentration in air at standard atmospheric Wl T T
conditions. Thus, in the MELCOR model as a ---3075" - g00 1000 1500° 2000 2500 3000

first order apppxhaﬁon, the oxidation rates are ] Temperature (C)

assumed to vary linearly with the oxygen partial  gjg 2 Graphite oxidation rite asa function of -
pressure. It is also assumed ‘that only CO; is !:graphite surface temperature i ° o
produced during the oxidation process. The heat * <~ S -

. -

generated from the exothermic reaction is deposited diréctly’into the surface node of the graphite fai/er _

being oxidized. : HR . PO

R . - - BT

3. Resu]ts s - R

The LOCA was 'ixﬁt:iatcﬁ by opening the two valves that connect the hot and cold legs to the vault.
The blower was tripped and the reactor was scrammed 'at'thé‘_beginning of the accident. The
simultaneous double-ended rupture of the hot and cold legs causes a rapid depressurization of the
primary coolant system.- The pressure in the reactor equalizes with the vault pressure at 0.15 MPa in =
1.5 seconds. R R T

L R N

The mass flow rate of air through the core is shown in Figure 3. After the depressu:rization phase ‘'of
the LOCA, the mass flow rate of air through the core due to natural convection is essentially zero until

approximately 214 hrs. At this time, the flow suddenly increases from zero to 0.080 kg/sec indicating | .
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the onset of natural circulation through the core. The flow rate through the core remains between
0.080 kg/sec and 0.075 kg/sec from 214 to 400 hours, the time when the transient was terminated.

After the depressunzauon stage, hot hellurn occupies
the core, the upper plenum, and the inlet' annulus
regions of the reactor with cool heavy air at the
entrance of the pipe breaks. In this configuration there
is insufficient buoyancy force to support -natural

convective flow. Thus, little or no mass flow of air:

from the containment to the core and from the core to
the containment occurs for a number of hours. During
this phase of the accident, air from the containment is
mainly transported to the reactor by molecular
diffusion. This delay in the 'onset’ of natural
convection is supported by Japanese and German
cxpcrlmental hlgh-tcmperamre gas-cooled reactors an'
ingress results [4, 8].

The mole fraction of air (nitrogen) in the core and
upper plenum of the reactor calculated by MELCOR
gradually increases (shown in Figure 4) until the
buoyancy force is large enough to initiate natural
circulation. As depicted in the figure, the mole

fraction of nitrogen-in the core gradually increases -

from zero at the beginning of the accident to = 0.45 by
means of molecular diffusion and what little natural
convection that exists just before the onset of natural
convection. When natural convection starts, the mole
fraction of oxygen immediately starts to decrease with
a corresponding increase of carbon dioxide in the
vault. This indicates that oxidation of the graphite in
the reactor is occurring.

When natural circulation of the air from the
containment begins the temperature of the lower
reflector graphite located below the core immediately
experiences a sharp rise in surface temperature as

shown in Figure 5. This rise in temperature is the-

result of surface oxidation of the graphite. As shown
in the figure the temperature of the lower graphite
surface starts to increase, going from less than 500 °C
to a maximum of 890 °C in 34 hours. At 248 hours the
lower reflector graphite starts to cool off because the
concentration of oxygen in the feed stream has been
depleted to the point where the heat removal by the
convective flow and radial conduction is greater than
the energy generated by oxidation. The lower upper
pomon of the reflector graphite just below the core
experiences very little oxidation because the graphite
below this region depletes all the oxygen. The first
layer of pebbles in the core experiences little or no
oxidation during the = 200 hours when oxygen is

0100
< 0075
3
2
o 00501
2
@
50025'
‘2
g 0000

-00250 100 200 300 400

Fig. 3 Mass flow rate through the core

===- Cxygun Cortasvrart
aes NOwOQEN Core
emare  NBrOQSN Cortesyert
08 —— Carton Dicedcle Cormminmant
%05 !
< 3
o :
S04} /
204 /
i ><
00 "
0 100 200 300 400

Time ()

Fig. 4 Mole fraction of gas components in
the reactor and containment

1700 —~ -
/ P:u\mv-nub /w' -

1500 [ H
1300 {r\___\ u—mmmp-w. poie
< mu,ccmn-/\
S 1100} v
[+
E 8001
b= 700
500F
:mo 100 200 300 400
Time (hr}

Fig. 5 Temperature history of core and
lower reflector region

flowing to the bottom of the reactor. In fact the results indicate that the first layer of pebbles
immediately starts to cool off due to the natural convection flow.



The maximum temperature that the pebbles in the core experience during the transient is 1685 °C. As
show in the figure, this peak temperature occurs early in the transient and is due to decay heat. This
peak temperature is greater than the allowable fuel particle temperature of 1600 °C but with a more
detailed model and better exterior boundary conditions the maximum core temperature is expected to
fall below the maximum allowable fuel particle temperature. =~

4. Conclusions

The preliminary results presented in this paper indicate that oxidation of the PBMR pebbles will
probably not be a major concern for release of large amounts ‘of fission products in any air ingress
event. The oxidation of lower reflector graphite appears to consume all the available oxygen before it
can reach any of the fuel in the core. This is a result of the mass flow rate due to natural circulation
being very small. Sensitivity calculations are planed where the availability of oxygen in the vault will
be varied and different oxidation rates will be used. C ) o

The onset of natural convection appears to take days to occur. Thus, if required countermeasures can
be taken to mitigate the consequences of an air ingress accident. The prediction of the timing of the
onset of natural circulation depends on how well the code used is able to predict the molecular
diffusion of the air through the helium in the core. This phenomenon is strongly dependent on the
flow characteristics through the core (e.g. friction losses) and subsequent thermal response. Therefore -
we plan to benchmarking MELCOR against the Japanese experimental results presented in Reference

6. With the benchmarking complete, we will then take what we have learned and apply it to our.
PBMR model. It appears that present day safety analysis codes such as MELCOR can .with a few
modification be used to analyze reactor accidents associated Wi{tﬁh‘rt_he PBMR. ) '
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NUCLEAR EMERGENCY RESPONSE PLANNING AND
PREPAREDNESS FOR THE HTR-10

J.QU and Z. WU
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Tsinghua University, Energy Science Building, 100084 Beijing-China

ABSTRACT

The 10 MWth high-temperature” gas-cooled test reactor (termed HTR-10) went into
crticality at the Institute of Nuclear Eﬁer'gy Technology (INET) of Tsinghua University in
December 2000. As required by China nuclear safety authorities, we had developed nuclear
emergency response plan and relevant technical procedures for the implementation of
protective actions should an accident occur. This paper presents the technical basis for the
development of the HTR-10 nuclcar emergency plan. Firstly, it describes briefly the
requirements of the China nuclear safety authorities about the nuclear emergency planning
and preparedness for research: reactors. Then, the paper focuses on the technical
development of initiating céndxtions (ICs) and emergency action levels (EALs) for HTR-10.
The ICs and EALs developed are tabulated in this paper. Finally, a brief presentauon about
the on-site emergency response exercise camed out before the first fuel loadmg on HTR-10
and other emergency preparedness activities conducted or being planned are given in this

paper.

1. Emergency Classifi catxon System

Similar to the emergency classification system for nuclear power plants the emergency states that
may happen on research reactors can be classified into four categories, i.e. emergency standby, plant
emergency, site area emergency and general emergency based on the features and consequences of
potential events or accxdents which are charactenzed by emergency action levels.

In the current China nuclea: safety regulauons, emergency action levels for research reactors are
defined in terms of the air concentranon of or radiation exposure from the effluents released at the site
boundary (Table 1). However, it is often a big challenge to estimate the concentrauon or radiation dose
in the event of an accident. In fact, it is in general required that proper mmgatmg measures should be
carried out to avoid or decrease the release of radicactive material into the environment before the
release actually occurs. The experience and lessons leamnt from the emergency management of nuclear
facilities have shown that the operablhty of the emergency action levels as given in Table 1 is
relatively poor. Because of this, the National Nuclear Safety Admxmstratxon (NNSA) requires that
quantitative emergency action levels be established in the emergency response planning for research
reactors. They should be developed based on' the initiating conditions or events defined in the safety
analysis. They should be sl:i;ightfdrv&:ird alnd‘eas§ to use, such as instrument readings, equipment
states or other directly observable information and phenomena etc. Clearly, this kind of action levels
facilitates quick recognition and determination of emergency classes.

2. Quantification of Emergency Action Levels
Emergency action levels are used as the technical criteria or parameters for the classification of



emergency states, such as instrument readings and alarm settings etc. The purpose is to facilitate
recognition and determination of the emergency states and hence take prompt and effective protective
actions to avoid or mitigate the potennal consequences should an accxdent occur.’

S T S

Table 1 Emergency Classification Systern for Research Reactors ™
) ' Action Levels 4 I
e Actial or projected” radlologlcal effiuents at the site boundary
exceeding 10 DAC* when averaged over 24hrs. or 0.15mSv whole
Emergency standhy body dose accumulated in 24hrs : T -
et Report or observation of ‘severe- natural phenomenon, - 'such as
earthquake and hurricane etc.

Emergency Classes

‘e Actual or projected radiological effluents at the site boundary
exceedmg 50 DAC*'when averaged over 24hrs, or 0.75mSv ' whole

Plant emergency body dose accumulated in 24hrs.
ol Actual or projected radiation levels at the site boundary of 0. 2mSv/h
' " for 1 hour whole body or 1mSv thyroid dose. -

e Actual or projected radiological effluents at the site boundary
‘exceedrng 250 DAC* when averaged over 24hrs, or 3.75mSv whole

Site area’
e area body dose accumulated in 24hrs. = -°
Emergency
.l Actual or projected radiation levels at the ‘site boundary of 1.0mSv/h
*"*~1* for 1 hour whole body or SmSv thyroid dose. -
pa e Sustamed actual or projected-radiation levels at the 'site boundary
Lo ding 5mS : )
General emergency | .. excee ing v/h whole body. .
o Actual or projected dose at the site boundary in the radloacuve plume

exposure pathway exceedmg 10rnSv whole body or 50mSv thyroid.
DAC: Derived Air Concentration

In HTR-10 ern'e'rgency response plan three emergency classes ‘are identified. It includes emergency
standby, plant ernergency and site area emergency. The corresponding initiating ‘events and emergency
action levels are listed in Table 2. The methodology for development of emergency action levels for

nuclear power plants was taken as a reference in‘this task P It should be noted, however, that it is -

generally not possrble to develop quantified indicators for all initiating events that may result in
emergency states Therefore, quahtauve judgment about the safety status and eventual progression of
reactor system is also needed in many cases. o SRR e
3. Determination of Emergency Planning Zones - - - T

In China the emergency planning zones for research reactors are determined primarily using the
criteria given in Table 3. The radlonuchde inventory in a , research reactor core is generally much less
than that in commercxal nuclear power plants. Consequently, the quantity of radioactive material that ~
may be released into the environment in an accident’ and hence the potermal impact on the population
living in the vrcmxty would be mgmﬁcantly smaller compared with an accidental release from a

large-scale nuclear power plant The principal purpose of establishing emergency planning zones "

around a research reactor is to be able to take effective protective actions to avoid or mitigate the

radiation exposure from the passmg radioactive plime to the workers and the public members who are
occasionally on-site or near the site boundary in the event of an accident.



Table2  HTR-10 Initiating Events and Action Levels

Emergency
Classes

Initiating Events and Action Levels

Emergency
standby

Loss of off-site or on-site AC power supply, and failure of the diesel
generaung unit supplying power to designated loads within 60 min;

Failure of engineered safety features or fire protection system, and the
Technical Specifications requiring reactor shutdown. .

Abnormal opening of certain safety valve or pressure relief valve, and failure
of closing as system pressure decreasing to a preset value;

Failure of the indications and alarm signals for more than two reactor safe
shutdown parameters in the control room, and loss of protection function for
one of them;

The mean concentration of airborne radxoacuvc efﬂuents into the
environment over 30 min exceeding 10 times of the routine discharge
concentration; _ o -

The specific activity of the coolant inside the primary circuit dﬁring 5 min
exceeding 10 times of the preset alarm threshold;

Loss of pressure accident caused by tube rupture in pnmary circuit;

The decreasing speed of the hqmd level due to abnormal leakage of liquid
nitrogen system exceeding 5 times of the normal specd

Plant
emergency

The mean concentration of airborme radioactive effluents into the
environment over 30 min exceeding 100 times of the mean discharge
concentration; '

Decrease in pressure by 20% in 5 min due to abnorinal leakage of the waste
gas processing and storage system;

Decrease in liquid level by 2 cm due to abnormal leakage of the storage tank
in the tritiated water collection system;

Loss of feed water supply without trip;

* Uncontrolled lifting-up of a control rod during power operation without trip;

Water ingress into reactor core due to SG tube rupture, and the safety valve
in the pressure relief system of the primary circuit in open position;

Loss of off-site and on-site power without scram;

Failure of all indicators and alarm signals for reactor safe shutdown;

The specific activity of the coolant inside the pnmary cucmt during 5 min
exceeding 100 times of the preset alarm threshold.

Site area
emergency

.The maximum dose expected on the site resultmg from the effluents

exceeding the lower intervention level for taking sheltering (SmSv whole
body dose or 50mSv thyroid dose);

. Double-ended break of the hot gas duct (air ingress acmdent)

The specific activity of the coolant inside the primary circuit during 5 min
exceeding 500 times of the preset alarm threshold, and the safety valve in
open position.




Table 3 Recommended Radius of Emergency Planning Zone for Research Reactors !

Thermal Power ® . Radius of Emergency Planning Zone (m)
(Centered at reactor) .
P<2MW. -« _ . Operations boundary
L 2MW<P<10MW f.e - oo ¢ 100 N
10OMW<P<20MW :.. R 400 L
20MW<P<50MW 800
P>50MW “To be determined on a case-by-case basis

+

Besides the HTR 10 there are two other research reactors at INET. They are the twin-core

shielding research reactor, each with a thermal power of lMW and the SMW district heatmg‘_ s
experimental reactor. According to the recommendatlons given in Table 3, the outside wall of the'

building in which the shielding research reactor is located could be chosen as boundary of the

emergency planning zone for this reactor. For HTR-10 and the SMW district heatmg expenrnental '

reactor we could establish an emergency planning zone with a radius of 100m for each of them. For
the sake of effective management, we have taken the site boundary of INET as the emergency
planning zone for all the three reactors instead of settmg up separate emergency planmng zones for
these reactors. g

According to the criteria given in IAEA TECDOC-953 ™, an urgent protective action zone witha
radius not less than 500m and a long-term protectwe action zone with a radius not less than Skm

would be requued for HTR-10. It means that off-site emergency response planmng ‘would be needed.

Although the pnnclples proposed for establishing adequate emergency rcspouse capabxhtxes are sound
and comprehensxve and the correspoudmg technical steps reasonable and operable, we are of the
opinion that in this document the safety features of a nuclear facrhty are not exphcltly emphasized in
the quantitative criteria suggested for deﬁmng the magmtude of emergency planmng zones.
Apparently, it is reasonable to establish drfferent su.e of emergency planmng zones ‘for nuclear

facilities with different safety features. The safety analysxs done for HTR-10 has shown that ‘this *

reactor is of advanced inherent safety features. Reactor states that could result in high radiation doses
or significant radioactive releases are of extremely low probability of occurrence ). Based on those
considerations, we find it would not be necessary to extend the emergency planning zone for HTR-10
beyond the site boundary of INET.

4. Emergency Preparedness Activities

To be able to respond promptly and effectively to emergency situations in case of an accident, a
comprehensive and integrated emergency response plan has been developed P\ On the basis of this, an
on-site emergency response center has been established. In addition, information network connecting
relevant emergency organizations will also be put in place in the near future, in particular the data
network connection between the HTR-10 control room and the response center. Each of the emergency
organizations has compiled their emergency response implementing procedures. The have also
conducted relevant training and exercise activities.

A convincing demonstration of emergency response capability is 2 mandatory requirement for the
issuance of fuel loading license in China '®’. Therefore, an on-site emergency exercise for HTR-10 was
carried out shortly before the first fuel loading. The hypothetical accident scenario was water ingress
into primary loop. The initiating event supposed was SG hot tube rupture.

The whole exercise progressed from emergency standby via plant emergency to site area
emergency and lasted for 1.5 hours. All the emergency organizations of INET was involved in this



event. They performed their tasks satisfactorily under the direction of the on-site emergency response
center. Protective actions, including sheltering and evacuation of part of the site personnel and public
members (students), were smoothly conducted. ;

The NNSA staff supervisecl the whole exercise on the site and convened a technical evaluation
meeting thereafter. They concluded that the exercise was a great success. They also made some
suggestions for further improvement of the INET emergency response capabilities.

5. Conclusions

The emergency response capabrhty established for HTR-10 is an mtegral part of the whole safety
management system aiming at the safe _operation of the reactor. The development of quantified
emergency action levels represents a key issue in this aspect. Because’ of the limitation in the
knowledge of the safety performance of high tefnperature gas-cooled reactors, the initiating events and
action levels presented in this paper are preliminary. They will be further elaborated in the future as
more experience is accumulated in this field.
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One of the major discussed questions today is: - ’ -

Does an HTR need a containment — pressure retammg or is it p0551b1e — licensable — to have only a
so called confinement? s

The answer depends on the design of the HTR and there especlally on the fuel, the layout of the core
primary circuit and the reactor building. The calculations of the radiological releases strongly rely on
the assumptions made for the source term definition, e.g. fuel particles failure rates (during normal and
accidential conditions) the diffusion data, the dust data and the deposition / lift off mechamsms -

It can’t be generalized — HIRs only need a eonﬁnement The results of the accident analyses have to
demonstrate with an adequate safety margin that the special HTR design has low mdlologxcal
consequences during postulated accident conditions. Then this special HTR may not be required to -
have a pressure resistant containment (conventional PWR type containment).

Introduction

During a lot of conferences and discussions on HTRs around the world it seems that often the questlon
confinement / contamment is only treated in a phxlosophxeal way So there area 1ot of opmxons

= Nuclear power plants in general need 2 PWR type c¢ontainment. :

= HTRs don’t need a PWR type containment, but let us call it a vented contamment

= HIRs never need a containment — we have to ﬁnd another word. '

In most of the dlseussmns thé confinement / contamment question is coupled w1th the questlon of -
barriers against external events, espec1a11y after Sept. 11% 2001. But this coupling makes only sense, if
the barrier against radioactive releases is identical to the barrier against external events, and that
depends on the design of the plant.

So talking about confinement / containment first the barner concept agamst radioactive releases has to
be defined. .



Barrier Concept

First barrier: The HTRs use fuel elements in which the fuel is located in many small fuel particles each
coated with too high-density layers of pyrocarbon and one layer of silicon carbide. One characteristic
safety feature of the HTRs is that radioactive substances produced during nuclear fission are confined
within the fuel particles during all operating and accident conditions in such a way that there can be no
significant release of radioactivity from these fuel particles. This safe confinement of radioactivity is
assured by the design of the fuel particles coatings and the inherent upper limit of approx. 1600 °C on
the maximum possible fuel temperature under accident conditions The silicon carbide layer in
particular is demonstrably so dense up to 2 temperature of 1600°C that no radiologically sigmficant
quantities of gaseous metallic fission products are released from intact particles.

For the design purposes and safety licensing requirements, however, it has to be postulated that a small
portion of coated particles in the core (10° up to 10'') have manufacturing, radiation or accident
induced defects.

So the quality of the first barrier has to be defined by a Failed Particle Fraction Curve as 2 function of
the particle temperature and depending on the irradiation (bun up).

Second barrier: The primary gas envelope (primary boundary) forms the second barrier against the
release of radioactive substances. The components should be designed in such a way that through wall
cracks can be rouled out. Because of the quality assurance measures taken, unisolable breaks in the
connecting piping should be highly improvable — otherwise each break in the helium systems would
lead to a depressurization of the primary system.

So the quality of the second bar;'ier has to be defined, and also the borders — so that breaks outside of
this primary gas envelope are of less interest for radiological releases.

Nevertheless during the licensing procedures a break in a connecting pipe (inside the primary gas
envelope, unisolable) the released gas borne activity in the primary coolant, the portion of the released
activity deposited on surfaces of the primary system and a portion of released dust has to be defined.
In the second phase of this event (core heat up) the following is needed for the calculations:

Decay heat removal — transport of the cavity cooler

Temperature of the core as a function of time

The fractions of the fuel particles as a function of time depending on temperature
The activity release out of the core

- release out of the particle transport in the coolant

»  The activity release out of the broken pipe

- pipe diameter, plate out inside the primary system.

Third barrier: The third barrier — here called confinement envelope — should act in conjunction with
other barriers to minimize the radiological impact on the environment during normal and accident
conditions. . )

So depending on the quality of the first bam'er,‘the assumptions and calculations due to the second
barrier the question — what is the confinement envelope — may differ for each HTR in particular, based

on the layout and design of the core, the primary circuit and the reactor-building or the compartments
e.g. reactor cavity.

HTR Module
In the HTR Module (Siemens design in the 80ies) the following features fulfill confinement functions:

s Reactor building (leak tightness 50 vol.-% / day)
e Secured subatmospheric pressure system



= Building pressure relief system, HVAC system isolation.

For the confinement envelope it was stated: .

» Normal operation: no filtering. : C

= At overhauls: filtering by exhaust air filtering system (aerosols).

» During major depressurization accident (umsolable DN65 lme) Unfiltered venting through two
dampers to vent stack. 3

= QOther depressurization -accidents: P0551b111ty of ﬁltermg by subatmospheric pressure system
(iodine filter).

» Environmental impact of all accidents far bclow lumts descnbed in Artrcle 28.3 of the German
Radiological Protection Ordinance even without active measures taken or filtering; consequently
no PWR containment necessary.

During the licensing procedure for the HTR Module tlus concept for the confinement envelope

(described in the Safety Analysis Report) was accepted by the TOUV Hanover, working as the

authorized expert of the government of Lower Saxony and later on behalf of the BMFT (Federal

Minister of Research and Technology). Even so ‘it ‘was confirmed by the RSK (Reactor Safety

Commission) on behalf of the German Federal Government in their recommendations on the safety

concept of the HTR Module (“The RSK has no safety related objections to the confinement envelope

concept. It is suitable for ensuring compliance with the requirements of the Radiological Protection

Ordinance in normal operation and under upset and accident conditions”).

T

Conclusions

For the nowadays desrgns of HTRs - PBMR and ‘GT-MHR- -(uranium) - a pressure resistant
containment (PWR type) is not planned. Looking at ‘the design and the layout of the core etc. of these
reactors it should be ‘possible to show that they only need a confinement envelope — whatever the
features are to fulfill the functions. But nevertheless the accident analyses must demonstrate with an
adequate safety margin that the radiological consequences are far below the governmental dose limits.
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ABSTRACT -

During the assessment of the THTR the inherent safety characteristics of the HTR reactor
brought changed requirements for the design of the safety systems.

The safety assessment was conducted taking account of the major design criteria available,
such as

- fail-safe design of the prestressed concrete pressure vessel, which resulted in a modi-
fied safeguard against excess pressure and less stringent requirements for the in-ser-
vice inspections, ** - - ’

- the strongly negative temperature coefficient, which resulted in modified require-
ments for the shut-down system, ‘ :

- the high design temperature of the fuel elements, which resulted in modified require-
ments for the emergency cooling systems,

- the low power density and high storage capacity of the core and core internals, which
resulted in modified requirements for the time behaviour of the residual heat
discharge systems.

1. Introduction

RWTUV, based in Essen, the Federal Republic of Germany, is the body engaged by the licensing
authority as the main expert organisation for the safety assessment of the THTR (Thorium High Tem-
perature Reactor). This contract has now been in effect for approximately 30 years and encompasses
an assessment during the

- design phase

- manufacturing and erection phases

- commissioning

- operation and

- decommissioning and safe enclosure

A major problem when beginning the assessment was the lack of reliable technical rules and guide-
lines for the THTR-specific reactor concept. The German BMI Safety Criteria for Nuclear Power
Plants are valid for all reactor types, especially for light water reactors, but they do not take into con-
sideration the specific characteristics of the HTR. For the THTR therefore first a “THTR planning ba-
sis” and then the “Safety Criteria for HTR” were developed.



Below safety-specific solutions are highlighted for the HTR on the basis of the HTR's inherent safety
features, namely: B ‘ .

- strongly negative temperature coefficient
- high design tempgrhturq of the fuel elements, ... .

- the chemical and physically neutral cooling gas helium
- low power density . T

- high temperature storage capacity

2. Overpressure lieliéf System

In the rules for pressure vessels, equipment isﬁé‘ener{zlly~ required to safeguard against excess press(xre,"

unless it is demonstrated for all design cases that the design pressure is not ‘exceeded. In the case of an
HTR there is an additional requirements that no primary coolant be discharged - even if there is an

incident. Such séfety valve systems must therefore consist of redundant devices to ensure that, on the -

one hand, any unintentional opening and remaining open can be prevented by shutting off a valve and,
on the other, that any failure of a safety valve is also controllable. Such a valve station is very
elaborate and also requires a considerable in-service inspection effort. o

With an HTR it can be demonstrated, on the basis of the low power density and the related storage

capacity, that a pressure safeguard can be dispensed with. This applies for the design basis accidents,
the plant being equipped with an after heat removal system of reliable and redundant design or with an
only passive after heat removal system. ' o -

If this after heat removal system is not designed as a solely passive system - as was the case with the
THTR - and it is not possible to demonstrate adequately calculated reliability, accident management
procedures are provided for. In view of the high storage capacity and the related, existing time until
higher pressures and temperatures are reached in the primary’ circuit, it is possible to take manual

measures in order to lower pressure by relieving the primary gas in the He accumulator or for a ‘

manual start-up of a special after heat removal system. The time available for the measures amounts to’
a number of hours. During the assessment of the systems' reliability it was found that there are no
secured failure rates for components specifically erected for operation under high purity helium or at
high temperatures. Relevant tests must be planned here for the system design in order to be able to
satisfy the requirements regarding sound probabilistic safety analyses.

3. First core charge

With a pebble-bed reactor the first loading is, in contrast to that for an LWR reactor, a very time-
consuming and laborious procedure, and it is very difficult to implement in the case of a multi-zone
core structure with the operational fueling installation. An application was therefore made in the case
of the THTR to perform the first charge manually and even before completion of the plant as a whole,
in order to save construction time. The assessment revealed that a simple back-up reactor protection
system with neutron detectors is sufficient to ensure reliable control in the case of reactivity
disturbances. Once again the low power density and high heat storage capacity played an important
part. After heat removal systems or activity inclusion systems are not necessary.

4. Shutdown Systems

The basic requirements regarding two shutdown systems also apply for the shutdown systems of an
HTR. Of course the THTR also had two shutdown systems. For the 1* such system for emergency
shutdown a deviating design was provided for. The requirement for the design of the emergency
shutdown system is that the reactor be rendered subcritical from any operating state and any accident
situation, even in the case of a single fault. It keeps the reactor core subcritical long enough to ensure
that specified limits for the system are not exceeded. Manual interventions (manual shutdown) must be
avoided for at least half an hour.

These requirements lead in the case of an HTR with immediate after heat removal or on the basis of
the temperature equalisation processes and the strongly negative temperature coefficients to the
provision of so much shutdown reactivity that the redevelopment of criticality from a hot start is
hardly possible. This also leads in each case to extended shutdown breaks. To avoid this, for an
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emergency shutdown defined as the worst possible operating case (approx. 1-2 days after an extended
shutdown break) from power operation without the presence of the J 135 and Xe 135 equilibrium and
without after heat production from an extended stationary operation, the shutdown reactivity was such
that redevelopment of criticality is possxble in less than half an hour. But since half an hour must be
assumed so that a manual shutdown using the other shutdown system can be taken into account in the
analysis, the case of the development of criticality was therefore to be examined. With a conservative
calculation there was a shortfall of 0.5 nile shutdown reactivity. The redevelopment of criticality was
analysed with this shortfall. The calculation revealed that the requirement of the regulations for
compliance with specified limit values was met and the values present were clearly below the limits. A
power production peak of approx. 20 % of the nominal power arose for less than 100 s and the longer-
term core power was less than 5 %. The gas temperatures were only a little above the operational cold
gas temperatures. This therefore meets' the related requirements regarding an emergency shutdown
system and at the same time an emergency shutdown system adapted to the circumstances of an HTR
is present.

5. Activity release

Even the overall release of actlvit}; with the ventilation system was well below the licensed annual
limits, but to fulfill the ALARA principle there were prOV1ded aerosol filters in all ventilation paths.
By this the problem of release of dust to the environment in a HTR were solved.

6. Conclusion

On the basis of the individual examples it was shown that it is possible to achieve to a satisfactory
extent the safety objectives even if there is a lack of HTR-specific regulations. The special features
inherent to HTR are utilised. The related experience gained with the TH'I'R can still be fully utilised
with other concepts as well.
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Thermal Characteristics’ Researeh:of Circular High Temperature Gas-

Cooled Reactors Under Loss-Cooling and Depressurization'Crisis
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ABSTRACT ” B

When the power of single modular high temperature reactor was raised more than 200 MW with the
method of expandmg the core’s volume or addmg the power densrty, the maximum temperature of the
fuel spheres would exceed the limitation of 1600‘C because the core could not transfer the decay heat

to the outside in time. Circular high temperature reactor takes advantages of the ﬂowmg rules of
spheres in the core and set up a column, which is filled thh graphite spheres . Because the graphxte' "
spheres’ regmn is not consisted of fuel and provides a low-temperamre heat storage reglon, the rad1a1
heat conducting reswtance can be cut down to the level whtch can transfer decay heat to outside i m
time under the loss-coolmg and depressunzatton crisis 50 that the fuel spheres maximum temperature -
will not exceed the hmrtanon of 1600°Con condition of a.ny crises. ‘

1. Introduction
Modular ngh Temperature Gas~cooled Reactor i 1s one generanon of newly developed reactor, which '’
has better inherent safety. The power level of smgle reactor is restricted by the followmg factors S

ereoy

- - - - v

1) The limitation of the fuel’s maximum temperature When the -power of smgle modular hlgh e
temperature reactor was raiséd more than 200 MW with the method of expanding the-core’s -~ - --
volume or addmg ‘the power density, thé maximum temperature of the fuel spheres would exceed
the limitation of 1600'C because the core could not transfer the decay heat to the outside in trme

2) The limitation of the neutron radiation on the graphrte reﬂectors Due’ to the hmxtatlon of the B ,»« .
modular HTR’s dimension, the reactor’s power. level can.be heightened only by means of
increasing the power density which will lead to the increase of the neutron radiation on the graphlte
reflectors. Because the graphite reflectors cannot be replaced dunng their hfettme, the neutron
radiation must be restricted under its permission lumtatlon YL - 4 T

3) The mixing of cool and hot gas: For the crrcu]ar reactor the central area is not consrsted of the _
fuels, so the gas temperature d1screpancy between the central ‘area and the fuel area will be quxte .

distinct, which will lead to the corruptlon of some parts along the gas ﬂowmg track. o o

In 1982, Professor Wang Dazhong put forward the 1dea of crrcular hlgh temperature reactor, which
broke through the research barricade of increasing the HTR’s power level. Circular ‘high temperature
reactor takes advantages of the flowing rules of spheres in the core and sets up a_column, _which i is
filled with graphite spheres 'l Because the graphite spheres region is not consrsted of fuel and

e T
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provides a low-temperature heat storage region, the radxal heat conducting resistance can be cut down
to the level which can transfer decay heat ‘to outside in time under the loss-cooling and
depressurization crisis so,that the fuel spheres’ maximum temperature will not exceed the limitation of
1600°C on condition of any crises. During the practlcal engineering designing, the problem how the
relative parameters affect the reactors’ whole performance is worth careful studying.

Ths paper utilized the reactor’s analysis software of THERMIX simulative calculation program, and
studied the characteristic rules of the circular }iigh temperature reactors. The first step is to set up the
simulative calculation model and gets out the results of the reactor’s stationary condition. The second
step is to get hold of the dynamic results when the reactor is under the loss-cooling and
depressurization Crisis condition.

2 Model Explanation

2.1 Direct Cycle and Indirect Cycle

The selection of direct cf/c':le and indirect cyéle plays a key role on the desi'gn;df reactors. Because the
discrepancy between the two cycles is quite distinct, which leads to the difference of the system
components and performance, it requires us to define the type of cycle first.

The following two situations are the detailed description of this problem: There are two HTRs with
power of 250MW, the crrcular area’ ’s inner diameters of which are Both 100 cm. One is the direct cycle
and the inlet and outlet temperature are respect]vely 350'C and 900°C. Other is mdu'ect cycle and the
inlet and outlet temperature are respectively 250 ‘C and 750°C. The other parameters are all same. The
calculation results are:

(Note: 1.The Time-Tmax refers to the time when the maximum temperature appears. 2. The Tini refers
to the initial temperature of the : maxnnum temperature at the beginning of the crisis. 3. The Tmax
refers to the maximum temperature)

Outer Diameter m 32 3.4 3.6 3.8
Power Density MW/m’ 3.6550 3.1981 2.8238 2.5128
Tini C 965.3 961.0 951.8 952.1
Tmax C - - 1453.1 1440.5 1427.7 1410.2
Time-Tmax “|= 1 148.0 - .51.0 L 54.5 - 58.0
Outlet Temperature Difference . 480.26 475,74 466.26 470.44
Tablel Direct cycle calculation results (35 0'C-900’C)
Outer Diameterm e 3 2 34. 3 6. 3.8
Power Density MW/m’ 3.6550 3.1981 2.8238 2.5128
Tini C . 815.8 808.2 799.7 800.8
Tmax C 1414.1 1400.5 1387.1 1368.9
Time-Tmax 56.5 59.5 63.5 70.0
Outlet Temperature Difference 441.43 434.45 426.09 431.06

Table2 Induect Q'cle calculatlon results (250'C-750'C)
From the prewous two tables, we concludc that:
1. The maxxmum temperature of md1rect cycle is about 40°C less than that of direct cycle.
2. The initial temperature of the indirect cycle is about 150°C less than that of the direct cycle:
The maximum temperature is the most important factor. Because the type of cycle only leads to a



shght variance, we only consider the situation of the direct cycle in our later discussion. If the

conclusion of this situation was used to the designing of the indirect cycle, it will improve the reactor’s
whole safety performance. The final goal of reactor’s safety designing is to eliminate the negative

effects of nuclear energy utilization under the extréme accidental crisis. We must comprehensively .

take the safety and economy into account and get to a conclusion, which can simultaneously satisfy
the requirements of safety and economy. .

J

2.2 Convection -

During the practical loss-cooling and depressunization crisis, natural convection is one of the heat-
transferring methods. So we need make

out how the matural convection """ Max Temperature — time
influence these crises and whether it is 1600.0
positive or negative, which will also be ) o
very important in the designing of -~ 1200.0 r
” * - B o
HIRs. B 800.0,
s - ¢

Theory and experiments point out that § 400.0° -}
convection will carry away some heat, & % :
which will ~decrease the fuel’s - 0.0 - - ' — ' -

mum - témperafiré -under  loss- 0.0 200 0.0 600 8.0 1000
cooling and depressurization erisis. Fig Fig 1.. 200MW HTR without convection

1 describes the maximurn temperature dynamic process under the condition of the accident. The gas’s -

inlet and outlet temperature are respectively 250°C and 750°C. We consider the maximum
temperature’s dynamic process during the 100-hour period after the beginning of the accident. . -

From the .prew'.'ious results, we concluded that the maximum temperature is definitely reduced dueto -

the influence of the convection under the loss-cooling and depressurization crisis. The detailed values
are listed in the table 3:

- ) Convection - No Convection “ ez
<Tini T -7269 -_-. - 7269

~ Tmax C 1371.8. .. ..1402.8
Time-Tmax hour 53.9 41.9

Table3 Convection’s Influence on the Maximum temperature Under Crisis - -
From table 3 , the convection makes the maximum temperature reduce with 31°C."From a variety of
relative calculations, we can also get to the similar result that the convection reduces the maximum
temperature and the reduction is always about 30°C.However it is negligible that the influence of the
descent of 30°C on the maximum temperature, we only consider the non-convection situation in the
future calculations which will make the discussion much clearer and the result will ex'pa.nd the safety
scope under the crisis condition. I

-~

2.3 Inlet Temperature

et et e = - -

The gas inlet temperature is one of the reactor’s main input parameters. We consider the maximum
temperature of the dynamic process under the loss-cooling and depressurization crisis. Although these
are peculiar examples, the results represent the universal conclusions C .

EI A
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Apparently, as the inlet temperature’s increasing, the initial temperature of the maximum temperature
tends to be decreasing and the maximum temperature tends to be increasing. The occurring time of the
maximum témperature is about the

35th hour after the beginning of the Max Temperature

crisis. The previous results can be

explained that: © 1465 r

1. Under the preconditions of fixed = 1460 r
power and outlet temperature, the Es: 1455
adding of the inlet temperature @ 1450
will lead to the augmentation of E: 1445
gas flux. Thus, due to the 1440 : — '
improvement of heat-transferring 300 350 400
efficiency, the higher gas flux will - Fig 2. the differEnputet Tonpeamtais snfluence

carry away much more heat than

the lower gas flux situation does at the beginning of crisis, which will result in the decreasing of the
initial maximum temperature. So the higher the inlet temperature, the lower the initial temperature
of the maximum temperature under the loss-cooling and depress:urization_ crisis.

. As the inlet temperature’s rising and the outlet temperature keeps constant, the average temperature

of the reactor is added, which will increase the heat storage of the reactor. After the happening of
the crisis, the relatively higher heat storagl: ‘will lead to the higher maximum temperature. On the
other hand, the distribution of the reactor’s core temperature gradually tends to be uniform. That is,
the heat storage tends to be equal, which results in the much more gentle increasing of the
maximum temperature.

. If the geometrical and physical parameters keep constant, the heat storage ability can be regarded

as unchangeable and the thermal performance is also immovable, so the dynamic response of the
maximum temperature also keeps changeless. In another word, the occurring times are all
approximately equal. . .

Summarily, the inlet temperature’s mﬂucncc on the maximum temperature after the crisis is very small,
so we no longer consider the variance of inlet tcmpcrature and regard that the inlet temperatures are

always 300°C. Table 4 listed the pnnc1pa1 parameters of the circular HTRs which we are studying.

Items Values

Power MW . -+ 200, 250, 300, 300
Height m - 9.43m

Power Density ~ MW/m® 3.0

Inner Diameter m 0.8,1.0,1.2,14,1.6,1.8
Outer Diameter m ’ 3.2,34,36,3.8
Work Fluid Helium

Cycle Direct Cycle
Convection No Convection
Inlet Temperature C 300

Table 4 Principal parameters of Circular HTRs

3 Calculation Results and Analysis

3.1 The dimension of the circular area’s influence



We take the example.of 250MW

circular HTR. The inlet and outle s o e Temperature

temperature is respectively 300°C and ] 5 0"0 i

900°C. On the occasion of loss-cooling o

and  depressurization crisis, the § 1450 T

maximum temperature’s variance is g 1400 r

directly proportional to” the expanding % 1350 : ey i
of the inner diameter of the circular & 1300 ’ -

HTR. The method of ‘expanding the 1250 . . .o
inner diameter can effectively reduce 1200 . : ; ' —_—

the maximum tempellature. The inner 80 100 120 140 160 180
: Inner Diameter e

diameter of circular area expands every Fig 3. The inner diameter’s mfluence

10cm and the maximum temperature decreases about 30°C, which is very helpful to improve the reactor’s
safety performance. Fig 3 describes the influence of the inner diameter on the maximum temperature under
the condition of loss-cooling and depressurization crisis -

However, under the condition of loss-cooling and depressurization crisis, as the increasing of circular |
area’s inner diameter, the maximum temperature tends to increase too, which means that the rcactor S
inner thermal condition will deteriorate and the neutron flux will boost up on the condition of reactor s

normally running situation. So, in the future .discussion, we will only consider the thrce mncr
diameters: 80cm, 100cm and 120cm.

3.2 Outer Diameters of Circular Areas

-

From the prcviods’dis.c'us-sion we knew ' . . N T
that the increasing of inner diameter can « - . “Max Temperature — OQuter Diameter
decrease the maximum temperature under
extreme crisis, but it will deteriorate the
thermal performance. This result can be
attributed to "the adding of the average
power density of the reactor, so one of the
feasible resolution is to expand the outer . .

diameter of the reactor, which can reduce 1200 . . ) _
the power density effectively. On the oo 392 - 3.4 36 _, 3.8,, -
other hand, circular HTR can Quter Diameter o N
dramatically” ireduce’*.the maximum Fig 4.The influence of outer dlametexs and different power

1800

1500 - :

Temperature (C)

temperature under crisis situations. This is the reason why c1rcular design can mcrease the power of )

HTRs.

3

In Fig 4, we conclude that: it is accordant wnh thc theorencal analys1s that the _influence of the .

reactors’ outer diameter on the maximum temperature under the condition of loss-cooling and
depressurization crisis. That is, expanding of the outer diameter will decrease the maximum
temperature, and at the same time it will effectively improve the thermal performance and remarkable
reduce the neutron flux. Considering the factors of safety and calculation precision, we set up 1450°C
as the temperature evaluating criteria. We require that the maximum temperature must be less than
1450°C under the crisis conditions.

(%]
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3.3 The relations between the maximum temperature and reactor’s power density

Fig 5 describes the relations between the maximum temperature and the reactor’s power density under the
condition of loss-cooling and depressurization ’
crisis. The power level is 300MW. the inlet and

Tmax — Power Density

outlet temperatures are re§pectively 350°C and 1232 I
900°C. In fact, -the principal factor, which 1560 F
dominates the crisis maximum temperature, is § 1550 F
the power density of the reactors. Fig 5 just = 1540 |
illustrates that the less the power density, the 1530
lower the maximum temperaturé. 1520 : —!

4,386 3.838 3.389 3.015
Power Density

Fig 5. Power Density Influence on the maximum temperature
4 Conclusion

Summarily, during the dynamic process after the beginning of the loss-cooling and depressurization

crisis,

1. The maximum temperature of the indifect cycle is 40°C less than that of the direct cycle.

2. Convection makes the maximum temperature a descending of 30C

3. As the inlet temperature’s increasing, the crisis initial temperature tends to descend and the
maximum temperature tends to ascend. The happening time of the maximum temperature is about
the 35th hour after the beginning of the loss-cooling and depressurization crisis -

4. The influence of the inlet temperature on the crisis maximum temperature is quite slight.

5. Under the condition of loss-cooling and depressurization crisis, the variance of the maximum
temperature is directly proportional to the variances of the inner diameter of the circular area. In
detail, the inner diameter expands every 10 cm, the maximum temperature descends 30°C.
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HTRZE'I;i‘oject. High-Temperétufe Components and Systems

The HTR-E European project (four years project) is proposed for the 5 Framework Programme and concerns
the technical developments needed for the innovative components of a modern HTR with a direct cyc]e These
components have been selected with reference to the present projects (GT-MHR, PBMR) :
e the helium turbme. the recuperator heat exchanger, the electro-magnenc bearings and the helium rotatmg
seal. . -
the tribology. Sliding innovative components in helium envrronmem are particularly conccmed
the helium purification system. Recommendations on impurities contents have to be provided in accordance
with the materials proposed for the innovative components.

The main outcomes expected from the HTR-E project are the design recommendations and identification of
further R&D needs for these components. This will be based :

e on expenence feedback from European past helium test loops and reactors ' ‘ :
o ondesign studies, thermal-hydraulic and structural analyses
e and on experimental tests

-4 Vi -

1. Introduction - o _ -

The main objective of the work performed for HTR-E is to develop innovative technologies which are
needed for the components and systems of a modern HTR with a direct cycle and then contribute to -

the competitiveness, safety and acceptability of such reactors. The competitiveness of such reactors is
based on the use of these technologies for each high efficiency components and systems which allow, . .
at the end, to reach a net plant efficiency of around 50 %. Similarly, high performances components
and systems in terms of thermo-mechanical resistance, lifetime, maintenance, behaviour in case of |
failure,... are required to demonstrate the safety and to contribute to the acceptabrhty of such reactors.

The critical and innovative components and systems have been selected by reference to the present
projects with a direct cycle concept (GT-MHR, PBMR) as shown on fig. 1 and 2 ' : - ’

N Veanel
Syvem

Syum

Fig LGTAGHR MODULE Fig 2. PBMR module
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The key components and systems selected for HTR-E are :
the helium turbine,

the helium/helium heat exchanger called recuperator,
the large capacity magnetic bearings,

the helium leak-tightness rotating seal,

the tribology,

the helium purification system.,

Design recommendations and identification of further R&D needs for these components will be

provided taking into account :

e the experience feedback from European past helium test loops and reactors (EVO, HHV, KVK,
Dragon, AVR and THTR) but also from reactors outside Europe (Peach Bottom, FSV, HTTR,
HTR-10), and also from other technologies (FBR, AGR, PNP plant,...),

o the design studies, thermal-hydraulic and structural analyses with CFD and FEM codes (DACAT,
BLADES, CAST3M, Fluent, STAR CD, ANSYS, NASTRAN, MLDyn codes),

e and the tests performed on experimental facilities (CLAIRE high temperature heat exchangers test
facility from ESTHER platform of CEA, FLP 500 test facility for AMBs of Zittau university,
tribological test facilities). . .

The work will be carried out over a period of four years split into two main phases of two years. The
first phase concerns the experience feedback, the specifications and design studies and the second one
the validation, the tests, the identification of further R&D needs and recommendations for the main
components and systems of a modern HTR with a direct cycle. The budget is 3,5 million Euro (50%
funded by EC). '

The partners involved in the HTR-E project are : Framatome ANP, CEA, Zittau university, NRG, FZJ,
EA, NNC, Jeumont, S2M, Ansaldo, von Karman institute, Heatric, EVO, Aubert et Duval, Borsig
Energy GmbH.

2. Turbine

The direct cycle concept is the main feature of a competitive and safe modem HTR. Then the,
feasibility of a high efficiency helium turbine, inserted in the primary cycle, is the most important
technological key issue for the components of a modern HTR. There is however no industrial
experience for the HTR typical operating conditions (helium gas, 850°C, 100-300 MWe range, long
time operating conditions with high reliability...).

An important work program is proposed in HTR-E. It is complementary to the material development
work program carried out in the HTR-M project. It consists in :

Phase 1 : SPECIFICATIONS-STATE OF THE ART-PRELIMINARY DESIGN

o Design use, system review, integration and ISIR (GT-MHR and PBMR type reactor),
Review of existing technologies from past HTR experience and other industries,
HHYV data and turbine inlet thermal insulation,
EVO design data and measurements for specified load cases,
HTR-M results analysis,
Design study (turbine and thermal insulation at the inlet)
Phase 2 : DESIGN ANALYSES
e Thermal and thermo-mechanical analysis (CAST3M, ANSYS codes),
e Aerodynamic design-CFD calculations (DACAT and BLADES codes, inverse method),
o Experimental tests program definition



3. Recuperator Heat eXchanger (HX)

7 -

The recuperator is a helium/helium heat exchanger inserted in the primary circuit to recuperate a part
of the remaining energy at the turbine outlet to preheat the helium at the core inlet. This component is
specific to the direct cycle and its main function is to increase as high as possible the efficiency of the
cycle. The competitiveness of a modern HTR is directly linked to the feasibility of this key component
particularly loaded in Temperature and Pressure difference. The work program consists in :

Phase 1: S !
SPECI}’ICAIION OF TYPICAL OPERATING CONDITIQNS (GT-MHR and PBMR type reactor)

REVIEW AND IDENTIFICATION OF EXISTING TECHNOLOGIES

o Technological survey of high temperature heat exchangers used in“ifldust}y : conventional
shell and tube units'as well as helical finned tube and compact plate heat exchangers will be
considered, )

Consultation of manufacturers specialised in large heat exchangers,

e Engineering studies on 2 or 3 basic concepts, CFD calculations (Fluent, STAR ’CDK code),

. thermo-thechanical analyses (ANSYS code), see fig3 and 4 two potential concepts for
recuperator application, e ] - o
o Selection of reference concepts; the development and test program of the next phase will be
established. ; T
Phase 2 : FEASIBILITY STUDY AND VALIDATION TESTS

¢ Definition of small scale units for high temperature testing (participation of HX
manufacturers) . - R :
e Adaptation of the test rig (CLAIRE loop of the ESTHER platform) and preliminary testing

= - e Validations tests : =

e e Steady state testing under actual flow conditions and ambient pressures
-~ o - Transient testing (cycling at high temperatures) -

Fig 3. Plate fin concept

4. Ele'gvtro’Mggnet_i'.c Bearings (EMBs) ‘ I - ,

4 L

These componen‘tsf are used to support the rdmtiﬁé Lshaft's"of turbocdmpyqssors or tmbo-macbihe )
his kind of support has been selected for a modern -

inserted in the direct cycle of a moden HTR. T

HTR to avoid the risk of leakage and fluid ingress in the primary circuit induced by the concept of
mechanical and lubricated bearings (bad experience feedback in US and Gehmn'fomer HTRs).’ So,
the magnetic bearings for rotors support are considered as key components with regards to the safety
and competitiveness of a modern HTR. The work program consists in : - -

Phase 1:
FUNCTIONAL REQUIREMENTS-LOAD ANALYSIS-FEASIBILITY STUDIES

Fig 4. Micro channel concept (HEATRIC)
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Functional requirements
Definition of the functional requirements under normal and emergency operating conditions
for Active Magnetic Bearing and Catcher Bearings

¢ Load analysis. The bearings loads are determined by analysis of HTR loads, Finite Element
Methods (ANSYS code) and Real Time Simulation (MLDyn code).

e Permanent MB feasibility study"

e Catcher bearings feasibility study

CONCEPT PROPOSAL-MECHANICAL ANALYSES

e Concept proposal for bearings and diagnosis. Depending on the special requirements and the
results of the load analysis a concept will be designed for Active Magnetic Bearings (including
controller, sensor and power electronics), Catcher Bearings and Diagnosis Systems.

e Mechanical analyses. The magnetic, thermal, and structural behaviour of the magnetic bearing
system (start-up, shut-down, unbalance, emergency shut-down) will be determined by means
of transient Finite Element Methods (ANSYS code) under the load cases previously defined.

Phase 2 : EXPERIMENTAL VALIDATION-RECOMMENDATIONS

. Expenmental ‘validation AMB (FLP 500 test facility, see fig. 5 and 6). The main aims of
experimental part are the validation of the designed system and’ dynarmc behaviour as well as
the investigation of single effects. Funher parts are to test the algorithms of the diagnosis
system and catcher bearings.

e Recommendations and statements

s!mnw‘ “N-ﬂmm mr-:’!"-“.sm
[ : ) S
msene 3= -
Fig 5. FLP500 test facility ) Fig 6. FLP500 EMBs and load device

5. Helium rotating seal

The helium rotating seal is associated with a rotor of the turbo-machine penetrating through the
pnmary vessel. In this case the generator is located outside the primary circuit that simplifies the
maintenance operations and allows to use mechanical bearmgs for the support. So this concept can be
considered as an altemnative of a fully immersed rotor in primary helium and consequently fully
supported by magnetic bearings. The ‘feasibility of such a seal is a key issue to increase the
competitiveness of a modem HTR by reducing the maintenance campaign duration. The work
program ('Phase 1 only) consists in :

STATE-OF-THE—ART AND SPECIFICATION S

State-of-the-art and specifications concerning helium leak rates in prevnous or sumlar projects,
classification of the potential leakage areas of a "typical” HTR design, existing technologies and their
performances

FEASIBILITY STUDY

b
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Canned magnetic bearings. Single effect analysis for Canned Active Magnetic Bearings on

basis of theoretical and experimental investigations = )

 Dry system. In connection with the analysis of the existing devices, a suitable concept of dry
system as regards the HTR conditions will be defined, and justified by theoretical analysis.

e Liquid, gas, ferro-fluid barrier. In connection with the analysis of the existing devices, a
suitable concept of the system as regards the HTR conditions will be defined, and justified by
theoretical analysis.

e Dry system. Stability and leakage analysis (STAR CD code). The objective of this task is to
determine whether the selected dry seal designs meet the requirements for functionality and
structure integrity

e Experimental tests program definition

1

6. Tribology

Sliding and new componéhts (stator seals, hot gas duct seal,...) of a modern HTR with direct cycle are
particularly concerned. It must be noted that a bad operating of these sliding components will
dramatically impact the safety and availability of the reactor. The work program consists in:

Phase 1:
UPDATING OF THE STATE OF THEART
* Review of tribological problems on a HTR
¢ Review and identification of typical tﬁbology conditions of components
e Review of the existing materials and coatings
PROPOSAL OF ELEMENTARY CONFIRMATION OR ORIENTATION TESTS
Phase 2 : ELEMENTARY TESTS - COMPENDIUM OF RECOMMENDATIONS

o Tests with representative tribological and environmental conditions. Tests will be performed -

on a selection of materials and antagonistic couples, in representative configurations (sliding +" * *

4
P

fretting, sliding + bearing (gears)), and in representative conditions : HTR non pure Helium,
500-750°C, 70 bars. T T

e Redaction of a compendium of recommendations

- - * . ’ ~

7. Helium purification system

The performances of this system impact directly theﬁsafety of a modern HTR as it controls the level of .

oo

impurities in the primary helium. It is a key system to limit the corrosion risk of .the graphit'e(a‘hdv s

materials of all components of the primary cycle. The work program (Phase 1 only) consists in :

ANALYSIS OF HELIUM ENVIRONMENTS IN FORMER HTRS. - T o
Available literature and data from former HTR projects will be collected and archived in electronic -

form. Additional relevant knowledge from other sources (HTTR, HTR-10, Magnox, AGR, helium test
loops) will be included in a state-of-the-art report. '

SPECIFICATIONS FOR THE HELIUM IMPURITIES CONTENT.

Specifications and recommendations for the helium impurities content and the control systemwillbe’

provided for a modern HTR with direct cycle (GT-MHR and PBMR type reactor). The possible range
of impurities in helium ( H,0, Hz, CO,, CO, CHy ) and graphite particles has to be defined taking into
account the risk of corrosion, erosion of the materials. Feedback experience of the Helium purification
system will be recovered and analysed. These data will be useful to the selection of grades for high ™~
temperature materials tests in HTR-M and alsoto the tribological tests in helium environment.

T PN Lo T
* ‘ D T
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CALCULATION OF DECAY HEAT REMOVAL TRANSIENT BY
PASSIVE MEANS FOR A DIRECT CYCLE MODULAR HTR

A. WOAYE-HUNE and S. EHSTER
Framatome-ANP/ 10, rue Juliette Récamier 69456 Lyon cedex06

ABSTRACT

In the frame of the modular HTR design assessment, the decay heat removal during
accident conditions is one of the main problems to investigate in order to demonstrate the
passive safety of the concept. The aim of the present paper is to present one methodology
using a numerical simulation approach to assess the thermal consequences on HTR core
and structures during a Loss Of Forced Convection configuration. The detailed
methodology is presented, and different parametric studies are performed to assess the
parameters sensitivity. These first results allow to define the leading parameters which will
be retained in the frame of a future HTR passive safety function optimisation.

1. INTRODUCTION

The objective of this paper is to present the thermal calculations performed by Framatome-ANP on the
Gas Turbine Modular Helium Reactor (GT-MHR) in the configuration of Loss Of Forced Convection
(LOFC) accident (IAEA benchmark, CRP3, 1997).

The objectives are to implement a numerical methodology using the STAR-CD computer code
(reference [1]) and to investigate the possible optimisations. The aim of the numerical analysis is to
evaluate the maximum fuel temperature during accident configuration when the reactor is cooled by
the reactor cavity cooling system (RCCS). In a second step parametric studies are performed to assess
the parameters sensitivity. Based on these first results, leading parameters are highlighted, they will be
retained in the frame of a future HTR passive safety function optimisation.

2. SYSTEM DESCRIPTION

The Nuclear Power Plant aﬁsum};d in the present case is a GT-MHR power plant (reference [2]).
The main characteristics are: )

Modular Reactor located in an underground containment building

Thermal power: 600 MW '

Helium temperature at the core inlet/outlet: 490°C / 850°C

Helium flow rate through the core: 320 kg/s

Helium pressure at the core pressure chamber: 7.2 MPa

Annular core shape with hexagonal graphite blocks -

Reactor Cavity Cooling System surrounding the reactor vessel to ensure the decay heat removal

In normal operation, the heat is transferred via a hot pipe duct to the Power Conversion System (PCS)
located in a neighbouring concrete cavity. )

In the present study, only the Reactor Cavity including the Reactor Vessel and its internals are
considered.

3. MAIN ASSUMPTIONS T

During the normal operation, the heat is extracted from the core by a forced helium flow rate. The hot
helium is then transferred to the PCS. In_ the present analysis (accidental conditions), the normal
helium flow rate path is suppressed. The decay heat is extracted by passive means from the core
assuming the radiation and conduction heat transfer in the reactor vessel, radiation and natural
convection in the reactor concrete cavity (see figure 2). The calculations are performed with the
assumption of a LOFC followed by a rapid depressurisation and scram. The geometry and physical
parameters are consistent with data provided in IAEA-TECDOC-1198 and 1163 (references [2] and [3]).



4. MODELLING ASSUMPTIONS A

4.1 THE COMPUTATIONAL STAR-CD CODE:

The general purpose code Star-cd for fluid mechanics
main characteristics of this software are listed below: . ;
» 3 dimensional code e . : !

> A finite volume formulation e T el T -
> Unstructured grid capabilities including advanced features: local refinement, non-cqnfor}nag’g grids
>

and iléét:tfansfer (veference [1]) is used. The

with arbitrary interfaces. Meshes are mainly hexahedrons and prisms
Matrices inverted by bi-conjugate gradient method with preconditioning : .
» PISO algorithm for pressure linked equations (the pressuré solver is semi-implicit: pressure fields
are corrected at every iteration in order to achieve both momentum and continuity balances)
» Numerical schemes up to third order 3
The Navier-Stokes and energy equations are_solved -in primary variables (velocity, pressuré and =~
temperature). For this specific study, computations are run in transient regime. ’

42 GEOMETRY- . T ” ‘
The geometry is -based on data provided in references [2] and [3]. The table 1 sums up theknixéin"
geometrical parameters. . . : L

4.3 PHYSICAL PHENOMENA AND NUMERICAL MODEL R T

Due to the geometry of the reactor vessel, a 2D axi-symmetrical model is established. The hexagonal
arrangement of the core is approximated as an annular shape with average radius. 5 " -
The model includes the core, -the internal and external graphite reflectors, the :core barrel, the lower
plenum, the floor metallic support; the upper core restraint, the upper shroud, the internal and external
vessels, the helium contained in the reactor vessel and the air contained in the reactor concrete cavity.

The radial gaps (2 imim) between graphite blocks are explicitly accounted for. Each fuel block layer is
modelled by a cells layer with ‘equivalent physical properties to account for the compact-and the ™ -~
helium channels not explicitly modelled here. The equivalent properties of fuel block are calculated
using another model (2D-plane approach) with compacts and He channels explicitly accounted for.
The cross duct and the vertical and radial vessel external supports are neglected.

The model is composed of 3595 nodes and 1765 cells including 1107 fluid cells. The figure 1 presents
the finite volume Thodel implemented. During .the transient analysis, the thermal transfer by
convection into the reactor vessel is neglected in the established model. This assumption is severe for
the maximum core temperature assessment. During the transient, the air hydraulic velocity field in the
concrete cavity is assumed to be constant and equal to the one calculated during the steady state
calculation. This assumption is also conservative for ‘the maximum core, temperature assessment °,
(slightly conservative only since the heat extraction is mainly due to radiation), but’it decreases_
strongly the Star-cd numerical resolutiondelay. © 7 7 -

SV U

. ; § -
4.4DATA AND I}OUNI!)ARY CONDITIONS -
Core Power distribution and evolution: The po»gérgisgi“bution is displayéd into the three layers of the _ -
active core part. During the transient the decay heat evolution is time dependent, decreasing from --
30MW (5% of nominal power) at t=0 h, to 1.74 MW (0.29% of nominal power) at ,t=1 00 h'(exponential ™ ~;
decrease). The table 2 presents the decay heat évolution. It is assumed that during the transient, the --* -

power distribution into the core remains homothetic to the one existing at the nominal stage. o i

Physical properties : The physical properties used for the calculations are Summarised in the following
table 2. The graphite characteristics are those corresponding to the irradiated H451 (flaence of about 7. ..
10*' n/em?). In the calculations the graphite is assiimed to have an isotropic behaviour. The steel grades ~ . -
assumed ‘aré 10Cr9MoVND for the Reactor Vessel and 03Cr21Ni32Mo3Nb for the inner vessel and

core barrel: - -7 - -



Tahle 2

p (kg/m®) Cp (J’kg/K) A (W/mK) emissivity €
Helium (1MPa) ideal gas 5198 f{T), ~0.29 at 430°C - ,
air (1 MPa) ideal gas - . 1006 - © .- 0.026
graphite H451 1740 1840 f{T) 0.9
RV steel 7800 520 33 0.8
Inner Vessel steel 7800 |  Ss70 | 24 | | 08 |
~TCC) - WWM
A graph block (W/mK) 27 315 352 382 406 423 433 436
A eq core block (W/mK) 156 17.7 “194 21 23 233 24.1 246
A fuel compact (W/mK) 33 27" 24 2 20 - 19 18 17.5

Boundary_conditions : The upper and lower boundaries of the model are assumed to be adiabatic
(severe assumption). The external radial boundary (wall) which represents the RCCS shell cooled by
the water circuit is assumed to have a prescribed linear distributed temperature from 30°C at the lower
part to 90°C at the upper part, in consistency with IAEA benchmark. )

Calculations procedure : The calculations are performed in two stages. The first one is a steady state to
calculate the initial thermal field in the whole numerical domain. The results of this first stage will be
defined as initial conditions for the second stage. The second stage is a transient calculation performed
over a total duration of 100 hours. This one is supposed to cover the time needed to reach the
maximum temperature on the different parts of reactor structures.

5. RESULTS v

The results show that the maximum temperature obtained on fuel compacts remains below the limit of
1600°C for which no fuel damage is expected. Figures'3 and 4 present the.temperature profiles
evolutions along horizontal and vertical cutting lines. Figures 5 and 6 present the temperature
distribution and the evolution curves, the maximum temperature is obtained after 72 hours.

An additional calculation performed in steady slt'ateL(sévere_two-dimensidﬂal plane approach with an
explicit compact discretization, see figure 7) shows that the fuel block maximum temperature is
representative of the fuel compact maximum temperature. The small temperature difference between
the compact and the fuel block (11°C) is explained by the low decay heat removal at this time.

i
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6. PARAMETRIC STUDIES _ -

In order to evaluate the sensitivity to input data_and assumptions, several additional parametric
calculations are carried out to assess their effects on the fuel compact temperature. Based on the
different results, potential optimisations will be proposed. C e
In all mentioned parametric cases, only one parameter is changed at a time when compared with the -
reference case presented previously. - o

The studied parameters and justifications are: o o .

> The steel emissivity of reactor vessel effect (¢ = 0.5 instead of 0.8): the emissivity values may vary
during reactor lifetime and the value of 0.8 may not be guaranteed for such steel material or
alternative one which may be possibly selected and retained during vessel optimisation design. -

> The graphite thermal conductivity: this physical-material property is very difficult to pin down’
since it depends on the temperature, the graphite type and also on the irradiation and annealing S
effects. The available data base is also.poor, specially for irradiated graphite. The graphite ;
conductivity retained in this parametric case is the one proposed in reference [4]. These properties
values seem to be very severe when compared with the few data bases available, but they will
indicate the envelop range for the core block temperature.

> The initial temperature field in graphite at steady state before the scram: this ' parametric - - -
calculation is justified by the strong assumption applied for initial temperature field in the
reference case calculation (internal and external reflector temperature roughly equal to inlet )
helium temperature). The parametric calculation (pure thermal conduction in the 'graphite - -- _
reflectors corresponding to a configuration with no helium flow leakage through the gaps between - * “:
the blocks) leads to severe results since the initial temperature field is necessary lower than this . -- -
one. A full steady state calculation with helium convection will allow to assess the actual initial -
thermal field at steady state (calculation to be performed in the future). .- . P

> The decay heat evolution, increased by 10% over all the transient: this parametric calculation is
performed to evaluate the possibility to increase the reactor power.

> The thermal inertia of fuel assemblies reduced by 20% (in active core part): this parametric
calculation is performed to assess the thermal inertia effect. Indeed, in the reference case the ./
helium channels-have been neglected and the associated thermal inertia has been replaced by. = =
graphite. This parametric calculation case is then more representative of the 'act‘ualJ case (more
severe). . . ; . '

2

The results show that: C - )
» The steel surface emissivity has a low effect on maximum core temperature, but has a strong
influence on the core barrel and vessel, T

[ - e v . o L - .o
> The graphite thermal conductivity, the decay heat curve and the thermal initial conditions have a
strong influence on maximum core temperature (e.g. the decay heat increased by 10% leadsto T~ ~;
maximum on core increased by 5.6 % (AT=+85°C)), .o : ] .

» The thermal inertia of active core has a small influence on the core temperature. | - o ,

The table 3 sums-up the different results. For the HTR design and specially for the decay heat removal-

during accident conditions, the graphite physical properties definition is of the highest importance. - .-
Due to the principal radiative thermal transfer mode, the graphite selection should be combined with, '
adapted steel with highest emissivity properties as possible. Unfortunately these requirements will be
in opposition with thermal insulation considerations needed for the efficiency in normal operation.
Further safety - thermal - mechanical analyses are to be performed to retain a final compromise. - - - -

i I3

: .
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Table 3: Parametric results

Case number - [-.. -1® 3 . .4 5
. ‘sz Agraph - - Tinit fisld ; - Decay heat =
Tdecrease . central part,.,,inaoased by~ 5. the
k] RC Wt < 7 " freet> I 09N L7
T max block (°C) 1525 1555 1713 1604 1610 1544 “.}53499“’5
time (H) 71 78 85 59 71 67 | ESSgE
Tmax core barrel (°C)] 690 816 674 722 723 702 g&;ﬁl@ﬁ:
time (H) 84 - 94 94 73 84 77 wEgo s
Tmax reac vessel (°C)] 460 528 . - 442 478 478 - 462 i‘i‘{?_MZ;:-::
time (H) - 86 100 97 -75 86 80 TR
Pmax "’“’fg\,‘w" BYRCCS| . 19 .16 . 176 208 202 1.91 ERIRG
Tmax compact (°C) (=1 ;:3531 1; ’

7. FUTURE STUDIES ,

The numerical simulations allow to perform many parametnc calculatlons to evaluate the efficiency
and potential optimisation axes for future HTR development. Besides, the STAR-CD detailed internals
reactor vessel modelling allows a precise assessment of the equipment thermal transients.

Additional calculations will be performed to. complete this first analysis: use of new material
properties when available, e.g. imradiated modern graphite conductivity, study of the natural
convection effect on the structure temperatures in the case without depressurisation, concrete
temperature in case of RCCS unavailability.

8. CONCLUSION

The numerical methodology implemented by Framatome-ANP for thermal calculations on the Gas
Turbine Modular Helium Reactor (GT-MHR) in the configuration of Loss Of Forced Convection is
now validated and available for future design studies. The approach gives consistent results when
compared with existing benchmarks (refcrence [3]). Leading parameters are highlighted, they will be
retained in the frame of a future HTR passive safety function optimisation. The analyses have revealed
the steel emissivity and graphite conductivity highest importance. A combination of optimised
graphite and steel grades selection have to be done for the accident configuration in consistency with
mechanical strength and thermal efficiency considerations during normal operation.

Vo
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[Table1 .

Reactor Power (MW) 600 Vessel outer diameter (m) 1.7
Fuel compact diam (mm) 12.5 |[Vessel thickness (m) 0.2
Number of fuel blocks 102 Gap between reactor vesse! and RCCS (m) 2
Number of cooling channels in fuel block 108 Cooling channel diameter (mm) 16
Core height (m) 8 Gap between blocks (mm) 2
Inner / outer core average radius (m) 296/ 4 84 | [Hexahedral fuel block width (m) 0.36
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" Heat decay evolution
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Figure 5: Temperature fieldat T=72H : ,Figure 7: Temperature field in
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transient calculation).
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® Axial offsct for power distribution = 1.28

The maximum Temperature location (calculation in maximurn flux plane)

may change during the transient
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THE MEASUREMENT OF BURN-UP LEVEL IN THE HTR-10

LUO ZHENGPEI LIU WENFENG, HAN SONG and LI FU

Instttute of. NucIear Energy Technology, T.’smghua Umversny Beijing 100084, P R China

ABSTRACT

Without shuttmg down the HTR-10, each fuel ba]l _unloaded from the core must be
measured. A fuel ball should be recycled into the core when its bum-up“ is less than
72,000MWd/tu. Since the measurement of burn-up for a ball contaiping 0.9g U ai most
., must be nondestructive, a ¥ spectroscopy. method for.the fission product "’Cs is
typically chosen. Without an acmnatq,calib;a@ing source, it is impossible to achieve the
goal that the accuracy of measurement is up to 2%. .
The method measuring burn-up without external source uses the ratio of ™Cs to "*’Cs and
gets bogged down in something unusual that both successful and failed examples have
altcmated in publlcanons ] B 7 .
The inner calibrating method is proposed in the papcr It is necessary to solve the
following problems: a). The simple relationship between **Cs/*’Cs and burn-up is held
onlyina speéiﬁed range. How to use it for a spent ball? ). Can the migration of fission
product be ignored? ¢) How to deal with the neutron spectrum? The paper gives the
idea to be tried on the HTR-10.

1. Introduction S : -.
The core fuel management of the HTR-10 is marked by fuel load/unload without shuttmg down the
reactor. That increases the availability factor of reactor and helps attain the purpose of making full use .
of fuels that the average burn-up level (BU) of spent ball is higher than 80,000MWd/tu. Each fuel ball -
unloaded from the core must be measured and Judged Then it should be re-cycled into the core if its

BU is less than 72,000MWd/tu. iy

To get these features of fuel management, & facx]xty has to be setup for measuring the H'I'R 10’5 BU. -
The facility should consist of two parts (Wimmers and etc, 1982): One is the fuel loadmg/unloadmg
system and the other is the instrumentation for measuring burn-up level. During the operation of the
reactor, the former system draws off a single ball from the discharging cone in the bottom of the core.
with pulsed gas and transports it to the proper easuring position along a pipe. And the fuel ball will
stay at the measuring position until receiving a judging command from the instrumentation. According

to the judgment made through the measurement results, the ball either returns into the core along the - |
pipe or is taken away from the reactor. Separated by the wall of the gas-tight pipe, the instrumentation |
measures the BU for each ball held at the measuring position through a collimator. This facility is used

to guarantee that any ball whose BU is higher than 72,000MWd/tu can not be re-loaded into the core to _
prevent the ball from destruction under further irradiation in the core.

2. Y spectroscopy method for Bigs - - -~
The BU in MWd/tu is proportional to the ratio of number of spht atom to that of heavy metal mma]ly

I



loaded (i.e. fima), because that the average energy E; released per fission is about 197Mev (or 0.365
X 10 MFd). ) ) ’

Vs 106
BU = Z10°E, |z, ®dt ' )
Here V, and G, are respectively the volume in cm’ and the weight in g of initially loaded mass of

heavy metal in a fuel ball. It is quite evident that the BU is proportional to IE sPdt and directly

related to the amount of fission products (Hsue and etc, 1978). Since the measurement of BU for a ball
containing 0.9g 2*U at most must be nondestructive, a ¥ spectroscopy method for the specified
fission product is typically chosen. A specified fission product "*’Cs is selected on the following
reasons: a). near equal fission-yields for 35U and ®°Pu; b). low neutron-capture cross-section,
especially for epi-thermal neutron; c).- long half-life that does not care about &’s fluctuation in
irradiation period; d). large fission-yield; e). high-energy gamma rays to minimize attenuation. The
number of *’Cs atom N; formed by fission is related with the BU through the following relation:

Vi fE 0 d =22 @

7

Here Y;and A4, are the fission-yield and decay constant of '*’Cs.
Because of the radioactivity of *’Cs, Ny is measured via the ¥-ray without destructing the ball.

BU = Ke™"R, 3)
and
10°E
Kee—— 4
G, Y, RI, 25

Here 1, is the cooling time. R; is the counting rate of the detector for 0.661642Mev rof 131¢s.

Thus it is possible to obtain the BU in MWd/tu from the measured counting rate R; provided that the
proportional constant X in Eq.(3) is known. In general, the constant X can be obtained by using a
calibrating ball with a known BU to Eq.(3) once. By using the W-Ni-Fe collimator with the solid
angle 2.5 X 107, the Ry is about 1000cps for a spent ball and it takes about 10~20 seconds to meet its
statistical fluctuation less than =1%. There is a calibrating source with 5% error in the HTR-10, thus
the measurement method of BU with 8% error is the spectroscopy method for only ¥ ray of Bics.

3. Inner calibrating method

To go deep into the accuracy, we found that it is difficult to obtain a calibrating ball with error less
than 2%, except by using a mass-spectrometer what the HTR-10 is not provided with. For example,
even though we obtain a radioactive source 137Cs with 2% error and put it in the center of a graphite
ball same as the fuel ball, its accuracy will deteriorate by the distribution of radioactivity within the -
ball. When we use Eq.(4) with the constants referred to the publications and design, some of them
have the error larger than 2%, such as ¥7, f, @ "and £.Then through their product, it is impossible to
calculate BU with only 2% error. In this case, we try to use an inner calibrating method as follows.

3.1 *Cs/"*'Cs can not discriminate out a spent ball

We know that the radioactivity ratio of **Cs to '*’Cs from the same ball is-tightly related with the
ball’s BU. For simplicity, suppose #= ¢y =constant and be the same below. After exposure period 7,
the ratio R/R; of counting rates for **Cs and '>’Cs follows as (Wang, 1990)



R, _ANRlo, AhRLo, , r _ALRLoy GOSN
“ R, 24YRI, T ¢ 24Y,RI, V,Z,E, (5)

Where * 0 is the micro cross-section for '*Cs. The subscnpts 3, 4,and 7 denote "*’Cs, *'Cs and P'Cs

respectively. -
From Eq.(5), the BU of this fuel ball is obtained from the measurement of R/R, . Does it solve the
difficulties lacking in accurate calibrating source? No, the answer is negative! At first, Eq.(5) is not

true when T is so long that the fuel ball becomes spent(Ezure, 1990). Then we get bogged down in

something quite unusual that both successful and faxled examples have altemated in' pubhcatlons
(Wang, 1990; Hsue, 1978; Ezure, 1990). T

In order to use '*Cs/**'Cs successfully, we conclude that the fo]lowmg condmons must be met:

a) Eq.(5) is held only in a specified range. S L * -

b) The migration of '*’Cs can be ignored. L .

¢) All neutrons within the core are thermal ones.

It is impossible to meet all these conditions for the HTR-10. So it is doubtful whether *Cs/"*’Cs can
be used to discriminate out the spent ball without a calibrating source.

3.2 Inner calibrating source - ' .

We can make some clever moves to deal with these condmons The temperature threshold of mxgranon .

effect of P*’Cs is above 1500°c and much higher than the ball’s center-temperature in the HTR-10, so
the condition b is met. The neutron energy spectrum is rather energetic in the HTR-10, however, the
condition ¢ is met after a so-called “neutron spectrum correction” described in next section was made.

For the condition g, it comes from that Eq.(5) is an approxunatlon when the exp(- 4,'T) is taken only"

as 1-A,T. Hete A, =4,#0,¢. Then Eq.(5) is correct to the extent of 1% error only when 4,'T
<Q.1146 that corresponds to about 7=110days at the rating power of reactor. That calls attention to use
the ratio '*Cs/'”’Cs as an inner calibrating-source when T is between 10 and 110 days. Even for only
one ball, the constant X is obtained from Eq.(3). Since there are many such inner calibrating-sources,
they give us the freedom to make an additional choice in statistics and from the suitable operation
conditions in comparison with the X, which is determined via the radioactive calibrating source. Once

the average K was detcrmmed, it can be used for Eq (3) hereaﬁer because it does not vary from days - °

to days. - i ;

et N A -

33 Neutron-spectrum correction

The epi-thermal neutrons occupy a rather large portion in the HTR-10 core. Slnce the epl-thermal -

cross-section for '’Cs is very small but not for **Cs, when ¢yis regarded as thermal neutron flux,

pod

Eq.(3) is still right but Eq.(5) isn’t. If g,in Eq.(5) is treated as the thermal neutron flux, an effective

cross-section for **Cs must be used to take account of the ‘neutron spectrum. Unfortunately, the

effective cross-section is an uneven function of positions within the core and changes with average

BU:s. It is impossible to give the effective cross-section a determinate value. For example, in spite of

its random flow within the core, we suppose that fuel balls move down at constant velocity along 5

vertical routes, the effective cross-sections are calculated as . ..
Route . S 1 - -2 - - .. 3 4 - 5
Beginning of lifetime | :19.612 19347 .~|. -18.552 ‘17308 15.199
End of lifetime . | +25.605 24985 - |- 23413 21.156 17.620




They are different from each other and contrast with 5.88 barns for thermal neutron. The problem we face
is which value should be used in Eq.(5)?

In order to make the neutron-spectrum correction, for the same ball we measure the radioactivity of
another fission-product '**Eu that is sensitive to epi-thermal neutron too. Because the exposed
experience for '**Eu is all the same as that for *’Cs and is linearly related with their cross-sections, it
is possible to eliminate the effects of integrated epi-thermal neutron fluxes by each other. The simplified
relation is as follows

2x10°V,E P [YRLX.,R Y.RILAL,R.
G, (1— 0'3,0'5,;,) YRIAR, Y RI AR,
O-SIha-Er
Where the subscripts E, ¢4 and r denote Eu, thermal neutron and epi-thermal neutron respectively.

Others are the same as above. Thus BU can be calculated from the measured counting rates R,, R; and
Rg.

BL=

X ©)

4. The scheme of measuring burn-up level
4.1 Monitor ¥’Cs to obtain the burn-up level in the whole range
Exposed in the reactor core operating at the rating power for a period of time 7, the fuel ball goes to
the measuring position The counting‘rate R; for ¥'Cs measured by the detector is as follows:
oM _ gm#alT

B, = hgQhRLAEY, gkl Rk 4o 17 e ©)

Where RI; is the relatlve yield of 0 661642Mev Y for ﬁssxon-product ¥iCs, f ¢ and 2 are the
absorption coefficient, detector efficiency and solid angle respectively. Z, s is the initial fission macro
cross-section. @ is the thermal neutron flux. ¢ is the “cooling” (elapsing) time.

4.2 The 0. 661642Mev Y ray is resolvable

There are three factors to extract the 0.661642Mev v ray of ¥'Cs from the ¥ rays of reactor,
especially the 0.664551Mev v ray of '*Ce, 0.6651Mev v ray of *'™Te and 0.6677Mev v ray of
1321, The first one is the energy-resolution of the detector. The second one is the portions including the
fission yield and relative emission portion. The last one is the specified fisSion-product’s attenuation
caused by the 40days cooling time ¢;. By taking account of all three factors, the 0.661642Mev v ray
of ¥Cs is resolvable perfectly. And so do the 0.6046Mev v ray of **Cs and 0.723264Mev v ray of
g,

4.3 Using the inner cahbratmg source
During I'=10~110 days, the constant X is calibrated by using the inner calibrating source. Once this
constant is obtained, it can be used for Eq.(3) hereafter.

5. The design of measuring system - .
Only the 0.661642Mev ¥ ray of ¥'Cs is selected among the ﬁssnon—products’ Y ray spectrum and the

others will be rejected even though they have energies very close to it. Thus a Yy spectroscopy with B
high energy-resolutlon is used and the FWHM of its HPGe detector is 1 .Tkev for the resonance peak of
137Cs and the ratio of peak to Compton is above 50. Its bias voltage is 1500v. A transistor-reset
preamplifier is dedicated to measurements at high counting rates. The spectroscopy is a type of digital



signal processor where the pulse is formed as a trapezoxd w1th 0415 top-width to make its throughput
achieve 60kcps. The ‘whole probe (detector and preamphﬁer) is vacuum-sealed and cooled by -
liquid-nitrogen to lower its electronic noise ‘to RMS<4 5 #v and is put into a Lead-shielded cavity to
lower its background to about 0.3cps while the reactor is operating at full power. Since the probe and
its spectroscopy 1 is placed at—15M level far away frorn the core and their control, process and analysxs i
are taken place on the ground surface, it is necessary to set up a local area network to connect those
components. T :

6. Postscript

The above equations are deduced when the reactor is operated' at a constant neutron flux level. When

the HTR-10 is operated at a constant power, the correspondmg equatlonsehange only a little and their

similar relationships are available. -

Acknowledgements .

Supported by the Natural Science Foundation of Chma (Pro_] ect number 19875028)

References :

1. M. Wimmers, P. Pohl and K. Kruger, 1982, The New Facility for Measuring Bum-up has Come into
Operation (German), AVR, KFA, Juelich, German, D-7500.

2. S.T. Hsue, T. W. Crane, W.L. Talbert and J. C. Lee, 1978, Nondestructive Assay Methods for
Irradiated Fuels, U.S.A., LA-6923. R

3.T.K. Wang, 1990, Fuel Burn-up Determination Based on the Measurement of a Short Lived Fxssron
Product, Nuclear Technology, v.91, pp. 413~4l 8. s

4. H. Ezure, Evaluatxon of Depletion and Productxon of U, Pu, TransPu and ﬁssxon products in
JPDR-l Fuel, Nuclear Technology, v.91, pp.3 11~343, (1990) '



266

OVERVIEW OF LEI INVESTIGATIONS ON HEAT TRANSFER
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ABSTRACT

In this paper experimental investigations on heat transfer and hydrodynamics in various gas-
cooled channels over wide ranges of geometrical and performance parameters performed at
Lithuanian Energy Institute are presented. Overview introduces long-term experience on
investigations of local and average heat transfer, hydraulic drag in various types of sphere
packings, in smooth, helical tubes and annular channels equipped with smooth/rough or helical
inner lubes, such bundle of twisted tubes, as well as turbulent flow structure and the effects of
variable physical properties of gas heat carriers on local heat transfer in channels of different
cross sections. Lithuanian Energy Institute has accumulated long term experience in the field of
heat transfer investigations and has good experimental basis for providing such studies and
following analytical analysis."

1. Introduction

Engineering progress in the conversion of thermal or chemical energy into other forms involves searching
for new methods of conducting these processes at higher temperatures, which allows for improvement of
the efficiency of thermodynamic or thermochemical systems. In the majority of cases, the working fluids
or coolants in such systems are gaseous, and exchange of thermal energy between them occurs through a
solid wall. To be able to manufacture equipment with accept@ble‘ weight, size, and performance, one must
significantly augment the heat-transfer processes, which is attained by’ producing large temperature
differentials and also by various other methods of intentional enhancement of heat transfer: the packed
beds of spheres, use of artificial roughness, turbulization or swirling of the flow, reducing the thickness of
boundary layers or increasing the velocity gradient in them, etc. A great deal of attention has been paid to
the enhancement of heat transfer in equipment such as gas-cooled nuclear reactors under power-plant
conditions.

Lithuanian Energy Institute (LEI) has accumulated long-term experience on heat transfer, friction and
flow structure investigations in packed beds of spheres and variously shaped gas-cooled channels. LEI
activities cover experimental and computational works on the effects of variable physical properties of gas
heat carriers, on local heat transfer and hydraulic drag in channels of different cross sections, on turbulent
flow structure, and on the heat transfer mechanism in the stabilized heat transfer region in a tube.

2. Gas-cooled packings of spheres

In the nuclear reactors spheres could be used as fuel, while cylinders - as control rods. Sphere packings
strongly agitate the flow passing through them. Therefore, interest in heat transfer from spheres in
packings and fillings of various kinds is understandable. The flow turbulence affects not only the spheres
per se but also the surfaces adjacent to them. The heat transfer from the spheres and from a cylinder as
well as hydraulic drag and flow mixing factors are investigated in air flow at LEL The local heat transfer
at various positions of cylinders length and perimeter as well as the effect of the sphere packings on the
cylinder heat transfer were evaluated.



Various types of packings from the spheres are considered in performed experiments. One kind of them is
regular rhombic or random packing, which is arranged between axial streamlined cylinders [1]. The
rhombic packing was oriented so that spheres along cylinder were arranged in columns, with clearances
that have periodically-varying cross sections running in the vertical direction between them. Near the
cylinder surface, the clearances formed by larger flow sections were filled with displacers. In the case of a
random filling of the spheres, there were no displdcers. Heat transfer from the cylinder immersed in-a
random filling of spheres was investigated on two different experimental sections. In the first case, the
cylinder under consideration made up an element of a longitudinally streamlined bundle with cylinders

arranged in a triangular array with the spacing s/d=1.63. In the second case, the experimental section -,

represented an annulus filled with spheres and containing the investigated inner cylinder. The annulus of -
outside to inner diameter ratio was 2.84. In all cases considered, both with a regular packing of the spheres
and with their random filling, the cyhnder‘to-sphere diameter ratio was -d./d=4.29, the helght “of
assemblies was H/d=36, and the porosity - 0.42.

Heat transfer from the cylinder was studied under the second-kind of boundary condmons (qw-const) in - .

air flow with Re = (0.3 to 12)-10°, determined from the sphere diameter and filtration rate (velocity of the
incoming flow in front of the sphere packing). Both local and perimeter-average heat transfer coefficients
from the cylinder vs. Re and the length of the heated part of the cylinder immersed in the sphere packing
were determined. Because the cylinder heat transfer stratifies streamwise, a relative length of the heated
part of the cylinder immersed in a sphere packing is incorporated in the relation for heat transfer. The
following relations were obtained for the perimeter-average heat transfer coefficients from the cylmder in -
a bundle wrth an intercylinder space filled with packings of spheres [1]:

: Nu 0 0584-Re °®(x/d) °! Zin the case of regular (rhombic) sphere packmg, and
N " Nu=0.096Re °®(x/d) °7 in the case of random sphere packing.

In the case with the annulus the cylinder heat transfer is a little higher, and its dependence on Re and on
the cylinder height is more noticeable:

Nu = 0.094-Re °%(x/d) °'¢.

Given relations describe the experimental 1000 ¢ —

data with a *(3 to 4)% standard deviation. b —=

It should be pomted out that our data are b —

consistent with ‘the results of other authors - -t ceer3 , !
[2] dealing with the average heat transfer . i . sl

from a cylinder surrounded by a random
filling of spheres (Fig. l), This indicates that Z
in LEI experiments thére was no effect of
the bundle cylinders or of the outer tube of . )
the annulus on the.heat transfer from the oy
cylinder considered. As evident from ‘the Tt
results of the 1nvest1gatwns the heat transfer
from the cylinder with a random packing of

spheres is higher ‘thanthat with a regular ) , - ?. X - - s
packing. Importantly, this is not related to 100 -+ o 1000 .. ST " 10000
the increase of the assembly hydraulic drag. p i ' Re S ;

Also it was determined that heat transfer ' oL
from a tube 1mmersxon in'a sphere packing th l Heat Lransfer in va.nous types of sphere packmgs
increases.by more than a factor of five by (x/d=15) .

comparing . the obtained data with™ heat 1;- inner cylinder of thc annular ﬁlled with random"
transfer in circular tubes [3] (Fig. 1). ’ packmg of a spheres; 2 cylmder 1n a bundle with” an ’
Heat transfer from the spheres was studied _ intercylinder  space filled with random packing "of ‘a
under the -boundary condition T.=const. .  spheres; 3 - cylmder in a rhombic packing of spheres; 4 -
This condition was assured by the acyhnderm a sphere ﬁllmg [2); 5 circular tube ‘with 1 no "
construction of the spheres-heaters (Fig. 2). spheres [3] 3 . o ST

i



The spheres-heaters were made from the cooper with high
thermal conductivity. The temperature was measured in 3 or
4 points on the sphere surface. '

The investigations are performed by the local modelmg,
which allows to obtain the heat transfer characteristics in
different places of the packing. The influence of heat transfer
by the conductivity, radiation, and natural convection was
minimized in the performed experiments. In order to
minimize the heat losses by the conductivity the ebonite or
plastic spheres with low conductivity were placed around the
spheres-heaters. The isolating plugs were embedded in the
walls of the experimental sections at the contact points with
spheres-heaters. The heat transfer by the radiation was less
than 1 % due to low temperatures on the spheres-heaters
surfaces (less than 330 K). The heat transfer by the natural  Fig. 2. Construction of the sphere-heater
convection was neglected due to the high Re values. . 1 — sphere cover; 2 — sphere body;
The investigations of the heat transfer from the spheres in 3 — heater coil; 4 — windings of coils;
the case of random packing were performed at the same 5 ~ wires; 6 — point of temperature
experimental section as heat transfer from the cylinder in a  measurement

bundle described above. The heat transfer from the spheres ° '

was investigated in two cross sections of random pacing H/d=10 and 25. The four spheres-heaters were
located in each cross section. The positions for the spheres-heaters were selected so that to find the
maximal differences in the heat transfer from the spheres. Despite of this, the differences in the heat
transfer from the spheres were not large, and the following relation summarizes the experimental data for
all 8 locations with the standard deviation of 6 %:

Nu = 0.89-Re °%, . 4
The additional experimental section was designed for the ) /

heat transfer from spheres investigations in the rhombic
packing. The cross section of this experimental section is

presented schematically in the left hand top corner of the -y
Fig. 3. Two kinds of the experimental sections were

investigated — with displacers (see right hand side of the ] —3
cross section) and without them. The displacers were used in -

order to avoid the free channels that are formed at the ~4

cylindrical surfaces (see left hand side of the cross sectxon)
The heat transfer from the spheres was investigated in the
different locations of the packing (pos. 1-4). The positions
for the spheres-heaters were selected so, that they cover all ~5
typical locations in the cross section. The investigations of ‘ ‘
the heat transfer were performed in two layers streamwise —
in the 2™ and 6™ layers of spheres pacing. - — 3
The experimental results demonstrated that the displacers ) ' D

improve the heat transfer on 20-40% (Fig.4). The Fig. 3. Experimental section for heat
differences in the heat transfer of spheres in different places  transfer investigation from the spheres
of the packing with displacers are less than in the packing® 1 — cylinder calorimeter; 2 — sphere;
without displacers. This allows to summarize the heat 3 - displacer; 4 = point of temperature
transfer from spheres results for all rhombxc packing with measurement; 5 -bundle of cylinders
displacers by one relation Nu = 0.6-Re 7"

Beside the investigations of heat transfer from the cylinder and ‘from the spheres, the experimental
mvesngauons of the hydraulic drag and for all kinds of the packings described above were performed. The
fluid mixing was investigated in the regular rhombic and random packings of spheres, which are arranged
between axial streamlined cylinders [4]. Additionally, the experimental investigations were conducted for




packings of spheres placed in thin annular slots. The
equations for porosity, hydraulic drag and heat
transfer from spheres were derived from the
experimental results [5]., .

3. Smooth and rough channels P

5 2am -

Studies of heait ;tm}lsfe; and hydrodynamics in -

variously shaped .gas-cooled channels have been .
ongoing in LEI for a long time now. Initial attention
was focused on the effect of variability of physical
properties in the boundary layer on heat transfer and

drag in flow over smooth and rough surfaces. High- .-

temperature _ systems . with_gaseous working fluids
operate as a rule at high-temperature differences.
At LEI was accumulated a great deal of experience in
investigating the heat transfer and friction of 'a

smooth cylinder in axial -flow placed in a large- . -

diameter circular pipe. It was decided that.the

'

accumulated  data . be employed for . detailed -
investigation of heat transfer, friction, velocity, and

temperature distributions in the highly non-
isothermal boundary layer that forms on smooth and
rough cylinders in axial flow, and that a single
procedure be employed for determining the effect of
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Fig. 4. Heat transfer from the spheres

different factors on heat transfer. Such studies allow more comprehensive investigation of the inlet regions
of annular ducts, which is particularly important for improving the designs of various heat exchangers
with short flow passages. The analysis of velocity and temperature distribution in the boundary layer that

forms on the initial zone of a smooth annular duct, and of the effect of the variability of ‘physical

properties and surface curvature on heat transfer and friction was done [6, 7, 8].

The production of artificial roughness is one of the effective methods for

A P iy - N

v

the enhancement of convective

heat transfer, particularly at high heat loads, since the roughness elements turbulize the wall layer in which
the bulk of the thermal resistance is concentrated. However subsequent studies centered on investigating
the specifics of enhancement of heat transfer on rough surfaces and in rough channels at high-temperature
gradients in the boundary layer was the subject matter of a large number of experimental and a number of _ |

analytic studies performed at LEI [6, 8, 9].

4. Cdmpl_ex--ge'oxiietry‘cl-)énnels bundle

- ?

1

Heat-transfer systems of circular elements of different diameter in axial flow and annular channels are
extensively employed. Basically these are densely packed bundles of twisted tubes of gug:]ear reactors,
blankets of thermonuclear reactors, cooling channels.of various industrial devices, etc., Such heat

exchangers have a number of advantages which ‘manifest themiselves differently depending on the'given

operating conditions. The undisputed advantage of compact bundles consists of their resistance to
vibrations and their.significantly more intensive mixing of the working fluid between the channels than

occurs in bundles of straight tubes in longitudinal flow,

Early stage LEI investigations cover the experimental ‘and theoretical étuciy of the heat transfer inside an

oval helical tube [10], study of the unsteady process of heat carrier in a helical tube bundle when heat

carrier -flow-rate _is increased/decreased [11]. The following comprehensive studies of heat transfer,
hydraulic drag, and turbulent ‘structure ‘of longitudinal flow over bundles in an
helically shaped inside pipe “with' different helix pitches and "different cross-sectional shapes are
summarized in [6]. A great deal of attention is"given to investigating the local characteristics over the

.

H

nular channels'with a *
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perimeter and length of the tubes, clarifying the factors responsible for the observed specifics of flow over
these surfaces, and makmg practical recommendations for their uuhzauon A physically validated model
of flow in bundles of twisted tubes was developed.

The latest our experiments in bundles of twisted tubes were performed over a wide range of Re (3:10° to
2-10%, twisting pitches (s/dg=6.2-25) and cross-sectional shapes (two-, three- and four lobes) [8]. The bulk
of the experiments for investigating the effect of parameters such as the twisting pitch, cross-sectional
shape of the twisted tube, relative bundle length, variable physical properties of the gaseous working fluid,

and Re, were performed with a 19-, 37- and 151-tube sections. After comprehensive analytic and
experimental studies generalized predxctwe equations suitable for practical use were proposed.

5. Conclusions i

On the basis of durable experimental results for heat transfer, hydrodynamics and flow structure obtained
for various gas-cooled types of sphere packings, as well as for smooth, helical tubes and annular channels
equipped with smooth/rough or helical inner lubes, such bundle of twisted tubes; were clarified speclfics
of the manifestation of the effect of the variability of physical properties on transport processes in each
specific case, to find the physical causes for the differences observed as compared with smooth or straight
channels, and to obtain sufficiently general relationships for practical calculations. Conditions were
determined at which the enhancement of the heat transfer-at high-temperature differences are more
significant than those at small differences. It shows that Lithuanian Energy Institute has accumulated long
term experience in the field of heat transfer investigations and has good experimental basis for providing
such studies and following analytical analysis.
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. In this paper experimental investigations on’heat transfer and hydrodynamics in various gas- . ~..:
- cooled channels over wide ranges of geometrical and performance parameters performed at
Lithuanian Energy Institute are presented. Overview introduces long-term experience on
_ - investigations of local and average heat transfer, hydraulic drag in *various types of sphere
i packings, in smooth, helical tubes and annular channels equipped with smooth/rough or helical
“. inner lubes, such bundle of twisted tubes, as well as turbulent flow structure and the effects of
variable physical properties of gas heat carriers on local heat transfer in channels of different
cross sections. Lithuanian Energy Institute has accumulated long term experience in the field of
_ heat transfer investigations and has good experimental basis for providing such studies and
* following analytical analysis. T - R
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1. Introduction . A - ‘

1
H

. |
Engineering progress in the conversion of thermal or chemical energy into other forms inv‘gvl’ves‘searchin‘g e
for new methods of conducting these processes at higher temperatures, which allows for improvement of

the efficiency of thermodynamic or thermochemical systems. In the majority ‘of cases, the working fluids +72
or coolants in such systems are gaseous, and exchange of thermal energy between them occurs through a
solid wall. To be able to manufacture equipment with acceptable weight, size, and performance, one must
significantly augment the heat-transfer processes, which is attained by producing large temperature - .
differentials and also by various other methods of intentional enhancement of heat transfer: the packed
beds of spheres, use of artificial roughness, turbulization or swirling of the flow, reducing the thickness of
boundary layers or increasing the velocity gradient in them, etc. A great deal of attention has been paidto -~
the enhancement of heat transfer in equipment such’as gas-cooled nuclear reactors under power-plant”
conditions. ) : - I ’
Lithuanian Energy Institute (LED) has accumulated long-term experience on heat transfer, friction and .
flow structure investigations in packed beds of spheres and variously shaped gas-cooled channels. LEI --
activities cover experimental and computational works on the effects of variable physical properties of gas .
heat carriers, on local heat transfer and hydraulic drag in channels of different cross sections, on turbulent, -,
flow structure, and on the heat transfer mechanism in the stabﬂi;ed heat transfer region in a tube.

2. Gas-cooled packings of spheres - , R
In the nuclear reactors spheres could be used as fuel, while cylinders — as control rods. Sphere packings -
strongly agitate the flow passing through them. Therefore, interest in heat transfer from spheres in
packings and fillings of various kinds is undérstandable. The flow turbulence affects not only the spheres -
per se but also the surfaces adjacent to them. The heat transfer from the spheres and from a cylinder as -
well as hydraulic drag and flow mixing fictQm are investigated in air flow at LEL The local heat transfer

at various positions of cylinders length and perimeter as well as'the ‘effect of the sphere packings on the
cylinder heat transfer were evaluated. TUor LT sy SR L
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Various types of packings from the spheres are considered in performed experiments. One kind of them is
regular rhombic or random packing, which is arranged' between axial streamlined cylinders [1]. The
rhombic packing was oriented so that spheres along cylmder were arranged in columns, with clearances
that have periodically-varying cross sections ninning in the vertical direction between them. Near the
cylinder surface, the clearances formed by larger flow sections were filled with displacers. In the case of a
random filling of the spheres, there were no displacers. Heat transfer from the cylinder immersed in a
random filling of spheres was mvesngated on two different experimental sections. In the first case, the
cylinder under consideration made up an element of a longitudinally streamlined bundle with cylinders
arranged in a triangular array with the spacing s/d.=1.63. In the second case, the experimental section
represented an annulus filled with spheres and containing the investigated inner cylinder. The annulus of
outside to inner diameter ratio was 2.84. In all cases considered, both with a regular packing of the spheres
and with their random filling, the cylinder-to-sphere diameter ratio was d./d=4.29, the height of
assemblies was H/d=36, and the porosity - 0.42.

Heat transfer from the cylinder was studied under the second-kind of boundary conditions (qu=const) in
air flow with Re = (0.3 to 12)-10°, determined from the sphere diameter and filtration rate (velocity of the
incoming flow in front of the sphere packing). Both local and perimeter-average heat transfer coefficients
from the cylinder vs. Re and the length of the heated part of the cylinder immersed in the sphere packing
were determined. Because the cylinder heat transfer stratifies streamwise, a relative length of the heated
part of the cylinder immersed in a sphere packing is incorporated in the relation for heat transfer. The
following relations were obtained for the perimeter-average heat transfer coefficients from the cylinder in
a bundle with an mtercylmdcr space filled with packmgs of spheres [1]: '

Nu = 0.0584-Re *¥(x/d) °" — in the case of regular (thombic) sphere packing, and
Nu = 0.096-Re °**(x/d) °” in the case of random sphere packing.

In the case with the annulus, the cylinder heat transfer is a little higher, and its dependence on Re and on
the cylinder height is more noticeable:

Nu = 0.094-Re ““(x/d) 018

Given relations describe the, expenmental 1000
data with a (3 to 4)% standard deviatfon. : -1
It should be pointed out that our data are [
consistent with the results of other authors
[2] dealing with the average' heat transfer
from a cylinder surrounded by.a random
filling of spheres (Fig.1). This indicates that
in LEI experiments there was; no effect of
the bundle cylinders or of the outer tube of
the annulus on the heat transfer from the - 10¢
cylinder considered.' As evident from the 3
results of the investigations; the heat transfer
from the cylinder with a random packing of
spheres is higher than that with a regular 1 NI ey . .
packing. Importantly, this is not related to 100 1000 10000
the increase of the assembly hydraulic drag. Re

Also it was determined that heat transfer

from a tube immersion in a sphere packing  Fig. 1. Heat transfer in various types of sphere packings .
increases by more than a factor of five by (x/d=15)

comparing the obtained data with heat - 1-- inner cylinder ‘of the annular filled with random
transfer in circular tubes [3] (Fig. 1). - - - : packing of a spheres; 2 - cylinder in a bundle with'an
Heat transfer from the spheres was studied « intercylinder space filled with random packing of a’
under the boundary- condition T,=const.  spheres; 3 - cylinder in a rhombic packing of spheres; 4-
This condition was assured by the cylinder in a sphere filling [2]; 5 - circular tube with no
construction of the spheres-heaters (Fig. 2).  spheres [3]

100 ¢

Nu _




The spheres-heaters were made from the cooper with high
thermal conductivity. The temperature was measured in 3 or
4 points on the sphere surface.

The mvestxgatlons -are performed by the local modelmg,
which allows to obtain the heat transfer _characteristics in
different places of the packing. The influence of heat transfer
by the conducnwty, radiation, and natural convection was
minimized “in the performed experiments.. In order to

minimize the heat losses by the conductivity the “ebonite or

plastic spheres with low conductivity were placed around the
spheres-heaters. The isolating plugs were embedded in the
walls of the experimental sections at the contact points with

spheres-heaters. The heat transfer by the radiation was less -

than 1 % due to low temperatures on the spheres-heaters
surfaces (less than 330 K). The heat transfer by the natural
convection was neglected due to the high Re values. .

The investigations of the heat transfer from the spheres in

the case, of .random packmg were performed “at ‘the same
expenmental section as heat transfer from the cylinder in a
bundle described above. The heat transfer from the spheres

was mvesugated in two cross sections of random pacing H/d=10 and 25. The four spheres-heaters were

.&Fig. 2. Construction of the sphere-heater
1 — sphere cover; 2 — sphere body; .

3~ heater coil; 4 — windings of coils;

5 - wires; 6 — point of temperature '
_ measurement

located in each cross section. The positions for the spheres-heaters were selected so that to find the
maximal differences in the heat transfer from the spheres. Despite of this, the dlffercnces in the heat -~

transfer from the spheres were not large, and the following relauon summarizes the expenmental data for _

all 8 locations with the standard deviation of 6 %: .
. L. -Nu=0.89-Re °%, -- .
The’ addmonal experimental section was desrgned for the

heat transfer from-spheres investigations in the rhombic -
packing. The cross section of this experimental section is -

presented schematically in the left hand top corner of the

Fig. 3. Two kinds ‘of the experimental  sections .were .-

investigated — with displacers (see right hand side of the
cross section) and without them. The displacers were used in
order to avoid ‘the frée channels that are formed .at the
cylindrical surfaces (see left hand side of the cross section).

The heat transfer from the spheres was investigated in the
different locations of the packing (pos. 1-4). The positions
for the spheres-heaters were selected so, that they cover all
typical locations in the cross section. The investigations of
the heat transfer were performed in two layers streamwxse -
in the 2™ and 6" layers of spheres pacing.: . ' :-. :

The experimental results demonstrated that .the d1Sp1acers
improve ‘the heat transfer on 20-40% :(Fig.4). The
differences in the heat transfer of spheres in different places .
of the packing with displacers are less than in the packing :
without displacers. This allows to summarize the heat

transfer from spheres results for all rhombxc packmg with -

displacers by one relation Nu = 0.6- Re?”. - ..

: Fig. 3. Expenmental secnon for heat -
_transfer investigation from the spheres )

1 - cylinder calorimeter; 2 — sphere; -
3 - displacer; 4 — point of temperature
measurement; 5 — bundle of cylinders

Beside the mvesnganons of heat transfer from the cylmder and from the . spheres, the expenmemal .
mvestxgatlons of the hydraulic drag and for all kinds of the packings described above were pcrformed The

fluid mixing was investigated in the regular rhombic and random packings of spheres, Wthh are arranged °

between axial streamlined cylinders [4]. Additionally, the experimental investigations were conducted for
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packings of spheres placed in thin annular slots. The &7+ *f T Nu10*
equations for porosity, - hydraulic drag and heat /’i ; 2 P
transfer from spheres were derived from the 3 4 A 4
experimental results [5]. ) g 2 o1

P 5] yy | ) L /ﬁ% .
3. Smooth and rough channels- - ‘ };-4/‘{ ‘4//{/ g% :
Studies of heat transfer and hydrodynamics in - 7. ! /ACA’/'{#':V')(:/'/‘/Q 8
variously shaped gas-cooled channels have been 06 1 % P . ////'/ 6
ongoing in LEI for a long time now. Initial attention " 57 ',‘;/L et L 14
was focused on the effect of variability of physical o4 1 ﬁ’/"’ v P uﬁN 8
properties in the boundary layer on heat transfer and SA L g — 2 = | 6
drag in flow over smooth and rough surfaces. High- ( J," Ry /.‘é/p; 4
temperature systems with gaseous working fluids 04 [ > ] LA
operate as a rule at high-temperature differences. /'/) / o
At LEI was accumulated a great deal of experience in 05 ~ BRI 2
investigating the heat fransfer%ngiz friction of a 04 'g/nk;(
smooth cylinder in axial flow placed in a large- e
diameter circular pipe. It was decided that the 06 : ".,- 06
accumulated data be employed _for detailed k o
investigation of heat transfer, friction, velocity, and 04 04
temperature  distributions in” the’ highly  non-

isothermal boundary layer that forms on smooth and 4 6 3100 2 4 s g0 2 Re

rough cylinders in axial flow, and that a single Fig. 4. Heat transfer from the spheres
procedure be employed for determining the effect of

different factors on heat transfer. Such studies allow more comprehensive investigation of the inlet regions
of annular ducts, which is particularly important for improving the designs of various heat exchangers
with short flow passages. The analysis of velocity and temperature distribution in the boundary layer that
forms on the initial zone of a smooth annular duct, and of the effect of the variability of physical
properties and surface curvature on heat transfer and friction was done [6, 7, 8].

The production of artificial roughness is one of the effective methods for the enhancement of convective
heat transfer, particularly at high heat loads, since the roughness elements turbulize the wall layer in which
the bulk of the thermal resistance is concentrated. However subsequent studies centered on investigating
the specifics of enhancement of heat transfer on rough surfaces and in rough channels at high-temperature
gradients in the boundary layer was the subject matter of a large number of experimental and a number of
analytic studies performed at LEI [6, 8, 9].

4. Complex-geometry channels bundle

Heat-transfer systems of circular elements of different diameter in axial flow and annular channels are
extensively employed. Basically these are densely packed bundles of twisted tubes of nuclear reactors,
blankets of thermonuclear reactors, cooling channels of various industrial devices, etc. Such heat
exchangers have a number of advantages which manifest themselves differently depending on the given
operating conditions. The undisputed advantage of compact bundles consists of their resistance to
vibrations and their significantly more intensive mixing of the working fluid between the channels than
occurs in bundles of straight tubes in longitudinal flow. . )
Early stage LEI investigations cover the experimental and theoretical study of the heat transfer inside an
oval helical tube [10], study of the unsteady process of heat carrier in a helical tube bundle when heat
carrier flow-rate is' increased/decreased [11].-The following comprehensive studies of heat transfer,
hydraulic drag, and turbulent structure of longitudinal flow over bundles in annular channels with a
helically shaped inside pipe with different” helix pitches and different cross-sectional shapes are
summarized in [6]. A great deal of attention is given to investigating the local characteristics over the



perimeter and length of the tubes, clarifying the factors responsible for the observed specifics of flow over
these surfaces, and making practical recommendations for their utilization. A physically validated model
of flow in bundies of twisted tubes was developed.

The latest our experiments in bundles of twisted tubes were performed over a wide range of Re (3- 102 to
2.10%), twisting pitches (s/dy=6.2-25) and cross-sectional shapes (two-, three- and four lobes) [8]. The bulk
of the experiments for investigating the effect of parameters such as the twisting pitch, cross-sectional
shape of the twisted tube, relative bundle length, variable physical properties of the gaseous working fluid,
and Re, were performed with a 19-, 37- and ‘151-tube sections. After comprehensive analytic and
experimental studies generalized predictive equations suitable for practical use were proposed.

5. Conclusions

On the basis of durable experimental results for heat transfer, hydrodynamics and flow structure obtained
for various gas-cooled types of sphere packings, as well as for smooth, helical tubes and annular channels
equipped with smooth/rough or helical inner lubes, such bundle of twisted tubes, were clarified specifics
of the manifestation of the effect of the variability of physical properties on transport processes in each
specific case, to find the physical causes for the differences observed as compared with smooth or straight
channels, and to obtain sufficiently general relationships for practical calculations. Conditions were
determined at which the enhancement of the heat transfer at high-temperature differences are more
significant than those at small differences. It shows that Lithuanian Energy Institute has accumulated long
term experience in the field of heat transfer mvestrgatlons and has good experimental basis for providing
such studies and followmg analytical analysis.
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ABSTRACT

The initial thermal hydraulic and physics design of a high temperature gas cooled
reactor for ship propulsion is described. The choice of thermodynamic cycle and
thermal power is made to suit the marine application. Several configurations of a
Helium cooled, Graphite moderated reactor are then analysed using the WIMS and
MONK codes from AEA Technology. Two geometries of fuel elements formed
using micro spheres in prismatic blocks, and various arrangements of control rods
and poison rods are examined. Reactivity calculations through life are made and 2
pattern of rod insertion to flatten the flux is proposed and analysed. Thermal
hydraulic calculations are made to find maximum fuel temperature under high power
with optimized flow distribution. Maximum temperature after loss of flow and
temperatures in the reactor vessel are also computed. The temperatures are
significantly below the known limits for the type of fuel proposed. It is concluded
that the reactor can provide the required power and lifetime between refueling within
likely space and weight constraints.

Introduction

There has recently, been renewed discussion [11,[2] of nuclear power for merchant ships.
In [1] reference was made to the consolidated nuclear steam raising plant, a water cooled design
for which much relevant'data exists. In [2] a high temperature gas cooled reactor coupled directly
to a gas turbine is advocated, but information on such a system is lacking. Much experience [3]
with the proposed fuel exists but it has not been shown that a compact reactor with a long
refueling interval and controllability for marine use can be designed. The present study aims to
produce a preliminary design of HTR suitable for marine use, which operates within the known
temperature limits of the fuel.

Power requirements

The first part of the study detérmines the thermal power required from the core.
Considerations of turbine maintenance and operator culture leads to the choice of steam turbine as
the power conversion system.’A cycle using super-heated steam at 550 °C at the turbine inlet is
analysed to find its efficiency. The gas circulators are assumed to be similar to those described in
[4]. An assessment of the power required for propulsion, hotel load and coolant crculation when



the efficiency of the power cycle is taken into account leads to a requirement for 180 MW
thermal from the reactor. The overall plant parameters are given in table 1.

Table 1 Overall plant paféineters

Thermal power 180 MW

Primary coolant (Helium) flowrate 86 kg/s

Helium core inlet/outlet temperatures 350°C/753°C

Helium pressure 45 bar B -
Steam pressure 40 bar Ty
Core design o

To design the core, two software packages from AEA Technology are employed.
The first, MONK [5], is based on the Monte-Carlo method. This stochastic method is mainly used

for calculations of criticality. Calculations of k effective and burn-up are performed, requiring

considerable computer time. The library used is the JEF2.2 or the UKNDL. The second package
is WIMS [6], a deterministic code that solves the equation of Boltzmann. Some modules are
based on collision probabilities, others on the Sn method in 1 or 2 dimensions. The code’is used

in this study.to perform rapid burn-up and k¢ calculatxons on simple simple geometries, before

using the Monte-Carlo code MONK on whole core models. -

The use of prismatic graphite blocks is imposed at the start of the pro_;ect A prevxous
study had considered a pebble bed and concerns_exist about the motion of thé pebbles and_
recycling pebbles in the marine environment. Two ways of mcorporatmg the basic fuel _
microspheres into element are therefore considered, alternate fuel rods and coolant holes in the
hexagonal graphite blocks and hollow fuel rods within coolant passages in the graphite moderator,
blocks. -Similar elements have been used in the Fort St Vrain and Dragon [7] reactors
respecnvely Using WIMS and MONK the effect of rod size and pitch on k mﬁmty at various
burnups is explored. The WIMS model uses a single element surrounded by annuli of graphite
and helium. The MONK model has a single hexagonal grapl’ute block in reflecting boundaries,
The dragon type element is chosen for further analysxs because it is more closely linked to the
coolant for heat transfer.-This should result in superior dynamic behaviour when confronted wnh
the varying power demands of the marine application.

The size of the core is determined by setting a maximum power density of 3.0 MW/m®
which previous studies suggest will limit the temperature during loss of flow accidents. Another
constraint is the space available in a typical ship. This has been represented by a 10.0 m cube
within which the core, pressure vessel and shielding are required to fit. Using the Dragon type
hexagonal blocks this leads to a core of 169 blocks each holdmg 19 fuel elements with a radius of
3.3 m and a height of 3.0 m. This is shown in figure 1. E : b

- ~
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Figurel Overall core configuration™ .

The use of burnable poisons to produce an even reactivity over a long core life is studied
using WIMS for infinite array calculations and MONK for whole core calculations. Using WIMS
a design of poison rod is developed which gives ki close to 1.15 over a life of 30000 MWd/T.
The poison pins are placed in the central hole of each graphite block and have a concentration of
gadolinium which increases in four steps from 1% at the outer radius of 3.5 cm to 4% at the inner
radius of 1.5 cm. This design is then analysed in a whole core model using MONK and produces
k effective close to 1.1 over the core life. : ‘

Three patterns of control rods are analysed using MONK before choosing an arrangement
of seven rings of six hexagons each containinga large circular section rod and 12 standard fuel
channels. One of this rings is at the center and one at each comer of the core. The control rod
material is Hafnium and the diameter 12.0 cm. A calculation of the power profile across the core,
shows the influence of these rods. " Four rod configurations are analysed based on three rod
groups. Group 1 are the six rods in the core center and group 3 are the two rods in each outer ring
which lie on a radial line to the comers of the core. Group three are the remaining four rods in
each outer ring. This grouping can be modeled using 1/12% of the core ‘which can be seen in
figure 2. L

Group 1
+Group 2~
Group 3

12 th core model

Figure 2 Core plan and rod groups



The final configuration has group 1 inserted 2.0 m into the 3.0 m high core, group 3 are fully -
inserted and the core is controlled by group 2 which are inserted 1.0 m at the start of life. This' .

gives a radial power profile a peak to average value of 1.08 and an average power per assembly.
of 1.06 MW at full power. Axial power profiles are calculated by the same MONK analysis. This
calculates the power in 50 cm axial sections 'of each hexagonal column in the core. The maximum
power in such a section is twice the average power and is found in the region under the central

control rods.' The k.g value with all rods withdrawn is 1.117 and with each group alone fully - ;

inserted it is 1.0998, 1.0725 and 1.0625. For all rods inserted k.= 0.916 and max value for any .
two rods withdrawn is 0.951.

Calculation of the temperature coefficients of reactivity for the fuel and for the moderator
are made at the beginning and end of life shows that a single value closely describes the
behaviour between 30°C and 1300°C with a second value between 1300°C and+1700 °C.

The effect of poisons following reduction of power from full power is explored by -

performing a burnup calculation at a constant temperature of 900 °C . A reduction in reactivity of
1400 pcm occurs after 3-4 days which can be compensated by withdrawing group 2 rods. A
similar calculation for a reactor scram and temperature fall to 30°C shows recovery of reactivity
but confirms that the reactor can still be kept sub-critical even if two rods fail to drop.

The principal features of the core are summarized in table 2.

Table 2 Principal features of the core

Radius of fuel micro sphere 0.457 mm N
Spacing between micro spheres 1.0 mm

Number of micro spheres per element 771300

Radius of fuel element R,:1.875 cm/ R,: 2.50cm

Radius of Helium channel ~+|-R;: 1.325¢m / R,:3.50em

Pitch of elements -80cem- - R
Volume % of fuel in element 9.36 %

Number of fuel elements +-2790

Number of hexagonal assemblages 169

Assemblage size - center to flat 21.85 cm

Core size - center to flat -2.9014 m

Reflector radius “3.8m -

Core height 3.0m : ‘
Power density 2.51 MW/m’ o .
Number / diam. of control rods (Hf) 42/12.0cm

Number / diam. burnable poison rods (Gd,03) 127/7.0cm -

Thermal Hydraulics

t

temperature in operation is below 1100 °C and after a depressurisation accident s less than 1600
°C. Programs are written in the general scientific computing package MATLAB [8] to calculate

The' thermal Hy'draulics of the reai:tor: is iéka?ﬁihqd to ensure that the maximum fuel- --

the temperature in the fuel matrix , at the centre of a microsphere and in the pressure vessel inthe *

steady state, and also for the transient following loss of convective cooling. )
The steady state calculation analyses a representative fuel element for each of the 169-

prismatic blocks in the core. A numerical integration in the axial direction for the coolant -
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temperature is performed using the power profiles generated by MONK. This is linked to
analytical expressions. for the radial temperature differences which involves finding the power
split to the internal and external coolant channels' of the hollow fuel elements. The temperature
rise through a microsphere is added to the maximum temperature in the fuel matrix. With equal
flow rates in all channels the maximum temperature is above 1100 °C, The program is developed
to optimize the flow distribution so that the temperature is below 1100°C everywhere without an
excessive number of different rates. Eleven flow groups are found giving the maximum fuel
temperatures shown in figure 3.

Figure 3 Maximum fuel temperatures in the core

Further additions to the program allow the temperature in the steel pressure vessel to be
calculated. This is externally cooled by natural circulation and on the inside separated from the
core by Helium returning from the cold leg and flowing upwards before entering the core. A
maximum temperature of 388 °C is found at full power with little variation in the axial direction.
This is below the limit of 500 °C for phase transition.

The transient calculation uses a finite volume solution of the conduction equation with
implicit time integration. A"10cm axial slice at the hottest level in the core is modeled. This is
divided into six radial regions representing the core, reflector, first thermal shield, Helium layer,
second thermal shield and pressure vessel." These are represented by a 25x42 (r8) grid of cells.
Initial core temperatures shown in figure 3 are applied with corresponding values in the outer
regions. A representative decay heat input is applied and an outer temperature of 50 °C. The
calculation is continued until the maximum temperature condition which occurs after 17 hours is
found. At this point the maximum temperature is 1253 °C, well within the limit of 1600 °C
proposed at the start of the study. ' -

Shielding

Calculations of the performance, size and disposition of the secondary machinery and of
the shielding are also made. These may be the subject of a separate paper.

Conclusions

The advantages of high tembe‘ratux"e Helium 661;1ed reactors can be rez{lizefl’ ina
design which is adapted to the marine propulsion application. A design of sufficient
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power yet with low power density will fit within the space likely to be available. A long
interval between refueling with an enrichment of €5% can be obtained by using burnable
poisons. Calculations confirming this for a scheme ‘using Gadolinium oxide rods have
been made. Maximum fuel temperatures at full power can be kept below 1100 °C by
distributing the Helium flow in a manner which has been calculated. The maximum temperature
after a loss of coolant flow can be limited to 1300 cC for the desrgn proposed
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ABSTRACT o ‘

Research activities are in ess on the modular HTR technology, supported by the European
Commission within its 5® Euratom Framework Programme. Two Projects (HTR-M & HTR-
M1) consider the selection and development of materials for the reactor vessel, high
temperature control rod and turbine, and graphite core. They involve two areas of activity
covering a literature review and database and materials testing including irradiation tests in the
High Flux Reactor at Petten. This paper describes the activities of the combined HTR-M / M1
programme and some results from the first year, The paper also looks towards the planning of
some key tests due to begin in 2002.

Introduction

High temperature and gas-cooled reactors have been developed within Europe over many decades and
considerable expertise exists within the European Community countries in this technology. There has
been renewed in modular and direct cycle concepts in recent years and European Community Framework
Programmes have been launched to consolidate and advance this modular HTR technology in Europe [1].
Coordinated projects are underway to investigate important technological issues associated with HTR
development in key some technical areas (HTR-F, HTR-M, HIR-N, HTR-E, HIR-L). They cover issues
on Fuel, Materials, Nuclear Physics, Equipment, and Licensing. The projects involve partnerships between
principal industrial and research organisations from different countries of the European Union, and have
the individual aim to develop and consolidate European expertise and experience in each of the individual
areas. A Furopean HTR Technology Network (HTR-TN) has also been launched to coordinate and
encourage work-shared actions within European companies and to serve as a channel for international
collaboration [2). This network involves over 20 organisations from industry, research and development,
utilities, universities together with the Joint Research Centre (JRC) of the European Commission. These

4



companies have agreed to work collectively on longer-term issues to established a firm basis for continued

development of HTR’s in Europe. The technological issues important to two recent industrial projects

PBMR and GT-MHR are used as basis. o

The project on materials (denoted HTR-M & M1) deals with the selection and development of materials_
for the reactor pressure vessel, high temperature resistant alloys for the internal structures and turbine and

graphite for the reactor core. The work began in November 2000 and involves eight partners from five .

European countries. This paper gives an update of the progress of the work for the HTR2002 conference -

and discussés some of the initial results. The main elements of the programme have previously been

reviewed [3,4] and are shown in Figure 1.
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The main objectives of the HTR Materials projects are to develop:

= HTR vessel materials and data in the areas of design analysis, structural integrity

analysxs and -

materials properties under irradiated and non-irradiated conditions including testing onwelds. =~ . I .

-

L)

internals and for the turbine . - s e , .
Graphité materials data identifying new graphites suitable for HTR and p
and formulating a database of available information. ~ -
Gr'apllit‘ef fo;'ddation -and consequences’ of severe -air
development of HTR models and data, protective coatings and innovative C-based materials.

A N Ve F -
N FE R N

=

=

The project involves two main areas of investigation:-.> - . . Vo
Review and database = .. . !7' oo e e e
The Vessel materials-can operate at temperatures as high as 450°C and hinforfnﬁﬁon is required on

manufacturing, * environment (neutron-irradiation: fluence, - operational temperature, and helium’.

environment) and welding.” “The primary circuit components operate at temperatures of 850-900°C and .

= .

metals and ceramic ‘materials are being considered for.the reactor internals, core support, etc. with high .
strength alloys for the turbine. - Graphite acts as a moderator and structural component and has important "~ "
safety implications because of structural and other property changes that occur when it is irradiated.

Information on all these components is crucial and design and material property data under HTR relevant

ingress with core burning: including” the .

i

=

[N £

-

Materials for the high temperature regions of the HTR under simulated environments for, both i’éact'c’?ri .

orming important testing .
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conditions are to be reviewed and compiled for candidate materials of different HTR concepts, in relation
to both normal and accident conditions. ’ ’

Materials testing

For the vessel some tests on a chosen grade of steel taken from typical welded vessel joints are to be
carried out undér irradiated and non-irradiated conditions. - The test pieces will be irradiated in the Petten -
High Flux Reactor prior to performing the mechanical testing. For the high temperature control rod and -
the turbine components some short term and medium term testing of important material options under
simulated HTR environments are to be carried out. The tests concern fracture, creep and creep fatigue
conditions in air and helium environments. For graphite the tests will be carried out to determine
properties and oxidation. Many existing graphites used in previous core designs are no longer
manufactured commercially, and currently available grades are limited to a few specific sources of raw
materials. Alternative graphite grades with a better combination of desirable properties will therefore be
irradiated in the HFR and tested to determine variations in physical and mechanical properties up to
low/medium doses. Also test work associated with graphite oxidation on the consequences of severe air
ingress with core burning and advanced C-based options is to be performed

Review and Database

Vessel Steels :

Most designs of future plant make use of the either an LWR type steel or Modified 9Cr 1Mo. These
materials have similar strength levels at temperatures up to 370°C. Modified 9CriMo steel allows higher
temperatures with only a gradual reduction in design strength at temperatures up to 450°C and above
450°C allowable stresses for all materials fall off rapidly. The main structural integrity concerns are at the
vessel welds, at thicker sections, hot spots and regions important to functionality. Fracture, fatigue and
creep-fatigue (depending on temperature) are the main damage mechanisms with compatibility aspects
(metal loss and carburisation) unlikely to have an impact on material choice. The data base is being
assembled to include such materials as C-Mn steels (as used in the UK Magnox and AGR types), SA 508
Grade 3 Class 1 (LWR) or its European equivalent, 2% Cr-1Mo steel as used on HTTR and Modified
9Cr1Mo. Aspects such as provisions, products & parts, test and design data'and environment are to be
covered. Significant amounts of a data exist for these steels and the main focus is on ‘comparisons and
assembling relevant design data. Mod 9Cr 1Mo steel showed the most uncertainty on data and fabrication
experience with respect to HTR characteristics. It also potentially has the wider applicability. Mod 9Cr 1
steel was therefore selected for the test programme in the High Flux Reactor (HFR).

High Temperature materials : R e

Materials for the control rod and turbine (blades and discs) are being investigated.. Carbon-carbon
composites offer advantages in strength, ductility and increased thermal resistance over-metal alloys,
giving potential for improved reactivity control during shutdown and for allowing the normal operating
temperatures of future reactors to be incréased {5]. " For the turbine high temperatures and long term
endurance are key issues. Criteria for material selection are typically to be based on a safe operation
period of up to 60,000 h at 3000 rpm (50 Hz), with upper temperature Iimits in the range 850 to 950°C.
The main criteria to be considered. are creep and the influence of: environment. Manufacturing
considerations are also a major factor for the disc. Candidate alloys for the disc must be capable of
production of large defect free ingots with good forging properties and proven thermal stability. The need
for cooling is another major issue since the review has shown temperature limits for suitable disc materials
to be below 750°C. For blades corrosion is a concern. Helium atmospheres from decomposition of -

methane under extremely low oxygen partial pressures are heavily carburising and can cause a significant .

shortening of the material creep life and accelerated creep crack growth rates.. The presence of alloying
clements such as cobalt (which is in most of the currently available turbine disc and blade materials) may
be difficult to avoid. The main issues are the potential for plate out and lift off of particles and their
activation and prevention of them flowing through the core. The review and data base work has identified
a few potential materials and these are being considered for the experiments.



Graphite

The graphite core is a key component that affects safety and operability of the reactor. It provides .

structural support, coolant channels, moderatlon, and shielding while operating in & high temperature

helium environment. Its performance is critically dependent -on the graphite properties, which are -
irradiation dependent. The most important considerations are component integrity and changes in core -
geometry, both of which are affected by the dimensional change. Many of the graphites used in previous -

core designs are no longer available. The main questions are on the availability . of ‘the coke and
manufacturing procedure. There are only three manufacturers left in the world. The’ decline in the ability”
to manufacture nuclear grade graphite in large quantities in the UK is an example of this.” Two large
plants, one owned by Anglo Great Lakes (AGL now SGL) and the other by British Acheson Electrodes
Ltd (BAEL, later known as Union Carbide and presently called UCAR) manufactured all the Gilsocarbon
graphite used in the UK’s AGRs. Neither plant now exists. Today's HTGR projects - HTTR (Japan) and
HTR-10 (Chinza) - use a Japanese graphite (IG-110). -This graphite, with its high strength, should be taken-
into account for cxchangwble core components where low fast neutron fluences and hence low total doses
apply. The proposal is to approach each of the three remaining manufacturers to see what graphites they ~
can offer. The work on the review and collection of graphite properties is considering the accessible
information on the IAEA database, internal information and published information at seminars and
conferences. The IAEA database was established to help the development of International programmes on
graphite moderated reactors, assist safety authorities in assessment of safety: aspects and serve as a source
of scientific information for nuclear and non-nuclear technology. The database is considered to have data
that is relevant to the irradiation temperature and neutron fluence domains for new HTR’s ’

Materials testing S etk

Vessel Steel o Cel

The test programme for the vessel steel will concentrate on- quahfcatxon of Mod 9Cr 1 Mo " For thJs
purpose an irradiation test of thick welded joints is being prepared. The tests involve the use of the Lyra
rig, giving accurate control of the temperatures and use of a helium atmosphere. The heaters in the rig

will be used to correct the temperature levels obtained from gamma heating. ’ Post irradiation tests will -

include tensile, creep, Charpy and CT toughness tests. The fabrication and characterisation of the welded -
speclmens involves tests on 40 and 150mm thick plate. The thinner plate specimens provide a means for
trials using different weld bead lengths and different weld .parameters before producing the final weld
specimens with the thicker plate The conditions used will simulate the accumulated dose at the end of -
life. For the tests the lowest temperature condition is being considered as lngher temperatures are

expected to act to anneal out any irradiation damage effects. Work has started in defining the tests for

post-irradiation and reference properties and final test selections and boundary conditions. ~ The

~

procurement of the material and fabrication of the thick section welded test pieces will be done following
completion of the characterisation tests. The test programme details are expected to be ﬁnallsed by mid .7

2002 to allow the actual test programme to start towards the end of 2002 Lo -
High T emperature matérials ’ o ) ; .
Experiments on these materials will involve short and mtermedrate term’ tests.' High temperature - short-

term mechanical/ creep tests are planned for the control rod material. Short term tensilé/ creep tests (air, -

helium) up to 850°C are planned for the blade ‘materials (2 grades) and fanguc and creep/ fatigue tests up
to 750°C in air and helium for the disc material (1 grade). " The duration of the intermediate creep tests is
expected to be >5000 h. The tests on the blade material will include aged and notchied samples. The test

matrix and proposals for the tést conditions will as far as possible bound the temperature and transient . °

cases experienced by the turbine. The détails of the test | programme and necssary hmt treatments will be
finalised dunng 2002. Possible candidate materials for the blade and disc tests are east IN738 and IN792
DS which give a good creep resistance. For the dlsc U720 has a potential for operatlon up to 700°C and
IN706 at 650°C Dlscussmns are underway wrth supphers to conﬁrm mmal choxces and avaxlablllty

R o7 we s Wt . M 1 A.!.""','
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Graphite

The irradiation experiment will use a test rig that allows two distinct temperature levels to be obtained.
Measurements will be on dimensional changes, Young’s modulus, CTE and thermal conductivity. The
final conditions of the experiment have yet to be confirmed. The current programme must use currently
available graphifés since the development of a new material would take 3-5 years. Ideally the test
conditions for the experiment would be those that give data for candidate graphites up the peak end of life
fluence. This requires a significant effort over a long time scale, typically 10 years. The target flux in the
current four year programme will be as high as possible.

The graphite oxidation work involves three experimental tasks relevant to safety analysis and licensing.
Tests on graphite oxidation using THERA and INDEX facilities are well advanced. Measurements have
been taken on the kinetics of graphite in oxygen for temperatures between 550 and 750°C and partial
pressures of between 2 and 20kPa.: Oxidation- resistance of three-selected Carbon-Fibre-Composites
(CFC’s) developed for the Fusion Reactor have also, been measured on THERA in air and oxygen
(800°C): A 3D CFC containing about 9 at-% of silicon showed reactivity reduced by a factor of 2
compared with similar but non-silicon containing material. Oxidation attack concentrates on the matrix
instead of the fibers. Further tests in steam are planned for 2002. Results from the high flow rate test rig
INDEX are expected in mid 2002. Experiments are also planned for irradiated and non-irradiated CFC
materials (up to 1dpa) that will look at strength, dimensional change, thermal diffusivity and heat capacity.
Experiments to determine the thermal conductivity of such CFC materials have been made in non-
irradiated material with tests on frradiated samples to be completed in 2002.

Summary and Conclusions

This paper reviews research activities on the HTR-Materials projects in support of the modular HTR
technology within Europe.. Overall the project is progressing to programme with review and data base
investigations in hand and planning for experiments started. Graphite oxidation experiments are well
underway and results available. The next phase of the work will involve decisions on materials and the
setting up of the tests on the vessel material, the disc and blade high temperature alloys, and for the
graphite irradiation tests to enable them to start as early as possible in the programme.
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ABSTRACT

The pebble-bed reactor can be considered as a packed bed reactor. The mechanisms of fluid

flow and heat transfer in such a bed are sensitive to the porosity distribution of the bed. In

this paper numerical procedures are prcscnted to evaluate the axial and radial variations of

the porosity in a cylindrical packed bed. The application of the procedures is illustrated by
analyzing the porosity distribution in the pebble-bed core, ‘which was generated usinga = ~
discrete element approach. The typical oscillatory variation in porosity near the wall is
observcd. 1t is also found that significant local variations in the porosity can occur.

.t

1. Introductlon

The core of the pebble-bed reactor, currently being designed in South Africa, wﬂl consist of a central
cylindrical collection of graphite balls surrounded by an annular collection of fuel balls. The reactor
will be a MEDUL type reactor, which means that graphite and fuel balls will be added regularly at the
top of the reactor and removed at the bottom of the reactor. The flow rate of the balls is envisaged to
be in the order of 5000 balls per day which is approximately 0.013% of the total number of balls in the
core. The pebble-bed reactor can therefore, as a first approximation, be considered as a fixed or a
packed bed reactor. - T

- (e 4

The desxgn of a packed bed rmctor is based upon mcchamsms of heat and mass u'ansfcr, and the flow i 5

and pressure drop of the fluid through the bed of solids. The mechanisms in turn are all sensitive to the o

porosity of the packed bed. Therefore, knowledge of the por051ty distribution within a packed bed is - -
important to any rigorous analysis of the transport phenomena in the bed [1]. In a packed bed reactor . )
the porosity varies sharply near the wall, since the geometry of the packing is interrupted there. Asa -

result the velocity proﬁlc inside a packed bed is severely distorted near the wall, reaching a maximum
in the near-wall reglon This was confirmed by Vortmeyer and Schuster [7] who evaluated the steady-
state flow profiles in rectangular and circular packed beds. They solved the Bnnkman equation by an
equivalent variational method and approximated the radial variation of the porosity with a smooth
exponential expression. This phenomcnon can have a significant impact on heat and mass transfer in

packed beds [2]. The variation in the porosity of the ‘core near the wall of the pebble-bed reactor has -

been recognized [3], but the effect that it has on thc ﬂow and tcmpcraturc distribution has not becn
taken into account [4].

As part of an investigation into the movement of the spheres through a pebble bed, Bedenig [3] also

determined the porosity of the bed. By slowly filling a'model of a pebble bed with water, he could

determine the variation of the porosity of the bed as a function of the height from the bottom of the

reactor. The results show that the porosity near the bottom is large and rapidly diminishes away from
the bed until it attains an average or bulk value approxlmatcly five ‘sphere diameters away from thc

bottom. However, the data were not detailéd enough to exhibit the well-known periodic variation in -

the porosity away from a containing wall. This effect was demonstrated by the experimental study of
Goodling et al. [1]. They studied the radial por051ty distribution in resin filled cylindrical beds packed
with spheres by machining down annular rings. This was also confirmed by the investigation of
Sederman et al. [5]. They used a Magnetic Resonance Imaging technique to study the radial porosity

distribution in cylindrical packed beds filled with water. Furthermore, Goodling et al. [1] observed that -

the radial porosity distribution exhibited an exponential variation combined with a damped oscillation.
Cohen and Metzner [6] proposed 2 mathematical expression for the oscillatory variation. Vortmeyer
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and Schuster [7] also did some calculations using an oscillatory porosity variation in accordance with
the results they obtained. They assumed the Ergun relation for pressure loss to be locally valid
according to the drastic variation in por051ty However, Du Toit [8] has found that the validity of this
assumption may be debatable if the origin of the Ergun rclatlon is conSIdered

It is therefore important that in the design and analysis of the pebble-bed reactor, the occurrence of
flow distortion should be investigated and that the scale of the effect that it has on all the associated
phenomena in the reactor be determined. For this an intimate knowledge of the variation of the
porosity is required. In this paper procedures are discussed that were developed to analyze the
variation in the porosity in the axial and radial directions numerically.

2. Theory

To perform the analyses, the coordinates and the size of the spheres constituting the packed bed are
required. The spheres are assumed to be uniform. The quality of the data can first of all be evaluated
by investigating the overlap between the spheres. Ideally there should be no overlap. The distance d,

between spheres i and j can be calculated as

d, \/(x, -xj +(» - y,) +(z z/) M
where x,3,,2, and x,,y,,z, are the coordinates of the centers of the spheres. The ovetlap 4, is then
given as

d,-d, for ) d,<d, @
0 for d,2d,
where d, is the diameter of the spheres.

i

The variation in the porosity in the axial direction can be determined from the ratio between the area
occupied by the spheres and the cross sectional area of the reactor (cylinder) at each axial cross section
considered. The axial porosity €, at thelevel z is therefore given as,

o m1-(S4)/4 ) ®
where 4, is the cross sectional area of the cylinder. The area 4, of the cross section of the sphere i
in the plane z is given'as -

4= zr[r2 -(z- z)z] for Iz -z| <r, @
where r, is the radius of the spheres '

The variation in the porosxty in the radial dxrectxon can be determined from the ratio between the area

occupied the by spheres and the circumferential area of the cylindrical plane at each radial position
considered. The radial porosity €, at the radial position r is therefore given as,

& =1-(X4,)/4 ®)
where 4, is the circumferential area of the cylmdncal plane and is given by
4, =27r(z,-z) ‘ (6)

and z, and z, are the upper and lower limits of the cylinder or part of the cylinder considered. The
area 4, of the cross section of the sphere i in the cylindrical plane is given as

4, = Z(ZAZ rﬂ/n, for lz,+r|>z, ) lz,-r|<z,,, and Ir r|<r 0
where 7, is the rad1a1 distance ﬁ'om the axis "of the cylinder to the center of the sphere and n, the
number of mtegrauon mtervals Let the x' direction be defined by the line from the axis of the
cylinder to the center of the sphere. The coordinates (x7,y:) of the points where the cylindrical plane

intersects the perimeter of the center plane, erpcndlcular to the axial dxrcctlon, of the sphere can be
calculated as



14

x:=(r2_—}2+1;’)/2’}, . ‘ ‘ o o ®

and e - ( .

N ey @nt ' R

The angle 6, berween the x' direction and the line connectmg the axis of the cyhnder and the
intersection pomt(s) is given by

6, =xcos™ (x./r) _ 10)
The ordimates z,, of the penmeter of the cross sectron A, relatrve to the center plane of the sphere can
be obtained as

z, =\/r: ~r*—r?+2rr,cos0, for -0,<6,<6, T ’ ¢! 1)
Further - - - ]

z,=z,+z, for z, <z, else z =z . . S (12)
and . 7 S S . - .o r

Z,=2,-2, for z,,j >z, else 2y =2 : .- (13) -

Finally the height (or wrdth) Az of the cross section A,, at the angle 6 is given as

Az;=z,-z, for ;zbf<zW else Az, 0 ) 'A(1.4)

3. Application and results

The application of the procedures is illustrated by analyzing the porosity of a numerical model of a test
cylindrical packed bed and the porosity of a numerical model of the pebble-bed reactor. In both cases
the numerical models were generated using the discrete element method [9].
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The test cyhndncal packed bed had a diameter of 0.0714 m and a herght of 0.0952 tn and was ﬁlled P

with 4117 lead spheres with a diameter of 0.00476 m. An analysrs of the overlap between the spheres

has indicated that the average overlap is 2.08% and the’ maxmmm over]ap is 7.87%. It has been found

that there are 149 overlaps > 0% and <0.1%, 2256 overlaps >0.1% and < 1%, 3445 overlaps >1%

and <2%, 3117 overlaps >2% and <3%, 1713 overlaps >3% and <4%, 670 overlaps >4% and *

<5%, 152 overlaps >5% and <6%, 17 overlaps >6% and <7%, and 5 overlaps >7% and 58%

Not mdrcated in the numbers is thata number of spheres also penetrated through the sohd surfaces a
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The axial variation in the porosity for the test cylindrical packed bed is shown in Figure 1. The typical
oscillatory variation in the porosity near a solid surface can be seen at the bottom. The oscillations are
damped out after about five sphere diameters from the bottom after which the porosity hovers around
0.39, which was specified as the bulk porosity. The typical oscillatory variation in the porosity is also
observed at the top of the cylinder. This indicates that all the spheres were not dropped freely into the
cylinder, but that at least some of the spheres were squeezed or forced into the cylinder. This was
indeed the case.

1

08

e
N

o

*
=
.2

Radial porosity
[-]
-
>

o
W
|
Lo
1
[:
q
4

o
[
q

4
-

0 1 2 3 4 Ss--6 T & % 10 11 12 13 14 15 18 17
+ Ball diameters from wall

[~m=2=1 75 —ar— 25 65 ~0—70.55 ~==gverape |

Figure 2, Radial variation in i)orosity for pebble;bcd_reactor.

The cylindrical section of the pebble-bed that was analyzed, had a height of 8.29 m and a diameter of
3.75 m, whilst the entire bed was filled with 95356 graphite uniform balls with a diameter of 0.10 m.
The positions of the spheres were obtained from a “snapshot” that was taken of a DEM simulation of
the moving bed. An analysis of the overlap between the spheres has indicated that the average overlap
is 1.01% and the maximum overlap is 20.68%. It has been found that there are 10152 overlaps > 0%
and <0.1%, 140589 overlaps >0.1% and <1%, 90070 overlaps >1% and <2%, 21903 overlaps
>2% and <3%, 2884 overlaps > 3% and <4%, 334 overlaps >4% and <5%, 42 overlaps >5% and
<6%, 6 overlaps >6% and <7%, 2 overlaps >7% and <8%, 2 overlaps >8% and <9%, and 1
overlaps >20% and <25%. Not indicated in the numbers is that a number of spheres also penetrated
through the solid surfaces. ’ . :

The radial variation in the porosity for the cylindrical section of the pebble-bed is shown in Figure 2. It
should be noted that the curves represent the average porosity in the tangential direction at each radial
position. Four curves are shown, i.e. for a very thin slice (2, —z, =10pm) near the bottom, a very thin
slice in the middle, and a very thin slice near the top of the cylindrical section, and then the average for
the full height of the cylindrical section. The typical damped oscillatory variation in the porosity near
the wall, particularly in the case of the average, can be seen and is in good agreement with what had
been found by Goodling et ali [1] and Sederman et al. [5]. It should be noted that the results of
Goodling et al. [1] and Sederman et al. [5] are also representative average values. An analysis of the
lower third of the cylindrical section, of the middle third and then of the upper third also exhibited the
same trends as the average taken over the full height. A close look at the first three curves reveals that
locally the radial porosity varies significantly around the average value. Especially near the axis of the

cylinder the porosity can be significantly higher, or lower, than the bulk value which is in this case "

+0.385. Nearer to the wall the variation around the average is much less. A possible explanation for
this phenomenon can be the following. At the larger radii there is more space for the spheres and it is
therefore easier to form a reasonably regular packing. At the smaller radii the space becomes less and
the packing therefore also becomes more irregular leading to the values that are observed. Another



observation that can be made, is that at the bottom of the cylindrical section the minimum porosity
near the wall is slightly less than the theoretical minimum of 0.2146. This is probably indicative of the
effect of the overlaps that occur. However, this is also suggests that the first layer of the packing is
almost perfectly cubical in the radial direction next to the wall in this region. This can be attributed
amongst others to the compressive force exerted by the spheres above. In the middle and near the top
of the cylindrical section, however, the nature of the packing next to the wall seems to be less cubicgl.

+ .
e 3

4. Conclusion e,

In the design and analysis of the pebble-bed reactor, the occurrence of flow distortion should be
investigated and the scale of the effect that it has on all the associated phenomena in the reactor should
be determined. For this an intimate knowledge of the variation of the porosity is required. In this paper
procedures that were developed to analyze the variation 'in the porosity in the axial and radial
directions numerically, have been discussed. The apphca’uon of the procedures has been illustrated by~
analyzing the porosity of a numerical model of a test cylindrical packed bed and ‘the porosity of a
numerical model of the pebble-bed reactor. In both cases the numerical models were generated using
the discrete element method. The typical oscillations in por051ty near the walls have been observed.

However, it has been found that 51gruﬁeant local variations in the porosity can occur. This can have a
marked effect on the local variations in the flow distribution and heat transfer that may occur. These
routines will allow the analyst to perform a eareful analysis of the local ‘variations in the porosity of
the pebble-bed. By analyzing a number of consecutive “snapshots™ the way in which the porosity
varies over time can also be assessed. This knowledge can then be used to determine the local
variations in the flow velocities and the temperatures as a result of the non-umfonn dxsm“buuon in'the
porosity. i L e e
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~ ABSTRACT

A theoretical model describing the coupling of neutronics, thérmohydraulics and
fluidization in a fluidized bed nuclear reactor is presented. Simulations of operational
transient conditions are performed, viz. a decrease of coolant flow rate and a change of
coolant inlet temperature. These simulations show that the fuel temperature remains below
the maximum allowable temperature of TRISO fuel, therefore ensuring a safe operational
transient. The maximum reactivity is inherently limted and is rapidly compensated by the
passive feedback mechanism.

1. Introduction : .

FLUBER is a conceptual design of a fluidized bed nuclear reactor that consists of TRISO coated fuel
particles contained in a graphite-walled cylinder. The core cavity has a cross sectional area of 1 m? and
a height of 6 m. The thickness of the axial and radial graphite reflectors is 1 m. Helium is used both as
fluidization gas as well as coolant. The outer diameter of the fuel particles is 1 mm and the enrichment
of the fuel kernel is fixed at 16.76%. When the helium flow is low enough, the core is packed and
subcritical due to a lack of moderation. As the flow is increased, the core expands and reactivity is
increased due to the influence of the graphite reflectors. In previous work, a geometric design was
used where the reactivity attained a maximum at a certain flow rate and where the reactor became
subcritical at high flow rates. The maximum attainable power was rather limited. In the present work,
we choose a geometric design where the power attains its maximum at full core expansion. The power
that can be reached in this way is somewhat higher than in the previous design. -

A recent paper [1] discussed a startup transient that was simulated for an instantaneous increase of
flow rate from 4 to 11 kg/s and showed that although the total power of the reactor may reach high _
values, the fuel temperature is well below safety limits at all times. The current paper describes several .
operational transients in FLUBER using the point dynamics model with coupled neutronics, thermal-
hydraulics and fluidization interaction, which is intended as an improvement to the model presented by
Kloosterman et al. [2] and as a reduced model to the fully coupled multidimensional one [3].

2. Model

The fluidization process is described by using the Richardson and Zaki (RZ) correlation which relates
the fluidization velocity, U,, to the bed porosity, &,

U,.=U.el 1)

where U, is the particle terminal velocity and n is a constant. The void fraction is assumed to relax



~

towards the steady state value as given by RZ with a timescale 7, TS

de 1 - ’ B
—_—=—(E_ —E . - PN
dt ‘L'( ) vt . - RN )

The timescale is ﬁrbportional to the bed height agci inverse proportional to the gas velocity which "~ -

corresponds to the time of propagation of a disturbance through the bed.

The energy equation for the fuel particles is

P - - -
H

dTp " .. .
mpcp,p'E—=E+Q ) . 3)

and that for the gaseous coolant is

: dT, ' dm ~
mCpy—2=GoCpps (T, —Tw)——d—t‘-(TM -T,)-0 . @

T a 8P dt g

where P, is the total power, G, is the inlet mass flow rate of the helium, T,, and T, are the inlet and
outlet temperature of the helium, the subscripts p and g denote particle and gas respectively. Within
the current point model an axially linear gas temperature distribution is employed [2], describing the
relation of T, to Ty and T,. The interfacial heat transfer, Q, is based on the Nusselt relation for a
single particle. Observe that the mass of particle in the above equations is constant, whereas the mass

of coolant includes only that part in the active core region, which varies during a transient.

The basic equations for the point kinetics model is

dP, [p-§ < S
—P =P+ ) AC+— (5)
L dt [ A ]" 2’ A _
the precurso; concentrations further satisfy LR o L
dc, B, .
- —‘F':XPP—A‘C‘, 1=1,...,Np (6)
and the decay heat is formulated as o e ‘ i
-t gp Lo b -
oo o Baa Y p AP on=1.N, “ ay
Lot L. . s dt QI S T s - ;

where P, is the prompt ﬁs;sion thermal power, Pais the delayed comporent, P is the 'reactivity, = "7

denotes the delayed neutron fraction, A is the neutron generation time,’ C;" is ‘the precursor '
concentration of class i, A is its corresponding decay-constant, S is the independent neutron source,
expressed in power units and 0y is the prompt recoverable energy per fission. In the present work 6
precursor groups and 15 decay heat groups are employed. There are two components of reactivity
feedback existing in the fluidized bed fission reactor: (a) feedback due to variation of the bed height,

.,

Pres» and (b) feedback from temperature effects, pr:

p(e.T,)= P, (€)+pr(€.T,) " (8)
Two different formulations are used for the temperature féedback (i) a steady state formulation where
the reflector temperature is assumed to be in between that of the core and room temperature, and (i) a
transient formulation where the reflector is assumed to stay at its initial temperature. This leads to the

.\

following statements : ' \

Prss = dd; (8)(TP _T"f) , ’ mE- ¢))

s '

(e - - o
Troe, - pT.:r=ad¢(8)(1:‘_:,;Tf_ﬁfk)fgf-t(s)(rp —Ti) ) o (10)

H



where @z, and a4 are the total and core temperature coefficients respectively. T, is the temperature at
which the standard reactivity curve is known, and 7, is the fuel temperature at the inception of the
transient. The present design of the reactor uses 170 kg of uranium and the reflector has an embedded
absorber ring containing 20 ppm of natural boron located at the bottom of the core. Figure 1 shows the
static reactivity and Doppler coefficients as a function of the bed porosity, together with fitted curves
that have been used in the subsequent simulations. These static calculations have been performed with
the criticality code KENO-Va.
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Figure 1. Reactivity (left) and temperature coefficients (right) as a function of the bed porosity.
Reference temperature of the fuel is 693 K and the total mass of uranium in the bed equals
170 kg.

3. Results

Figure 2 shows the steady state conditions for the fuel temperature and the total power based on an
inlet helium temperature of 543 K. The reactor starts to produce power at a flow rate of about 4.6 kg/s
and rises towards its maximum at 14 kg/s. The curve for the fuel temperature follows that of the
reactivity and reaches its maximum earlier. Around 14 kg/s, the porosity of the bed reaches its
maximum value (height of the bed equals the height of the cylinder) and beyond that the model
becomes invalid. The temperature of the coolant (not shown) is almost equal to that of the fuel
particles due to the excellent heat transfer.
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Figure 2. Fuel temperature and total power as a function of the coolant mass flow rate in steady state
conditions.



Two kinds of operational transients were simulated to investigate the effect to the fluidized bed

nuclear reactor, i.e. a decrease in the flow rate and a change in the helium inlet temperature. These
transients are considered to represent a broad range of possible operational transients.

In the first case, the flow rate is instantaneously decreased at time 0 from 11 kg/s to 8 kg/s after the

reactor r:eaches the steady state condition at 11 kg/s. This transient, for example, can occur as a result
of a pump disturbance or as an intended decrease of power output. Results of this transient are shown
x 1]

inFigure 3. «——- - =" =~ =~
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As the flow rate decreases, the porosity of the core decreases very rapidly. Concurrently the cob]ing

capacity of the helium decreases and during the first few seconds, the fuel temperature increases. This
combined event affects the reactivity that further decreases steeply the total power. As the heat

generated in the core decreases, the fuel tempefature begins to drop. It is clear that the reactivity (and ,

-
o
<

consequently the total power) will increase through the Doppler feedback to a new equilibrium state. It

should be observed that the fuel temperature jump is minor during the first few seconds

transient.

of the

>

In the secb'rid éa"sé. ‘the‘ helium inlet temperature is instantaneously decreased at time 0 by 100 K after _

the reactor reaches the steady state condition at 11 kg/s. Results of this transient are shown in Figure 4.

As the coolant temperature decreases, the helium “density increases’ but the mass flow rate jsgképt S
constant, giving a decrease in the superficial velocity. Consequently the bed starts to contract, resulting .~
in a sudden decrease in reactivity. After this, the decrease of the fuel temperature causes a rise in

reactivity due to temperature feedback, creating a rise in power output.

FA

A reverse event similarly oéctirs when the inlet temperaturé increases by. 100 K (not shown in this

paper). The fu
seconds before i
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Figure 4. Total power and fuel temperatire (left) and porosity and reactivity of the core (right) versus
time during a decrease of helium inlet temperature from 543 K to 443 K.

This kind of transient shows the behavior of the fluidized bed nuclear reactor which is very useful for
load-following purposes. When the heat extracted from the helium increases in the turbine, the inlet
temperature to the core decreases and it leads to an increase in the reactor power to accommodate a
larger power demand. Conversely when the load demand decreases, the inlet temperature to the core
increases and furthermore the power generated in the core decreases.

Both types of simulations show a rapid response of the reactor to the introduced perturbation and
always end up in a new equilibrium state without compromising the safety margin of the fuel.

4. Conclusions

00

A theoretical model-has been presented: for describing the coupled thermo-ﬂuid’dynamics, and.

neutronics in a fluidized bed nuclear reactor. The neutronics model is a point kinetics model including
decay heat. The thermo-fluid dynamics is based-on a relation between. fluidization velocity and
porosity of the bed, combined with global thermal balance equations.

Numerical studies of operational transients, viz. a step change in coolant mass flow rate and a coolant
inlet temperature transient, show that the maximum fuel temperature remains below the safety margin
of TRISO fuel. Furthermore, the maximum reactivity that can be introduced in all transients, is
inherently limited and is rapidly compensated by the passive feedback rhcchanisrp.
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CONCEPTUAL DESIGN OF A PASSIVE, INHERENTLY SAFE
EMERGENCY SHUTDOWN ROD FOR HIGH-TEMPERATURE

_ REACTOR APPLICATIONS e
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ABSTRACT

The concept of a passive, inherently safe, and fail-safe design for an emergency control
rod is presented. The functioning of the rod is based solely on inexorable physical laws.
The operation of the rod in its emergency function does not require the intervention of 2
human operator, nor does it rely on any signal from 2 monitoring or safety system. "
Although the concept could be applicable to a variety of reactors (provided a normal
temperature range is specified), in this paper, the concept is applied to the emergency
shutdown of a pebble-bed reactor. The preliminary study presented here demonstrates
that the proposed Electro-Magnetic Optimally .Scramming Control Rod (EM-OSCR) |
naturally operates when needed. The rod is held out of the core region by the force of an °
electromagnet. The force is generated by a current carried by a conductor, a portion of
which passes near or through the reactor core region. When the temperature in the
conductor increases because of an increase in temperature in the reactor, the conductor - °
resistivity increases. This, in turn, leads to a current decrease. ~ When the ‘current
decreases below the level necessary to hold the rod up, the rod is released and it falls into
the core under the effect of gravity. LR R : ‘

T

1. Introduction o

Recently, the pebble-bed reactor (PBR) cong:ep't has been receiving a greét deal of rqnei\;ed interest.
For example, a consortium led by the South African Utility Eskom is studying the .possibility of L

development and deployment of reactors of this type [1]. This renewed interest is motivated, in part,

by the pebble-bed promise of safety features superior to those of the current generation of light water
reactors (LWRs). Such passive safety features have been demonstrated experimentally in the German, =~

AVR project [2]. In particular, the PBR was shown to be safe against a loss of forced cooling (LOFC)
without scram but without depressurization [3] and against depressurization with the simultaneous

loss of forced cooling (DLOCF) but with scram [4]. The most severe scenario of the same type would,
be a depressurized loss of forced cooling without scram.  Such a scenario has not been tested . °
experimentally but has been modeled for a prismatic High Temperature Gas-Cooled Reactor (HTGR) .
[5]. In all cases, these HTGRs are shown to be safe.- Yet, in all cases redundant safety systems for

emergency shutdown and for maintaining the shutdown state are expected to be fequir';d.' Passive
(i.e., not requiring any intervention by a mechanism or by an operator) or inherent (i.e., relying on
inexorable physical laws) systems will probably be preferred. Since in the PBR concept strong
negative temperature feedback is expected to be the most likely shutdown mechanism in the LOCA
events, control rods would be required only for maintaining sub-criticality following the_ eventual

cooling down of the core. Since in a PBR the reactor core cooling process would take considerably |

longer than the time of descent of a rod into the core, the redundant §hutglow1i rods would be effective
even if they dropped into the core relatively slowly, as discussed later. - : T :

In this paper, a pas_sivé and inherently actuated cor}_tf?;lkroa :conéeﬁf for 'e;ﬁérg‘encyishutgpwh and for
redundant, post-cooling reactivity hold-down is ,presented. . Although the ‘emergency shutdown
concept is illustrated for a PBR, it is applicable to other types of reactors, provided a “normal”

operating temperature range is specified. Preliminary analysis shows that the design can be made to *

be fail-safe, as the rod or rods would drop into the core under all failure conditions.

e
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In the next section, a synopsis of the EM-OSCR is presented. The following section discusses the
mechanism that holds the rod out of the core during normal operations and the means available for
fine-tuning and adjusting the holding force. The evaluation of the neutronic performance of a set of
EM-OSCR rods is then presented. The falling time, or time to descent into the core, is modeled and
evaluated in the following section. The last section is a discussion of the paper is a discussion of the
concept, its fail-safe features, and a summary of the principal findings.

This preliminary study shows that the EM-OSCR concept is feasible and that OSCR rods can be an
effective passive and inherent system for the scramming of gas-cooled reactors and for the prevention
of re-criticality following drops in temperature. In the analyses presented here, it is assumed that the
reactor under consideration is similar in thermal design and other physical features to the Pebble-Bed
Modular Reactor (PBMR) currently undergoing design in South Africa [1].

2. Synopsis of the EM-OSCR Concept

The EM-OSCR concept is illustrated in
Figure 1. The EM-OSCR control rod is
intended to remain outside the core region
during normal operations and to drop into
the core under the influence of inexorable
natural laws when the temperature in (or
near) the core exceeds a pre-set value, The
control rod is held out of the core region
by an electromagnet (E-M). The electrical
supply line to the E-M includes a portion
that passes in or near the core. That
portion is made of a material of known
temperature-dependent resistivity. As the
temperature in the core rises above a
prescribed set point, the temperature in the
in-core conductor rises, and hence the’
resistance. This in turn decreases the
current that powers the E-M, and therefore
the E-M lift force. When the lifting force '

drops below the weight of the control rod - Figure 1. EM-OSCR Concept
assembly, the rods drop into the core by - ’ .
gravity. No switch, no signal, and no operator intervention are needed to actuate the control rod.
Fuses within the circuit limit or interrupt the current, as needed. Failure modes such as loss of power
to the E-M or disruption of the éohtjnuity of the conductor line are fail-safe as they result in the rod

being dropped into the core.

3. Lifting Force Evaluation (
The concept described in the previous section has been modeled for a steel in/near-core conductor
segment. In the model it is assumed that the bulk of the conductor line from the electricity source to
the core region and then from the core region to the E-M does not undergo temperature changes. In
contrast, the portion of conductor within the core region changes temperature in response to changes
in the core temperature, and in proportion to those changes. This assumption is plausible, since
changes within the core region are expected to be prompt, whereas outside they- would not be.
Outside the core region, temperature changes would also occur, but the scramming response would be
needed before such changes arise from the effect of heat conduction to the outside electrical
conductors. With these assumptions, the electrical resistance, R(T), of the E-M circuit can be written
as



R(T)=R,+R.(T) , )
where R, is the resistance of the balance of the eircuit (oufsitle "cﬁore region) at normal operating
temperature and R, is the resistance of the portion of circuit within the core region as a function of the :
temperature T. The temperature dependence of R, i is glven by

ST R(D)= p,,[1+a(T -n)= @

where it has been- assumed that in the range of interest (thhm 50 °C of the normnal operatmg
temperature) the conductor resistivity is a linear function of temperature. In equatxon 2, the resistivity
at normal operatmg temperature is denoted by po, the normal operatmg temperature is To, and the
temperature coefficient of resnsnvrty is 0. " L is the length of conductor wire and A is its cross
sectional area. Using equatxons 1 and 2 and Ohm’s law, one determines the current ﬂow inthe EM _~
circuit for any gwen temperature. From the | current 1 (expressed in amperes) the E-M force 15
obtained. Itisgivenby[6] . )

—y e .
Fzs[NIc\ +CsNI , Gy

s 4 '

-

a

where c is the leakage factor, Cis _Table 1. Parﬁteter vajues for EM pull model.

the E-M pull in pounds per square _Symbol |-z - - - . Property Value .
inch per ampere-turn per inch, , is c EM leakage factor 2600
the air gap in inches, s is the cross c | Pulifactor - - 0.01 (Ibffin*-
section area of the core or plunger - Amp-turn-in)
of the E-M in square inches, N is , - |Airgap 0.9 mm .
the number of coil turns in the s Area of plunger cross section 2in® . -
solenoid, and is the leﬁgth of the N E‘;:;’er of tums in s°1°"°'d (one . 209_ S ' ‘
so}enoid. ) It is assumed that the Length of solenoid 134 . o
wiring is ' made of cooper v Voltage S5V .
everywhere, except in “the core D | Coil diameter __—____ ~4.79im
region, where it is assumed that Diameter of Cu wire (excluding’ | - <1434 mm
soft steel is used. 'The values deu insulation) C }
assumed for the ' various - a Diameter of soft steel wire . 1mm P
parameters are shown in Table 1. Fe (excluding insulation) .
For simplicity, it is assumed that L - | Lengthof CuwircinE-M - - 76.8m
all parameters remain valid”and L Length of Cu wire outside E-M + 30.5m
unchanged t.hroughout ... the Lr - u&eug‘ﬂ} g‘f sgﬁ steel cpnduetor . 10m ) -
applicable temperature . range. ~ | in/near core (non active coil) o
With these values, the pull force ijs . Pco | Resistivity of Cuat20°C .~ L76E-6Q-<m "~ ‘- -
found to be-sbout 8.11-Ibf'at o | Cutemperaturecoefficientof ;) 0004 ‘

'| resistivity - =0 Lo

o o
ﬁ’gpﬁo ‘;‘t.,gslgf ,Ca’n;hi;tp;’ élogc’iée | Resistivity of sofi steel at 20 °C_ | _139E-5 Qem

itis 7.33 1bf. Thus, as temperature Q. g? ?e:::te:teymperamre coefficient 9’9016
increases from 900 °C to 950 °Cor

to 1000 °C, the E-M no longer develops the force necessary to hold an 8-lb rod in place and the rod
falls under the influence of gravity. At the maximum value of the pull, the current is about 1 ampere.
In that situation, the power dlssrpatlon in the ennre crrcuxt is under 5 watts, a negllglble contributor to

heating. L . . .

1 o 5 . o
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4, Neutronics Performance

In this section, the results of a
preliminary assessment of the

Table 2. Model reactor and shutdown system design parameters.

Design Parameters

Reactor and Shutdown System

scramming effectiveness of.the _Coreheight 10m -
EM-OSCR are presented. From Core diameter 3m
the results of the previous _Euclmaterial uoz
section, it is clear that either a g’gczm ﬁ“‘:k“,;is (all around) lm =

. eflector materi graphite
cs:l:ngtlx'ZI ccr);;:o]o:.‘o?naz: ipsetto Osf Control element n!aterial boron carbide (B4C)
pounds each could be held Control element diameter 1cmor2.5cm

. N Control element cladding material Stainless steel

outside the core .w1th a small Control element cladding thickness 1 mm
current and  little _energy ~Conol rod guide tube material Stainless steel
d1551patlon.- The rod or rods “Control rod guide tube thickness 5mm
would fall into the core when the “Number of control rods - 4
temperature exceeds the nominal ~Radius of control-rod circle - 75cm -
operating conditions by 50 °C. _Length of control elements Imor2m-
The effectiveness of one such rod 61%

or of a set of rods is evaluated for
a hypothetical, though realistic,

PBR. For this demonstration, an MCNP

Packing fraction of pebbles in core

model of this PBR was constructed. The PBR is of a size

suitable for power plant use. Parameters characterizing the reactor and shutdown system are given in
Table 2. The reactor model is identical to one recently used to study a similar concept [7] that relies
on the presence or absence of flow and/or pressure for its operation.

The core was assumed to be uniform in composition, based on pebbles in which “TRISO” coated UO2
microspheres are embedded in a spherical graphite matrix inside a shell of pure graphite. The pebbles
are assumed to be packed in the core with a packing fraction of 0.61, which is a typically observed
value. The fuel concentration is adjusted to produce a’ critical core when the control rods are
suspended above the reflector. In this study, the four control rods were arbitrarily located at 50-
degree intervals on a circle 75 cm’in diameter, centered on the core axis. The model assumes 2
uniform core. This assumption introduces two sources of inaccuracy (ignoring the actual axial
composition distribution of the asymptotic core loading pattern and ignoring the heterogeneity of the
core). The extent of the effects of thése inaccuracies is discussed in that work and in a previous study
[7, 8], and it is shown that the model is sufficient for assessing changes in multiplication factor
resulting from rod insertion. In Table 3, ‘the efféct of insertion of four control rods (off-centered, as
described above) is shown for B .

three different cases. 'The _Table 3. MCNP k.gresults and control rod masses

largest rod mass shown is 3.64. - k-7 and EM-OSCR Rods Worth . -

kg (or about 8 pounds). 'It is _Control elementlength(m) - 1.0 1.0 2.0
clear from these results that -_Control element diameter (cm) 1.0 2.5 2.5
four such EM-OSCR rods are- k-effective (rods withdrawn) 1.00441 0.98793 0.98793
sufficient to scram the reactor, - k-effective (rods inserted) "« 0.99940 0.97252 0.96452
as the corresponding reactivity Reactivity worthof 4 rods(§) -~ | 0.76 1.8 3.6
insertion would be of the order .Mass of one control rod (kg) 0.244 1.82 3.64

of -3.65. A set of four of the -

smallest rod shown would insert merely -0.76$. Although this would be insufficient for a secure
scram, it would be enough to maintain subcriticality after cooling of the core, which is the principal
function of the OSCR rods. - A higher reactivity hold-down variant of the EM-OSCR rod, for a more
secure scram, could easily be devised, merely by increasing the voltage of the power supply to the E-
M and hence increasing the E-M pull. These results show that the proposed emergency shutdown
system can be devised to provide ample shutdown negative reactivity with control rods that can be
supported easily by E-M pull corresponding to low currents and hence low energy dissipation, as
discussed in the previous section.



5. Rod Time of Descent ‘. »z ’*«' N L, (,_; .

The EM-OSCR is expected to drop into the ‘core during any abnormal occurrence in which’the .. - - - = 7
temperature in’ or near the core’ region exceeds its “nominal normal range by more than 50 °C. -
Assuming that | gaseous coolant is present in the guide tube and, conservatively, that no ﬂow takes

place, the law govemmg the fa]l of the rod is grven by . L A
d’x 1 @
dr? 2

where M is the mass of the rod, x is its displacement from its initial position, ¢ is time, g the
acceleration of gravity, C; the ‘coefficient of friction between the rod and the ambient gas, p'the gas
density, A4, the cross section area of the rod (projection), and v the relative velocity of the rod and the
ambient coolant. If the normally downward coolant flow were present in the guide tube, the descent ~
of the rod into the core region would be even faster. At the initiation of abnormal occurrences, the
flow would still be downward, thus it is conservative to assume absence of flow. Another -
conservative assumption is to consider that no depressurization has taken place and that the rod must
fall through the tube at full operatlonal coolant pressure. It is noteworthy, however, that in the event
of a breach of the pressure boundary, depressurization (the equivalent of the loss-of-coolant accident °
for a PBR) would be compléte in less than 3 seconds [9]. With these assumptions, v reduces to the
time derivative of x.” Then equation (4) can be solved analytically. The solution,

Yo

'

() t-—ln[ 2 \’—,~ NOT )

- 141 1+e’,‘P —,‘\/agf IS
where ‘ o " :
T ) a=CdAJ’p ;. T - ~ 3 ,n . - (6) ’
T 2M . .

is used to determine the time of descent to any desrred ﬁnal posmon . For circumstances typrcal of
PBR designs under consideration, stch as an operating pressure of 6.99 MPa, the density of helium | -
coolant would be about 3.42 kg/m’. Further, a friction ‘coefficient of 1.0 is arbrtmrrly “assumed -
(sensitivity calculations show that the results depend negligibly on this parameter).” The rod cross
section area is taken as 4.91 cm?, correspondmg to a'2.5-cm diameter. Then, for a mass of 1.8 kg, the
descent time for a distance of 10 m is about 1.43 second. This time is hardly distinguishable from the -
time for free fall in vacuum. Drop times of roughly the same magnitude should be expected for more
massive rods. It is clear from these results that thé EM-OSCR would drop into the core_ well in :
advance of the txmes when it would be needed for reactmty ho]d-down o -

+

IS

6. Discussion and Conclusrons Lo T

= f -
- ] -~

This paper has presented the concept and preliminary performance study ofa passxve, mherently safe, ST

and fail-safe design for an-emergency control rod.- The functioning of the rod is based solely on,

inexorable physical laws. The operation of the rod in its emergency function does not require the . .
intervention of a human operator, nor does it rely on any signal from a momtormg or safety system.
Although the concept could be applicable to a variety of reactor types, in this paper it is applied to the

emergency shutdown of a PBR. It is clear from this study that the EM-OSCR will drop into the core

fast enough provide the required scram. It will also be within the core well in advance of the times at

which it would be needed to prevent re-criticality following core cooling. Even if the rod were

ot
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dropped into the core much slower than the above study shows, it would be effective for this function.
In all case, the EM-OSCR would constitute an effective backup system.

The neutronic effectiveness of the OSCR concept has also been demonstrated with a range of rod
sizes. It is clear from the examples shown and from the discussion of larger rod masses (via larger
currents or EM design. modification) that large scramming reactivities can be achieved. Further
optimization of the EM-OSCR are of course possible, including via better positioning of the rods at
location of larger neutronic importance or via more massive rods. All of these possible improvements
warrant further study.

7. Acknowledgements

We are grateful to Drs. P. Pohl, C. Mamet and S. Storch for bringing reference 2 to our attention. This
work was supported by the Department of Energy (DOE) under DOE Idaho Operations Office
Contract DE-AC07-99ID13727.

8. References

1 D. R. Nichols, “Status of the Pebble Bed Modular Reactor,” Nucl. Energy, 39, 4, 231, (2000).

2 R. Baumer et al.,, AVR ~ Experlmental ngh-Temperature Reactor Book on AVR, 21
Years of Successful Operation for a Future Energy Technology, Association of German
Engineers (VDI), The Association for Energy Technologies (Publi.), VDI-Verlag GmbH,
Dusseldorf, 1990.

3. Krilger, K.J., and GP. Ivens, “Safety-Related Experiences with the AVR Reactor,” pp. 61-70,
in IAEA-TECDOC-358, “Gas-Cooled Reactor Safety and Accident Analysis,” proceedings of
a specialists’ meeting on safety and accident analysis for gas-cooled reactors organized by the
Internaltional Atomic Energy Agency, held at Oak Ridge National Laboratory, Oak-Ridge, 13-
15 May, 1985.

4, Kriiger K., and J. Cleveland, “Loss-of-Coolant Accident Experiment at the AVR Gas-Cooled
Reactor,” pp. 455-462 in the “Fifth Proceedings of Nuclear Thermal Hydrualics” 1989 Winter
Meeting, November 26-30, 1989, San Francisco, California, Sponsored by the Thermal
Hydraulics waslon of the American Nuclear Society, ANS 1989.

5. Nakagawa, S., A. Saikusa, a.nd K. Kumtomi, “Developmcnt ofa Sunulatxon Model and Safety
Evaluation for a Depressurization Accident without Scram in an Advanced HTGR,” Nuclear
Technology, pp. 141-152, Vol. 133, Feb 2001.

6. Fink, D. G, and J. M. Carroll, “Standard Handbook of Electrical Engineers,” 10th Ed., pp. 5-4
through 5-9, McGraw Hill, 1968. -

7 Ougouag, A. M., R. R Schultz, W. K. Terry, and A.G Stephens, “Prelumnary investigation of
an Optimally Scramming Control Rod for Gas-Cooled Reactors,” paper ICONE 10-22778,
accepted for publication in proceedings of ICONE-10, International Conference on Nucléar
Energy, April 14-18, 2002, Arlington, Virginia.

8. Ougouag, A.M. and W. K. Terry, “A Preliminary Study of the Effect of Shifts in Packmg
Fraction on k-effective in Pebble-Bed Reactors,” American Nuclear Society Mathematics &
Computation Division Conference, Salt Lake City, Utah, September 9-13, 2001.

9. D. A. Petti, et al., Modular Pebble-Bed Reactor Project, W. K. Terry, Editor, p. 65,
INEEL/EXT-2001-1623, December 2001.



AN INHERENT SAFE HTGR POWER PLANT:
AN INNOVATIVE DESIGN CONCEPT

A. Hodzic, Environment & Energy Engineering EEE, Germany

Paper will be handed out separately

303



AN IN-DEPTH STUDY ON OSCILLATION PECULIARITIES BY
STEP-INPUT OF REACTIVITY AND'FBEQUENCY OF HELIUM FAN’S

TRANSDUCER OF 10 MW HIGH TEMPERATURE GAS-COOLED -

' REACTOR AND ITS CONTROL STRATEGY

— s

*

XIAOJIN HUANG S

Department :40], INET
Tsinghua University, 100084 Beijing — China

. *

-r

ABSTRACT

In order to know more deeply about dynamic characteristics of 10 MW High Temperature
Gas-Cooled Reactor (HTR-10), the dynamic math model of HTR-10 is established. On the
basis of this model, the paper simulates and studies on the main dynamic processes of ‘ -
HTR-10, especially the oscillation pcculiaritiés that are very different from PWR. The
conclusions are: the main reason of oscillation caused by step reactivity disturbing is that the

special structure of HTR-10's fuel component causes fuel granule’s temperature to change -

slower than fitclear power; the main reasons of oscillation caused by step-input frequency - -
disturbing of helium fan’s transducer are the structure, flux and pressure peculiarities of

HTR-10 primary loop, and synchronous vib;atijonr between HTR-10 primary and secondary«- - - -7
loop. In order to make reactor running smoother and safety, the multi-layer harmony control

strategy is ‘adopted. This paper also discusses the design outlines of the under layer - - -

controllers! ~ *- f

1. Introduction .

Temperature Gas-Cooled Reactor (HTR-10) has been built and reached critical in China at the end of
2000 year. In order to aim at the rating power and continued running and also to satisfy analysis and
design on 1&C system of HTR-10, knowing more deeply about its dynamic characteristics is pressed
for. o . S ’ »

7

‘ 3¢ -
' T . -4 -
- 3 K

2. Dynamic math model of HTR-10 - o

The dynamic ‘math model-of HTR-10 ™) shown in figure 1 is composed of reactor core model,

once-through steam generator model, helium fan model, feed water pump model, pipe model; and .

turbine-powér géngraforqmsdel,‘ etc. The four iﬁplit variables are reactivity, transducer frequency of ;
helium fan and feé&l yvétér pump, steam regulator valve. The model’s dynamic characteristics are

multi-variables, stroﬁg coupling, non-liner and 'distributed parameters. In figurel, the solid arrowhead . .

represents flowing direction of helium gas and water or steam. The hollow arrowhead represents heat .

i

P i
R

High Temperature Gas-Cooled Reactor is a kind of advanced new-style nuclear reactor. 10 MW High . ..

> 4L
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exchange between primary and secondary loop of HTR-10.

— {Cold He pipe Di
Reactivity Fan frequency

Steam generator
_,I:r Core [j—b[:]
G—Ej Turbme H Steam pipe e
ater-steam flowing

Steam Valve ) Pump frequency
{:] Water pipe E]

He gas flowing
‘ szeseeefi
Heat -

Hot He pipe

Fig 1. The math model of HTR-10

3. Dynamic characteristics simulated of HTR-10 by step reactivity disturbing

The computing initial conditions are: a) steady system status at 30% rating power, b) 2 X 107 reactivity
step-input at 100s. The curve of relative power increment 4P ,whose definition is power increment
divided by 30% rating power, is shown in figure 2.

4. Simulating results

Figure 2 clearly indicates that the relative
power increment presents a decreasing
amplitude oscillation. Its oscillation period is
about 400s and the 4 P oscillates about 6
times. Because HTR-10 has. large negative
temperature reactivity coefficient and. the -2
negative temperature reactivity feedback can
compensate the input reactivity disturbing, the 0 1 2 3 4
amplitude of power change decreases gently t / ks

and finally reaches the steady status. On the Fig2. 30% rating power, 2X 10

other hand, because negative temperature reactivity step-input at 100s, curve of 4 P
reactivity coefficient also causes large initial

error of power at the beginning of dynamic process, the 4 P’s transitional process time is very long

aP 1 %

from oscillation to steady status.

5. Reasons discussed and analyzed of oscillation peculiarity

The structure and techniques of HTR-10’s global fuel component differs greatly from PWR’s fuel
module. Because the fuel and moderator is separate in PWR, the heat exchange area is relative small.
When power changes, the fuel temperature almost changes immediately. Because the response of fuel
temperature is very quickly, the negative temperamre reactivity feedback can quickly and effectively
restrain the change of nuclear power.

HTR-10’s global fuel component is composed of very small fuel granule which dxspersmg in the black
lead moderator. It has two distinct structure characteristics: a) because fuel granule is very small and
disperses inside the global fuel component and contacts closely with surrounding black lead moderator,
the heat exchange area is relative large and heat exchange is plenty. b) The proportion of black lead



& s e e

moderator is bigger than that of fuel granule in the global fuel component. The fission energy
produced in the fuel granule is absorbed quickly by surrounding black lead moderator, thus the
temperature difference between fuel granule and surroundmg black lead moderator is very small
Compared with PWR’s fuel module, the fuel granule temperature changing time is delayed. Therefore
the slow change of fuel granule temperature lags behind the fast change of nuclear power, and the
negative temperature reactivity feedback cannot restrain, the” change of nuclear power in time. The
above-mentroned ana]ysrs explains why the nuclear power has an oscillation peculiarity.

.-

6. Dynamic characteristics simulated of HTR-10 by step frequency disturbing of
helium fan’s transducer .
In order to concentrate on characteristics by

step-input frequency drsturbmg of helium : ig ! : N

fan’s transducer, the influence of power L4} )

oscillation on the. nuclear system, which - LB -

. . . . o 1%}

caused by reactivity .disturbing, must be - X 1) o

eliminated or greatly weakened. So .the QU <L} - Co

nuclear power. regulator is added into . - L3t ) - e e e

HTR-10’s math model. The computing initial - ntg . . L . i ; ;; )

conditions are: a) steady system statusat30% - .. - p. a0 40 €0 8O 100 10 - -

rating power, b) 2% frequency step-input of - -, 5. i t/s ‘ - )

helium fan’s transducer at 100s. The curve of <. --.Fig3. r30% rating pOWCf, 2% frequency

outlet helium flux of reactor core Q is showin - : ) step-input of helium fan’s transducer at

figure 3. - ) © . . ~-100s. curve of O L
- - jo - - . R - - . -c -

7. Simulating results e - , )

Figure 3 clearly indicates that even though nuclear power. regulator is added and power oscrllauon
caused by reactivity - disturbing is greatly weakened, .however, the large decreasmg amphtude
oscillation process of helium flux appears. The oscrllatlon period of helium ﬂux is about 220s and Q

oscillates about three times. Because oscillation period and times are all shorter than that of power
oscillation caused by reactivity disturbing which mentioned i in_section 4, and the addmonal power _ ) Q
regulator.also greatly weakens the power oscillation, so their reasons of oscrllatlon are drﬁ“erent toa . | _
certainty. . . . - ., - C s

w?

e . . ,', o+

8. Reasons dlscussed and analyzed of osclllatron peculiarity X -
Firstly, the system structure and technical flow of,HTR-10 primary loop.is analyzed a) H’I'R 10 .
primary loop is a close helium loop. Only a gas gate is put into the inlet of helmm fan whose func'uon
is preventing nature cycling flow of helium in the reactor core, and does not function durmg the
normal reactor-running period. Thus HTR-10 primary loop lacks resistance component, ' which
stabilizes helium flux in primary loop system. b) .The regulation of system helium gas completely
depends on transducer of helium fan. Though helium system absolute pressure is very high (about 3
MPa), relative pressure is very low (about 50KPa at rating power) and the propernes of helium are
compressible, easily flowing, sensitive to temperature and pressure. Thus, ‘the hehum flux of prrmary
loop is sensitive to some disturbing factor. When input frequency of helium fan’ 's 'transducer changes,
helium flux fluctuation will present easily. Therefore, the structure and techmcal ﬂow of HTR- 10
primary loop system causes the helium flux to ﬂuctuate very easrly

IS
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Secondly, the physical property of HTR-10
primary loop is analyzed. The influence 1%

factors on resistance-flux-relative pressure }‘2
property of primary loop are very 2 1B}
complicated. When "helium gas flows = L2t

. . A (@) L3t
smoothly, it can ~be considered as 13+t
uncompressible liquid. When helium gas L9 F .
does not flow smoothly or its flux is in a L3

. . . D 100 120 20 0 X0

dynamic process, its compressible property t/s

must be considered. For example, because Figd. 30% rating power, 5% inlet helium

temperature step-input of reactor core at
100s, curve of its outlet helium flux Q

some component such as reactor core or
steam generator stores a large number of
helium gas, changing inlet helium
temperature of these components will cause a typical taking in and sending out process of the outlet
helium flux. One of the typical processes of reactor core is shown in figure 4. Figure 4 shows the
outlet helium flux Q dynamic curve of reactor core at 30% rating power when its inlet helium
temperature has 5% step-input change at 100s. This taking in and sending out process of the outlet
helium flux is explained as follows. When inlet helium temperature has a step change, the density of
inlet helium gas decreases. But the inlet helium mass flux does not change, so the velocity of flow of
inlet helium gas increases. Because flow process is quicker than heat exchange of helium gas, the
change of outlet helium temperature lags behind velocity of flow of outlet helium gas. Thus, the
change of outlet density of helium is delayed and the outlet helium flux increases at the beginnimng.

According to the law of conservation of mass, because the inlet helium mass flux does not change, the
outlet helium flux finally comes back to its original value. Therefore, a typical taking in and sending
out process of the outlet helium flux is formed.

Finally, the strong coupling lgeﬁween HTR-10 primary and secondary loop is analyzed. Because
complicated and strong coupling exists between HTR-10 primary and secondary loop, the sympathetic
vibration phenomenon-occurs. The outline of coupling process is as follows: when helium flux
oscillation of primary loop happens by some disturbing, the outlet steams flux and temperature of the
steam generator will change greatly, thén because thé outlet of steam generator is steam turbine, the
feed water flux of second loop also changes; then the heat exchange condition changes between
helium gas of primary loop and water of secondary loop in the steam generator; then the outlet helium
temperature of steam generator changes; because of the gas compressible property, the taking in and
sending out processes of the helium gas flux in some devices are formed and are'added on the original -
helium flux oscillation of primary loop. Thus, the helium flux oscillation amplitude of primary loop is
greater than before. Therefore, the complicated'oscilla'tion process with feedback coupling is formed.

9. Control strategy

When HTR-10 nuclear system is running, it is not allowed that the important system variables, such as
nuclear power and helium flux etc, presenting oscillation with long time and large amplitude.
Therefore these factors must be consxdered sufficiently when designing'on I&C system and control
strategy of HIR-10. In order to eliminate the loop ‘oscillation during reactor’s running such that to .-
make reactor runmng safety and smoother, aiming at HTR-10’s dynamic characteristics, the control
strategy of HIR-10 adopts multi-layer and harmony control scheme. The HTR-10 automatic control
system is divided into two layers: under layer local control loop and super layer harmony control loop.



The main purpose of introducing under layer local control loop is to improve dynamic quality of
HTR-10 system, to eliminate or greatly weaken system oscillation peculiarity, and to well bottom the
design of super layer harmony control loop.

Aiming at power oscillation caused by reactivity disturbing, the under layer PID regulator of nuclear
power can be introduced to overcome power oscillation. Aiming at HTR-10 primary loop helium flux
oscillation caused by input frequency disturbing of helium fan transducer, according to the main
reasons of oscillation, the under layer local helium flux PID controller of primary loop and under layer
local feed water flux PID controller of secondary loop can be introduced on the precondition of not
changing the structure and technical flow of HTR-10 system. The controller design outlines are: a)
selecting appropriate parameters of PID controller in order to change the natural frequency of primary
and secondary loop and break the condition of sympathetic vibration between them, b) introducing
appropriate helium gas temperature compensator to counteract the influence of helium gas temperature
change and in order to weaken or eliminate the taking in and sending out process of the helium gas
flux, which caused by helium gas temperature fluctuation. '

The next in-depth study and simulation indicate that if the above control strategy and design outlines
of controller are adopted, the system oscillation will be greatly weakened and thereby the dynamic
running quality of HTR-10 will also be distinctly improved.

10. Conclusion
The conclusions of above-mentioned simulating results and analysis are as follows: '

a) The main reason of system oscillation caused by step reactivity disturbing is that the special
structure of HTR-10’s global fuel component causes fuel granule’s temperature inside the
component to change slower than nuclear power, and then makes the negative temperature
reactivity feedback not to restrain the change of nuclear power in time.

b) The main reasons of system oscillation caused by step-input frequency disturbing of helium
fan’s transducer are the structure and technical flow of HTR-10 primary loop, the physical
property such as helium flux and relative pressure peculiarities of HTR-10 primary loop, and
the synchronous vibration caused by strong coupling between HTR-10 primary loop and
secondary loop.

In order to eliminate the loop oscillation during reactor’s running such that to make reactor running
safety and smoother, the control strategy of HTR-10 adopts multi-layer and harmony control scheme.
Through selecting appropriate parameters of under layer local PID controller and introducing
appropriate helium gas temperature compensator, the dynamic quality of HTR-10 system is improved,
the system oscillation peculiarity is eliminated or greatly weakened, and the design of super layer
harmony control loop is well bottomed.
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Stress and Seismic Calculation of HTR-10 SG Accident Discharge System
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ABSTRACT s .
Steam Generator (SG) heat transfer tubes of 10MW High Temperature Gas Cooled Reactor (HTR- Lor
10) are protective screens between the primary loop of helium and the secondary loop of water and
stearn. Water and steam will enter into the primary loop from the secondary ‘loop if the SG heat

transfer tubes rupture, which lead to increase of the primary loop pressure and drscharze of . )
radioactive materials.

- " ‘

Function of the SG accident discharge system (SGADS) is to discharge water and steam, so that the -, _
amount of water entering into the prumary side could be reduced The SGADS is connected with
the main feedwater piping system. If the pipe ruptures, the coolant of the secondary loop will lose

This might cause unplanned reactor shut down. So it is important to guarantee the mtegnty of the

SGADS. This paper presents stress and seismic calculation and analysis of the SGADS by use of
PIPESTRESS. Results show that stress dxstnbunons satlsfy the reqmrements of ASME codes for '
Classes 2 components. o

EEEES - o -
Key words: high temperature gas cooled reactor, SGfaeefident drscharge system, pipe, stress

‘.

1. Introduction A : .
R R

10MW High Temperature Gas Cooled Reactor (HTR-10) was constructed in Tsinghua University and -
reached the first cnticality in November 21, 2000. In the reactor, steam generator (SG) heat transfer -

tubes of HTR-10 are protective screens between the primary loop of helium with radloactmty and the
secondary loop of feeding water and steam without radioactivity. Water and steam will enter into the

primary loop from the secondary loop when rupture of the heat transfer tubes occurs, which lead to

increase of the pnmary Ioop pressure and discharge of radioactive materials. Therefore, 1t 15 important
to reduce the’ amount ‘of water and steam entering into the primary loop e e

The prmcxpal functlon of the HTR-10 SG acc1dent dxscharge system (SGADS) 1s to dlscharge water -
and steam of the secondary loop when the SG heat transfer tubes rupture and water and steam getting

mto the primary loop from the secondary loop occurs so that the amount of water entermg into the

primary side could be reduced". . ‘ S

The HTR-10 SGADS is directly connected to the main feedwater pipe of SG. - If the pipe of the HTR-

10 SGADS ruptures, water and steam will lose, and the heat produced by the reactor could not be

carried out normally. This might cause unplanned shut down of the reactor. So to guarantee the, . |

integrity of the SGADS is important. This paper conducts stress and selsrme ealculatton and analysxs -

of the SGADS using FEM code of prpmg stress analysis, PIPESTRESS, under 'various load cases.

such as normal operanon loads, seismic loads and the propulsrve load produced as the discharge -

valves open,‘etc. > - S N

~r ' - ST

v

2. The SGADS and lts workmg envxronment - - AN

Figure 1 is the layout of the SGADS. It could be seen from the ﬁgure that the system cons_xsts of a
shutoff valve JED-AAO1, two discharge valves JED-AA02, JED-AA03, a SG discharge tank JED-
BBO1, pipe segments and supports Hy~Hy. The upper end of the SGADS piping system 1s directly

connected to the feeding water piping system LAB. The joint pomt of the two systems is located =~
between the shutoff valve JED-AAO] and SG _The _lower end-of" the SGADS piping system is

e PN - "

i - e N
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connected to the. SGADS discharge tank JED-BBO1. The design pressure of the SGADS piping

system is 6.4MPa, the design temperature 250 °C, diameter of the pipe &J22mm, thickness 3.5mm
and material is stainless steel 321.

The two discharge valves JED-AAQ2,
JED-AAOQ3 are installed in parallel to
guarantee that the system could still
work in case that one of the discharge
valves could not be opened, which are
closed if the reactor runs normally, and
tnggered to open by the’ primary loop
humidity detection signals of the reactor
safety protection system. The shutoff
valve JED-AAO1 is used for in-service
inspection of the discharge valve and
normally opens during the time when
the reactor runs. The shutoff valve is
closed during in-service inspection, so
that the SGADS 1s isolated from the
main feedwater system: In the main
control hall of the reactor, there are
open/close state indications of the
discharge valves and the shutoff valve.
If the reactor start to run, the state
indication of the shutoff valve will be
opened. The SG discharge tank collects
water and steam discharged from the SG
secondary side and helium from the
primary loop. ‘ Figure 1 Layout of the SGADS

If the SG heat transfer tube ruptures, the discharge valves will be triggered to open. In such a case.
The SG discharge tank and the primary loop constructs an access through the main feed water pipe
and SG. Driven by the primary loop pressure, water and steam are discharged into the SG discharge -
tank. When the pressure of the tank and the pressure in the primary loop reach their equilibrium state,
the discharge process ceases and the discharge valves close. ’

3. Mechanical properties of pipes
The SGADS piping system is conhected_ to the main feedwater piping system. So coupling action
between the two piping systems should be considered when stress calculations are conducted.

"Table 1 Mechanical properties of 20G

Temperature °C 25 150 250
Allowable stress S, (MPa) S~=103 103 103
Yield stress Sy, (MPa) S,=207 183 171
Young’s modulus E; (MPa) E=203 195 189
Coefficient of linear thermal expansion LTE (10°m/m) 0 "~ 1.55 2.92
Allowable stress range S, (MPa) 155 155 155
Table 2 Mechanical properties of stainless steel 321
Temperature °C___+ 25 250
Allowable stress Sy, (MPa) S=129 118
Yield stress S,» (MPa) =207 133
Young’s modulus E, (MPa) . E~=195 179
Coefficient of linear thermal expansion LTE (10°m/m) 0 3.79
Allowable stress range S, (MPa) 191 191




Material of the main water feed pipe is 20G, a Chinese low carbon steel, mechanical properties of -
which are shown in table 1. Material of the SGADS pipe is stainless steel 3219, mechamcal
properties of which are shown in table 2. In table’] and table 2, allowable stress range
Sa=1.255:+0.255,%. . o ' )

e
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4. Stress calcula@ions

41FEMmodel = :
According to the distribution of the fixed
supports shown in figure 1, the SGADS
piping system was _ considered as
comprising three parts. The first part was
the main feedwater pipe located between
the main feedwater nozzle of SG and the
first fixed support of the main feedwater
piping system. The second part was the
SGADS pipe located -between the joint .
point and the support Hy. The third part
was the "SGADS pipe between the
support H; and the discharge tank JED-
BBO1. The discrete piping system were
obtained by_use of pipe elements, in
which one pipe element was connected to
the adjacent pipe elements by nodes.-
Mass of_elements was considered to
concentrate in nodes. The valves were 1 )
simulated by rigid elements, The FEM ~ =~ = . TUooe it

model is shown in figure 2. ) ’ Figure 2 FEM model ~ e

-~

42Loads : ’ T ‘ .o il
Loads “applied to the SGADS piping system were intemnal pressure, gravitational force, thermal
expansion force, propulsive force, seismic loads or combination loads above, as'shown in table 3. In
the table, the main feed water pipe I represents the main feedwater system pipe located between the
main feedwater nozzle of SG and the joint point, and the main feedwater pipe II represents the main
feedwater system -pipe located between the joint point 'and the first fixed support -of the main
feedwater piping system. - - oo R

1) Continuous loads cn T T ' u

»ann

The “continuous loads were internal -pressure, -weight and restrain counterforce. Intermal

pressure in the SGADS pipe was determined by that of the main feedwater pipe. Weight of the
SGADS pipe included that of pipe itself and the insulating layer. Material of the insulating
layer was silicate cotton, specific density of which was 207kg/m’, thickness of which was

40mm. The insulating layer was laid down the.main feedwater pipe and the SGADS pipe

located between the joint point and the shutoff valve JED-AAO1. Lo Voo

2) Propulsive force

The SGADS was a kind of closed type Eis{ci'xarge ézluipment. The propulsive force produced by

the discharge valve was calculated according to the method of Appendix O%L In reference 5, it
had been shown that water hammer produced by switchover of the valves could not make the
piping systems ruptured, and the maximum internal pressure were less than the design pressure

of the piping system, 6.4MPa. = LT T T
3) Seismicloads®.. . mnt e e
From section 4.1, 1t is known that the SGADS piping system was considered as consisting of
three parts. Seismic inputs of the first part and the second part was from the main feedwater |

“ nozzle of SG, the first fixed support of the main feedwater piping system and the support H, of

P 1
e A eme

a2
N >

'
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the SGADS piping system, while seismic inputs of the third part were from the support of the
SGADS support H; and the SGADS nozzle of the discharge tank JED-BBO1.

. Table 3 Load conditions ,
Loads Discharge Main feedwater | Main feedwater
system pipe pipe I pipe 11
Design Design pressure (MPa) 6.4 6.4
conditions | Design temperature (°C) 250 250 | 150
Mechanical loads Weight and other continuous loads
Level A and Pressure (MPa) 6.4 6.4
level B T S -
emperature (°C) 250 250 150
Mechanical loads Weight, other continuous loads and accidental loads
including propulsive force and seismic load OBE
LevelC Pressure (MPa) 6.4 ) 64 -
Temperature (°C) 250 250 -~ | 150
Mechanical loads Weight, other continuous loads and accidental loads
including propulsive force and seismic load SSE
Level D Pressure (MPa) 6.4 P64
Temperature (C) 250 250 i 150
Mechanical loads Weight and limut accidental load cases
Experimental Pressure (MPa) 8.0 - 8.0
load case Temperature (°C) 20 - 20
(hydraulic Mechanical loads Weight, other continuous loads
test)

Reference 6 supplied acceleration spectrums of the positions located fore and after the
acceleration input poimnts. For example, the height mark of the SGADS support H; was —13m,
but reference 6 only supplied the acceleration spectrums of the points height mark of which
were —15.3m and ~10m, respectively, and the values were OBE ( a,=0.58g, 2,;=0.65, 2,,=0.58¢g:
and a,,=0.6g, 2,,=0.65g, 2,,=0.65g). Therefore, the acceleration values were taken as OBE
(ax=0.6g, a,;=0.65, 3,=0.65g). In the same way, the acceleration input values of the other
supports were obtained, as shown in table 4, where ratio of damping is 0.2%.

Diameter of the SGADS. piping system was less than 60mm. So stress calculation was

conducted by equivalent static load method according to reference 7. The equivalent static

loads of the systems were obtained by multiplying the acceleration values in table 4 by 1.5

times mass of pipes. Values obtained were used as acceleration inputs in FEM calculations.
Table 4 Seismic input acceleration values

Positions Acceleration (g) X Y Z
N {
Types

Main feed water nozzle of the SG OBE 2.6 2.5 2.6
SSE 2.6 2.45 2.5

First fixed support of the main feed OBE 1.0 0.75 1.1
water pipe - - SSE 1.2 1.2 1.2
Fixed support H; OBE 0.6 0.65 0.65
T - SSE 12 1.1 1.15
Fixed support between the shutoff valve OBE 0.6 0.65 0.65
and the nozzle of the discharge tank SSE 1.2 1.1 1.15

4.3 Displacement boundary conditions - _ .
Suppose that the position of the reactor pressure vessel axis does not change. Then expansion of the
reactor pressure vessel and the hot gas duct makes the position of the SG pressure vessel axis move.
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Linear expansion coefficient of the two pressure vessels and the hot gas duct was 13.6x 10°/°C at the
temperature of 325°C. Therefore, the displacement of the SG pressure vessel axis was 30 36mm
According to the position of the main feed water nozzle in SG, displacement components of the
nozzle A= 30.36mm, A~ -8. 16mm, A= 2. 89rnm where the drrecnons of x,y, z were from west 10
east, south to north and vertrcally upward, respectrvely

4.3 Stress calculations ) .
The stress calculation of the SGADS pipe was conducted in two parts. Part 1 was the pipe located
between the joint point and the fixed support Hy. Part 2 was the SGADS ptpe part between the ﬁxed

support Hy and the SGADS nozzle in the dlscharge tank JED-BBOI

The input file of PIPESTRESS could be gotten by use of geometnc eondmons (length outer diameter
and wall thickness of pipe, etc.), material properues (Young’s modulus, allowable stress, linear
thermal expansion coefficient, etc.), load cases and d1splacement boundary condmons Starting the
code, the three force components and moment components could be obtained. - i

AT, LT - \ i f i i

S. Calculation results and analysis - . ., -

Table 5 gives stress ratios in the two parts of the SGADS. In the table, values in the brackets are node
numbers of the FEM model, where the maximum stress ratios equal the maximum stress divided by

the stress limit. From table 5, it could be seen that the extremum stresses occur at node 280, 115 and>

1270, respectively. Therefore, these positions are dangerous positions. Besides, all the stress ratios in

these positions are less than 1, so satisfy the requirements for class 2 components in ASME section m ,f'

Accordrng to reference 3 and reference 4, the SGADS piping system 1s safe. ,
Table 5 Stress ratios - -

Load cases ‘ - Stress limits | Maximum stress ratios

R .. |Partl - -~ -, -Part 2 .
Design condition - - 1.58,2) . .~ {0.144(105) - -« - | 0.09(1270)
Level Aandlevel B - - - | 1.85" . | 0.946(280) - 0.236(480)
Level C : 225577 < 10.737(280) - : | 0.189(480) .-
LevelD™ - 3.05 - [None® . - | None
Thermal expansion load case | S, - 0.951(115) 10.971(1270)
Experimental load case 0.9s, - ]o0.139(105) 0.104(1270) .-~
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MODELLING OF THE HTTR IN FLOWNET
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ABSTRACT

Flownet is a user-friendly software package allowing the dynamic simulation of mass,
momentum and energy transfer in thermal-fluid networks integrated with controllers. It is
currently used extensively in the modelling’ and design of the South African Pebble Bed
Modular Reactor (PBMR) power plant. The code was recently extended to include 2 model for
the High Temperature engineering Test Reactor (HTTR) that is currently being demonstrated
by Japan Atomic Energy Research Institute (JAERI). This paper describes the thermal network
and flow path discretization that is used to simulate the physical geometry of thé réactor core
for the simultancous solution of the governing equations in the fluid passages and solid
structures. The numerical integration and solution scheme for the equations are discussed in an

accompanying paper. The current paper also shows results of a preliminary steady-state sample
calculation.

Introduction

Flownet is a user-friendly thermo-hydraulic network simulation software package developed at the
Engineering Faculty of Potchefstroom’ University. Flownet allows detailed steady-state and transient
thermo-hydraulic simulations fully integrated with PID controller algorithms. The simulation ensures
complete conservation of mass, momentum and energy while accounting for non-ideal gas behaviour,
compressibility effects_such as_choked' flow through orifices, the dynamics of turbo units as well as
thermal storage in heat exchangers and other components. Flownet is currently used extensively in the
modelling and design of the South African Pebble Bed Modular Reactor (PBMR) power plant. As part of
the IAEA coordinated research program on the evaluation of High Temperature Gas cooled Reactor
(HTGR) performance, the code was recently extended to include a model for the helium cooled High
Temperature engineering Test Reactor (HTTR) that is currently being demonstrated by Japan Atomic
Energy Research Institute (JAERI). The aim of this paper is to describe the thermal network and flow
path discretization used to simulate the physical geometry of the reactor core and to present preliminary
results of a steady-state sample calculation. ™

Physical geometry of the reactor core

A detailed description of the reactor geometry and materials as well as the reactor cooling system is
provided in reference [1]. The reactor core is contained within a pressure vessel with plenums at the top
and bottom. The coolant enters the pressure vessel at the bottom and flows vertically upward outside of
the core in a flow passage formed between the reactor core and the pressure vessel. The flow then enters
the core from the top plenum. The gas flows downward through cylindrical flow passages in the reflector
and plenum blocks and through annular flow passages formed between the fuel rods and the fuel assembly
blocks. At the bottom of the core the hot gas flows into a plenum and exits the pressure vessel via a hot
pipe at the bottom of the vessel. The reactor core is made up of layers of various different fuel assembly
blocks and reflector blocks. A schematic of the reactor core layout is shown in Figure 1. The outside of
the core is made up of permanent reflector blocks with a twelve-sided shape when viewed from the top.
Inside of the permanent reflector blocks is a single layer of hexagon-shaped replaceable graphite reflector
blocks. To the inside of this, there is a layer of hexagon-shaped fuel assembly blocks (numbered 3 and 4
in the figure) each with a height of 580 mm. The next layer contains graphite control rod guide blocks and
fuel assembly blocks (numbered 2 in the figure) in an altemating pattern.



The next layer contains only fuel assembly blocks (numbered 1 in the figure) and in the centre is a single

control rod guide block. The maximum outer diameter o:f the core is 4250 mm and the height of the core | _ ’

is5250mm. " - ;
i
Lo 3 - -t - iy
et o pemen
Replaceable . e . ) Replaceat;ie

reflector blocks reflector blocks

Fuel blocks

reduced to the simplified axi-symmetric two-
dimensional geometry shown schematically in
Figure 3. The outer ring represents the permanent
reflector blocks while the ring just inside of that -

- - w0 ! ViewB-8 - o .y \}IQWB-B,‘
Top shielding blocks - : + Top shielding biocks 1
T i ' e ' i N
e ks 5 T :
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Fig 1. Schematic of rciactc;rmco{c geometry. o e Fié 3 Schematic layout of axi-\sﬁﬁmc&ic core.
The fuel assembly blocks numbered 1 and 2 each . . 41 .
contain 33 fuel rods while the blocks numbered 3 ; >
and 4 each contain 31 fuel rods. The fuel rods are m >
each 577 mm long, i.e. 3 mm shorter than the fuel >
assembly blocks.  Figure2 shows a three-~ b=z~ Graphite
dimensional schematic of the fuel rod assembly.” 2227 " — 5“*:“:“: Fuel
The fuel rod consists of a fuel compact with inner "~ = Tﬁ%x’; S ‘%5 =
diameter of 10 mm and outer diameter of 26 mm. = e |\ Y P
The fuel compact is contained in a graphite sleeve - : T > Gas
with an outer diameter of 34 mm. The fuelrodis , ~|* . ™
inserted into holes with a diameter of 41 mmin the: =77 |. <. ' e Assembly
fuel assembly blocks. IO ' biock
. ! .
) - !
Flownet reactor core model T : ;
s b [ |
. - X - ¢ 1 - .
In the Flownet reactor model the reactor core 1s S, !
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kB ey 2 d

Fig 2. Schematic of fuel rod assembly.
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represents the replaceable 'reﬂéc;tor blocks.' The ring numbered 3 represents the fuel assembly blocks
numbered 3 and 4, i.e 18 fuel assembly blocks in total. The ring numbered 2 represents the fuel assembly
blocks numbered 2 as well as the reflector blocks in-between the fuel blocks, i.e. a total of 12 blocks. The
composition of ring 2 is assumed to be homogeneous with an average of only 16.5 fuel rod per block to
account for the reflector blocks in-between. The ring numbered 1 represents the six fuel blocks also
numbered 1 and the central cylinder represents the single reflector block at the centre of the original core
geometry.

When viewed from the top, the surface area of each of the representative axi-symmetric rings is exactly
the same as the total surface area of all the hexagon-shaped blocks represented by that ring. Also, the
‘donut-shaped’ rings each have the same height as that of the layer of blocks that it represents, as shown in
Figure 3. Therefore, the total thermal mass of the axi-symmetric core will be exactly equal to that of the
original core during transient events. Each of the rings can be discretized into 2 number of control
volumes in the axial direction to improve accuracy. A uniform temperature distribution is assumed within
each of the control volumes at any time step. Therefore, each control volume can be represented by a
single thermal mass node connected via a thermal resistance to the adjacent thermal mass nodes at the top,
bottom, inside and outside. The thermal resistances are adjusted to account for the porosity of the blocks
containing the flow passages. -

Each of the nodes representing the fuel assembly blocks also represents the surface temperature of the
flow passages inside the fuel assembly block containing the fuel rods.  This surface temperature is
connected via a forced convection heat transfer resistance to the gas flow passing through the flow
passages. The gas flow in the fuel assembly blocks 1s in-turn connected via a forced convection heat
transfer resistance to the outside surface of the graphite shield that forms part of the fuel rod. The graphite
shield and fuel compact can’in turn be discretized into 2 number of layers each represented by a single
thermal mass node and connected to the adjacent nodes via conduction heat transfer resistances. The
innermost surface of the fuel compact can be assumed to be an adiabatic surface since the heat capacity of
the gas contained within the inner cylinder is negligible. As a first approximation the effect of radiation
between the fuel rod surface and the fuel assembly block surface as well as heat losses on the outside
surfaces of the core were neglected. The reactor power is distributed within the fuel compact layers only.
Figure 4 shows the thermal network representing the heat transfer for a single fuel assembly block control

volume.
Average coolant temperature
Adjacent block
tempera onyex Conduction

inside N
inner material
temperatures
nduction Fuel compact
temperature Represenative  heat generation
Outside fuel rod
= N outer surface
temperature
Reprssentative fuel
block temperature
_———‘—_‘-—’ pe
Thermal capactance Adjacent block
temperature
N Bottom

Fig 4. Thermal network representing the heat transfer for a single representative fuel assembly block
control volume.



The gas flow path through the core from the plenum at the top to the
plenum at the bottom is formed by a combination of cylindrical and
annular flow passages. A section through the geometry of a typical flow

path is shown schematically in Figure 5. The flow path is discretized as - o

indicated by the node-element-node configuration shown on the right-
hand side of Figure 5. A node is represented by a square and an element
by a circle. An element represents a single pipe or duct component with
a fixed cross-sectional area, wetted perimeter and hydraulic diameter. A
node in this case simply represents a connection between two elements.
Although only one flow element is shown in the schematic, each block
can be discretized into any number of smaller flow elements in order to
improve accuracy.

For each flow element the transient fully compressible form of the mass,
momentum and energy conservation equations are solved using the so-
called Implicit Pressure Correction Method [2]. The frictional losses are
determined as a function of Reynolds number based on the Darcy-
Weisbach formulation for the friction factor. Specific inlet- and outlet
secondary loss coefficients are also specified for each element in both the
forward and backward flow direction based on the geometry shown in
Figure 5.7 For the heat transfer calculation heat transfer to the walls are
based on the Nusselt number formulations provided in reference [1]. The
complete flow element and solid thermal mass node network is shown in
Figure 6 for the case where each ring in the axi-symmetric core is only
represented by a single control volume. T ey

Based on-the neutronic power generated within the- -
fuel elements, a fixed axial power distribution profile
is specified along the height of the reactor [1]. The
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; Fié 5. Schematic layout of flow
path.
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normalised power distribution profile as a function of block ' "y 1 -,
the normalised position along the height of the fuel  tremal mass '-‘ -)‘ -)‘ T
block section in the reactor is shown in Figure 7. At nodes ‘ :-)“ :.‘ :-‘.
present the calculation of the neutronic power is not LY .)..} '} - 1
included in the model. However, for steady-state - . ")‘"6‘”')" s
conditions a fixed value of the total power can be .‘ s .:—“ il-':«‘ il--':-‘. )
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height of the reactor. mass node network.
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Results

Figure 8 shows the results of a sample steady-
state calculation for the temperature distribution 0
within the solid reactor block nodes at the 450
different radial positions along the height of the 400
reactor. In this case the gas temperature at the
inlet to the core is 254 °C and the pressure is
3096 kPa. The Helium mass flow rate is
12.25 kg/s. The total neutronic power
generation is 15kW and the gas outlet
temperature is 490 °C. The results show that at
the inlet the reactor blocks closer to the centre
have the lowest temperature due to the cooling
effect of the gas. The outer reactor blocks are
heated up slightly via conduction from the
blocks lower down. On the levels containing
the fuel rods, the reactor blocks are heated up  Fig 8. Steady-state temperature distnbution within the
swiftly and at the outlet_the blocks near the reactor blocks.

centre are hotter than those on the outside: 8

Temperature [C]

»

Figure 9 shows the calculated inner (fuel
compact) and outer (gas flow) surface
temperature distribution in the fuel rods of fuel
region 1 along the height of the reactor. The
figure clearly shows the large temperature
gradient from top to bottom as the gas heats up \\
along the flow path. It also shows a large *
temperature difference of 56 °C between the , . . . .
outside surface of the fuel rod and the exposed 200 30 400 40 50 550
surface of the fuel assembly block. Although it Temperature [C}
has not. yet been investigated, this temperature [~ AGabebc surface ~ Fusl rod surface - Reactor block surtace]
difference is expected to reduce substantially if
the effect of radiation is also taken into account. Fig 9. Adiabatic, fuel rod and reactor block surface
temperature distribution in fuel region 1 along the height
Conclusion of the reactor.
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The preliminary results presented in this clearly showed the effect of convection and conduction within
the fuel rods, reactor blocks and flow passages of the HTTR reactor core. However, the effect of radiation
between the outside surface of the fuel rods and the exposed surfaces of the fuel assembly block as well as
heat losses from the outside surface of the reactor core must still be incorporated.
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SUMMARY o L

[

*

The dnherent :safety features of the HTRs make events leading to severe core damage highly,nniikely and

constitute the main differentiating aspects compared to LWRs. While a known and stable regulatory environment .

has long been established for Light Water Reactors, a different approach is necessary for the licensing of HIR-
based power plants

Among rhe R&D pro_;ect: funded by the European Commzsswn Jor HTR reactors, the HTR-L praject is dedxcated
to the definition of a common and coherent European safety approach and the zdenttﬁcanon of the main
licensing issues for the licensing framework of the ModularHTRs

Other specific ob]ecnves of this project are :
» To develop a methodology to classify the accidental conditions - , PR

* To define the preliminary requirements for the confinement of radioactive products and 1o assess the need
for a "conventional” containment structure

s To establish a SSC (2) classification and to define the rules for equipment qualiﬁcn{ipn

o To identify the key issues that need to be addressed in the licensing' process of the HTRs

» To organize a workshop with the concerned Safety Authorities at the end of the project. . o
This paper will explam the pra_]ect objecnves and its final expec:ed outcomes. N e

tr “ - -7 =4

1. INHERENT SAFETY OF THEHTR REACTORS. | .,

Renewmo publlc acccptance for nuclear technology 1s one, of the mam challenges faccd in the short
term by the nuclear industry if new projects are to “be started. The major issues related to public
acceptance "of nuclear industry are non-proliferation, safety and nuclear waste. It appears that HTRs

could generate a significantly improved level of public:acceptance compared to ex1stmg reactors, |

especially when taking into account some conclusions, of . safety analysis to be done in the future
licensing framework e ‘ Lt IR -

- . &
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(1) HTR-TN stands for High Temperature Reactor - Technology Network
(2) ssC stands for Systems, Structures and Components
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The HTR reactors appear as very simple to operate, with inherent passive safety features, low
possibility of reactivity incidents ; decay heat removal can be ensured by natural convection. The main
inherent safety characteristics of the HTR are the result of several design features, i.e. :

s

- the use of coated fuel particles embedded in a graphite matrix which retain the fission products.
Kemnels coated with carbon and silicon carbide (SiC) have greater heat-resistance than those coated
with metallic materials : this provides a unique robustness of the first barrier,

- the strong negative temperﬁture coefficient of the core, which tends to passively shut down the
reactor with relatively modest temperature rise above normal temperature,

- a very slow temperature transient of the reactor if
the active cooling of the core is lost (see figure 1).

This is made possible by the high thermal inertia of Figure 1: Typical maximum core temperature

the graphite and the core structure, and the low € ; T 1) Begrnmg of the SIC Coaing
power density of the core (less than 10 MW/m3, WO mmm e et il —— (2) Y0 &iadmg ana ground
compared to at least 50 MW/m? for a LWR),. S S ——(3) With passwve airflow heat sink

1600 4= = = -
- possibility for passive core cooling. The core can
be configured to have a large core surface-to-volume 7 .-
ratio ; combined with the low power density, this :
makes possible passive heat removal (by thermal -
radiation, heat conduction and free convection) from

the core and the outer surface of the pressure vessel,
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even under the worst accident conditions. b —
. . . R e = S Ry 1 8YY
Furthermore, in these conditions the maximum fuel 4t R S LT e e R

temperature can be maintained below the integrity
limit of the ceramic-coated fuel.

In terms of safety, for licensing purposes an analysis has to be made for all “classical” as well as
design specific incidents. One of the most severe accidents in the reactor system is expected to be the
complete loss of coolant accident (LOCA), which renders all the active cooling systems unavailable ;
this is the case of the reactor circuit depressurization and of the loss of forced cooling helium flow.

Other accidents have to be considered, e.g. :

reactivity accidents due to core or absorbers configuration modifications,

blockage of coolant channels,

reactor coolant pressure boundary failure,

air ingress, with the potential for combustion of the core graphite,

water ingress, for which the risks seem limited compared to previous HTRs with steam generators,
because they concern only low pressure water circuits;

» radiological contamination in normal and accidental conditions, even if the past operating records
of HTRs have shown that they were very clean reactors. This can have very significant impacts on
the source term in case of accident. -

¢ deblading accident of the gas turbine, which is specific to the direct cycle reactors and which can

induce a shock wave causmg substanual da.mage to the core structures of the reactor.

Although detailed safety analysis has still to be performed to demonstratc the' fact for a particular
design, due to the potential for passive cooling, the HTR reactor can be considered as "core meltdown
proof™. This makes the safety approach quite different from that developed for LWRs. Furthermore,
the behaviour of HTRs in accidental conditions relies on high-quality fuel : the high level of safety of
HTRs results from the capability of coated fuel particles to confine the radiological fission products
even at high temperatures under the worst postulated accident.
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2. HTR-L PROJECT'WITHIN THE}R&D,’EC FUNDED PROJECTS.'

The high-temperature (HTR) and gas-cooled reactors (GCR) have been developed within Europe over

many decades and considerable expertise in ‘this" technology is still available within the European
Community countries. A common European approach'to the renewal of HTR technology under the’
direction of a European HTR Technology Network” (HTR-TN) has been established to enable and -
encourage work-sharmg structures within this nuclear R&D field [1].

European Commumty Framework Programmes have' been launched to consolidate and press forward
the modular HTR technology in Europe. These mvolve partnerships “of prmcrpal 1ndustr1al and

research organisations from countries of the European Umon including the JRC in order to develop ’

and consolidate European expertise and expenence

LI SERNKIN

The partners of HTR-TN o presented six co-ordinated projects, which were selected for the 5th

Framework Programme of the European Commission with a total budget of about 16.5 M€ (50% -~

funded by the European Commission) [2]. The HTR-C project deals only with the integration and the
co-ordination of the whole cluster and each of the other projects covers a technical area : “

- HTR-N Reacior Physics and fuel cycle studies, -

- HTR-F Fuel technology, -

- HTR-M Material development

- HTR-E Key components of the power conversion system
- HTR-L Key safety issues and Safety approach '

- . HTR-ECS Eurocourse.

i BN .
Moreover a task force on'accident analysis and ﬁssmn product transport has been created by HTR- TN
in order to start the work in these fields, even though there is no related project funded for the time
being by the European Commission, due to funding lmutatlon

Figure 2 : HTR Prolects Cluster

e ) L : V
« programme of 3-4 years RS A r11 TN e
*about 16.5M € o7 et e e it V]
*50% funded bv E.C. -. e

1

1
HTR- N {2000} + HTR-L (2001}~ HTR-ECS (2002)
HTR-N1 (2001) - - = ..
Nuclear Physlcs £ Ucensing v ) “Eurocourse -

1

HTR-TN is also lookmé for the synergy and corirplementaritieé of its program‘rne‘with’ the present‘

worldwide R&D effort on HTR technology, through the development of international co-operation :
some co-operation already started with JAERI (Japan) INET (China), General “Atomics (US) ‘and
Us DOE/NRC other mtern_atronal co—operatwe‘pro_]ectms are consrdere‘d

f ~
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3. HTR-L PROJECT OBJECTIVES cL T

RN

The designs of High Temperature Reactors (HTRs) are very dlfferent from the ones for Light Water a

Reactors (LWRs) for which a known and stable regu]atory environment has been established for many
years. In LWRs the possibility of core meltdown 'has largely driven the safety phrlosophy AT

t

Fro

3 Present-day members are Ansaldo, Balcke-Durr, Belgatom, BNFL, CEA, Cogema, Empresarios Agrupados, FRA-ANP (SAS and
GmbH), FZJ (Julich Centrum) and FZR (Rossendorf), IKE, IPM Zitteau, IRI Delft University, NNC. NRG, VTT, JRC and CE. (DG
RTD and TREN)
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The umque design of the; Modular HTR uses simplicity instead of economy-of-scale to attain
economic viability. Its mherent safety features (which make events leading to severe core damage
hlghly unlikely), its potential for use in high temperature industrial processes and the possibility of
using direct cycle gas turbines are some of the main'aspects that set it apart from LWRs. For all these
reasons, the existing regulatory environment is not well suited for the licensing of Modular HTR
power plants and, therefore, a different approach is necessary. '

The main purpose of HTR-L is to establish a common and coherent European safety approach for the
licensing framework of the modular direct cycle HTRs. A large consensus on an approach, which can
take into account the’ specific safety features of modular HTRs and which leads thus to a simplification
of the reactor design (e.g. suppression of engineered safety featured systems, limitation of the number
of components with a safety classification, reduction of the loads on the third barrier, ...), is very
important for consolidating the economic competitiveness of these reactors. Therefore the results of
HTR-L will be presented not only to European Safety Authorities, but HTR-TN will also take
initiatives to promote extenisve international discussions on them in order to broaden the consensus.

The studies will focus on HTRs with direct cycle concept, using both pebble and block type of U-
based fuel for electrical power generation. However, exploratory work of the safety impact of Pu
burning and other applications (e.g. hydrogen production, combined heat and power production,
district heating, desalination) will also be performed.

4. HTR-L PROJECT WORKPACKAGES.

The project started on the 1* of October 2001 and will last 36 months. Its final outcome should
constitute the basis for further developments (i.e. the establishment of more detailed requirements

similar to those of EUR (4} applicable for LWRs). There are currenly five workpackages.
4.1. Definition of the Safety Approach

The purpose of this workpackage is to define the main safety concepts and principles (defence-in-
depth, physical barriers, events classification principles, safety functions, target radiological release
limits, etc.) applicable to modular HTRs.

The project will be built on basis of the internationally accepted applicable standards, principles and
methodologies (e.g. IAEA Safety Guides, OECD/NEA recommendations) and of licensing materials
available for old (e.g. HTR-Modul, THTR and other German' Projects, MHTGR in the US) and current
HTR projects (e.g. PBMR in South Africa and in the US as well as GT-MHR initiative in the US). The
EUR requirements will also be considered as a reference.

The general guidelines and principles must be adapted to modular direct cycle HIRs taking into
account the inherent and unique safety features of modular HTRs. In particular, the greatly reduced
probability of accidents with severe fission products release has to be taken into account.

<

4.2. Classification of the Oper«ating‘Conditions

The design basis operating conditions to be considered in the safety analysxs will be determined and a
classification of these conditions will be proposed according to the associated risks and consequences.

The categorisation principles for Operating Conditions will be applied for two direct cycle modular
HTR reactors (one with pebbles and one with blocks as fuel elements).

Moreover, as a prehmmary evaluation, a draft list of the safety parameters to be controlled and
supervised will be established at the end of the exercise in order to identify potential problems relating
to measurement of some of these parameters.

-

(4) EUR stands for European Utlity Re(fum:ments. This document giving the design requirements for Light Water Reactors was
produced by the utthites from nine European countnes.



This exercise will also be very helpful to define some areas to be studied in the other HTR projects or - |

future extensions, in particular for the definition and the development of safety analysis codes. In
addition, it is hoped that prelmunary work will be undertaken by an NAS (5) organxsauon to estabhsh

the v1ab1hty of some existing computer codes for HTR safety analysxs R
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4.3. Confmement Reqmrements. L S

Without any doubt an 1mportant issue for the H'I'R reactors is whether a conventlonal" contamment

structure or some other mitigating system or process "should be required i in order to provide adequate o
protection “of the public.’ The decision to stipulaté a containment has to be made on the basxs of

technical Judgement takmg into account the desxgn features of the HTR reactors.

One sxgmﬂcant advantage of the HTR reactors is the hlgh resistance for fission products re]ease of the ;
fuel particles, as the fuel and its successive protective shells constitute the most effective ‘confinement

barrier for the radioactive elements. The ‘requirements for the confinement/containment function

provided by the third barrier will therefore be re-assessed considering the properties of the first barrier _,

of HTR fuel, the nature of the design basis accidents to be considered for hcensmg modular H’I‘Rs and
the almost complete exclusion of core melting situations for this type of reactors. -

[

The confinement requirements will be closely related Wwith the results of the HTR-F ahd’HTR-Fl
projects (fuel barrier efficiency, fuel quality control process) ; furthermore, these requirements may
depend on the plant design. Safety analyses results and especially those related to fission products
transport are also important data for the definition of quantitative confinement requirements ;

unfortunately, such data may be not available and the concluswn of this WP can only bc qualxtatxve‘ i

and preliminary. . -

4

The integrity of the safety barriers will be also assessed in relation to accidental events originated (

outside of the plant (External Events as airplane crashes). ;.

4.4, System, Structure and Componeuf Classification

The goal of this workpackage is to establish a safety classification for the systems, structures and
components, and to define the principles, rules and methodology for equipment qualification starting
from the applicable international standards. This will be realised with the objectives to either avoid
undue cost penalties using unnecessary high quality levels, and to respect the safety criteria during
design basis conditions.

For this purpose, the key safety functions with their quality levels will be identified in a first step
4.5. Key licensing issues

The fifth package will try to identify the key safety aspects for which the Safety Authorities may be
attentive, in order to consolidate the safety approach developed in the first work package.

For this purpose, on one hand, the review by a company with experience in the defence of safety cases
and in dealing with the Safety Authorities in the frame of the licensing process, is considered.

Finally, it is proposed to organise a workshop with the Safety Authorities from the main
European countries. The objective is to collect their first reactions to the proposed safety
approach. The Safety Authorities of foreign countries (e.g. US, South-Africa, Japan, China
and Russia) will also be invited to present their approaches and the international organisations
(e.g. IAEA, OECD/NEA) will also be invited to present their approaches and activities on the
safety and licensing of HTRs.

(5) NAS stands for Newly Associated States of the European Union.
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5. CONCLUSION

Jt is_most likely that' HTRs will emerge on the world industrial scene in”the next 10 years. The
objective of the HTR-L project 15 to €stablish a communon European safety approach for modular direct
cycle HTRs. A substantial pan-European consensus on a safety approach is necessary and very
important for consolidating the economic competitiveness of HIRs. .

The adaptation of the usual internationally accepted safety guidelines and principles to modular direct
cycle HTRs will be éxamined, taking ‘into account the unique safety features of modular HTRs
(exceptional strength of the first barrier, large negative temperature coefficient, very large thermal
inertia and inherently safe design). ’

A way to look into the safety issues and to demonstrate that the safety functions are respected in all
conditions will be developed. . )

The work will constitute a first trial for defining a common European safety approach for the future
HTR reactors in Europe : this exercise must be the basis and the input for further more detailed
developments and much more detailed requirements, similar to those of EUR applicable to LWRs. The
HTR-L project rallies industrial partners (manufacturers and energy producers) and research centres
from different countries. Furthermore, it is also open to international co-operation.
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ABSTRACT T

Amajorfwumoftthagnoxgasoooledmordwgtusthegmphltc core, whlchactsas
the moderator but also provides the physical structure for fuel, control rods, instrumentation .
andooolantgaschannels The lifetime of a graphite core is dependent upon two principal -
aging processes: irradiation damage and radiolytic oxidation. Irradiation damage from fast "~
neutrons creates lattice defects leading to changes in physical and mechanical properties
and "the accumulation of stresses. Radlolync oxidation is caused by the reaction of
oxidizing species from the carbon dioxide coolant gas with the graphite, these species being
produced by gamma radiation Radiolytic oxidation reduces the density and hence the
moderating capability of the graphite, but also reduces strength affecting the integrity of
core components. In order to manage continued operation over the planned lifetimes of
their power stations, BNFL needed to extend their database of the effects of these two
phmomcnaonthcxrgmphuccomthmughanmdmnonexpenmcnt This paper will
discuss the background, purpose, and the processes taken and planned (i.e. post irradiation”
examxmnon)wensmmmmngﬁﬂdataonthegxaphxtcwmmammlxsobmmedﬁomthc
mdxanonexpcnmcm. S .

-

1. Imtroduction ~ - ‘ ‘”, T

BNFL Magnox Generation Business Group in the Umtcd ngdom is currcntly opcranng six
commercial nuclear power stations, and is undertaking a program of work to “underwrite continued ™
operation of these nuclear power stations beyond their original design lifetimes. These are gas-cooled
graphxte-moderaied reactors of the first generation Magnox design that unhzc uramum metal fuel in
magnesium alloy fuel cans. The reactor dsxgn has evolved as each power station in the series has -
been commissioned, with progressive increases in operating gas pressures and temperatum lwdmg to
increased power densities and thermal output. T

For economic planmng purposes, the reactors were ‘designéd with nominal lifetimes of 20-25 years.
All the power stations are now operating well beyond their design lifetimes (30-40 years). In order to:

satisfy the operators and the United Kingdom regulators (HM Nuclear Installations Inspectorate) that :t A

the reactors continue to operate’ safely under normal operating and fault conditions, the reactors are ",
subjected to rigorous periodic assessment. The graphite core of a Magnox reactor not only acts as the
moderator which sustains the energy-releasing chain reaction but also serves as ‘the main structural ,
element of the core design, providing a lattice of vertical channels for fuel elements, instrumentation

and flow of heat transfer gas. The assessment of the condxtnon and behawor of the gmphlte moderaior .
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With the graphite cores being operated significantly’ beyond their nominal lifetimes, it has been
recognized that additional materials property data on irradiation damage and radiolytic oxidation are
required to underwrite safety case assessments which will bound the projected irradiation and
environment conditions. To this end, the Industry Management Committee within the United
Kingdom (comprising British Energy, British Nuclear Fuels plc and HM Nuclear Installations
Inspectorate) has provided funding for a graphite irradiation program. This program will irradiate
samples of archive pre-characterized graphite used in the Magnox type reactors in the Advanced Test
Reactor (ATR) at the United States Department of Energy’s Idaho National Engineering and
Environmental Laboratory (INEEL). After irradiation, the graphite will undergo Post Irradiation
Examination (PIE) at BNFL Research and Technology’s Berkeley Centre in the United Kingdom.

The new Irradiation Test Vehicle (ITV) facility in the ATR was selected for the irradiation to provide
the desired irradiation conditions and on-line temperature control of the specimens. The ITV has the
capability of irradiating specimens at elevated temperatures in a dry gas environment similar to an
HTR. Depending on the amount and type of specimen and capsule material available for gamma
heating, specimens may be irradiated in the ITV at temperatures as low as 200 °C or in excess of 800
°C. A new gas environment system was also added to the ITV to provide both oxidizing and inert gas
atmospheres for the graphite specimens’ during irradiation. This will provide specimens with both the
oxidation and neutron damage as well as specimens with just neutron damage effects. During PIE, the
effect of each type of damage on the graphite can be then be assessed.

This paper discusses the irradiation expcnment background, purpose and the processes taken and
planned to ensure meaningful data on the graphite core material is obtained from the irradiation
experiment. ) .-

2. Magnox Reactor Graphnte Core Deslgn and Operatmg Condxtlons

The cores are constructéd from gmphxte bricks stacked in columns,- geometncal stability being
achieved through axial and lateral keying within the core in combination with a steel core restraint
system. The columns of bricks are pierced by cooled vertical channels containing fuel elements,
control rods and reactor instrumentation. The heat transfer medium is pressurized carbon dioxide.
Pile Grade A (PGA) graphite, an orthotropic extruded needle-coke graphite, was chosen for the active
regions of all the Magnox reactor cores, with a less pure graphite from an earlier stage of the same
manufacturing process (Pile Grade B) being used for side reflector components.

Operating gas pressures are in the range ~8-27 bar absolute with opcmtmg gas temperatures of ~140-
370°C. Reactor thermal powers range from ~270-1700MWt. The peak fast neutron dose to the
graphite over the planned extended lifetimes of the stations is calculated to be in the region of 7x10%
neutrons/cm? Equivalent DIDO Nickel Dose (EDND)

3. Graphite Core Aging Process

There are two principal graphite aging processes: irradiation damage from fast neutrons creates lattice
defects leading to dimensional changes and changes in properties including coefficient of thermal
expansion, thermal conductivity, modulus and strength; exposure of graphite to carbon dioxide in the
presence of gamma irradiation results in radiolytic graphite oxidation. This oxidation process
produces changes to the porosity of the material leedmg principally to changes in modulus, strength
and thermal conductmty .

The irradiation behavior of PGA graphne was extenswely researched pnor to and during the early
development/construction period of the Magnox nuclear power stations. Fast neutron effects were
studied using Materials Testing Reactors (MTR) principally in the United Kingdom (e.g. DIDO and
PLUTO at Harwell, DFR at Dounreay) but also in France and Belgium (Siloe in Grenoble and BR-2 at



Mol). The temperatures and doses achieved in these studies bound Magnox station .operating
envelopes, even for extended operation. Irradiation damage in Magnox reactor graphite cores leads to
a build-up of stored (Wigner)‘energy, distortion and dimensional change of components and, in ,
combination ‘with- temperature _and flux - gradients, -the generation of internal stresses within -

components. - These processes are well understood and the MTR database for PGA graphxte provxdes J

the means for predxctmg the effects of irradiation damage on core mtegnty

v iA

Radiolytic graphite ox1da,uon was studied in low dose expemnents in M'I'Rs In the Umted ngdom

(with samples being annealed to remove the effects of irradiation damage). The process involves the -,

radxolysxs of carbon dioxide to produce an oxidizing species. If these reactive oxidizing species
impinge on a graphite surface, they gasify it to carbon monoxide. Depending upon the rate of
diffusion of the oxidizing specles within the pores of the graphite, it may become deactivated before it
can react with carbon atoms in the graphite. The radiolytic oxidation of the graphite depends on the
energy absorbed by the carbon dioxide (pnncxpa]ly gamma) within the pores of the graphite.
Oxidation rates increase with gas density — i.e. with increasing pressure and decrwsmg temperature.”

»

The presence.of “inhibitors™ such as carbon monoxide (a product of the process itself) and j

hydrogenous material ‘(i.e. hydrogen, water or methane) will reduce oxxdatlon rates. Data for the
effects of radiolytic weight loss on PGA graphite properties are available ‘up to weight losses of
approxlmately 35%, with the daxabase being somewhat sparse in the range 20-35% (Flgure 1)
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Figure 1: Fractzonal change in strength of PGA 3 « ’
graphite with radiob»tzc wezght Ioss” ~ -

: *: the OI%ury reactor graphite core” i

The adequacy of the database for mdxolytlc gmphlte oxldauon must be assessed aga.mst measu:ed and o
predicted weight losses in Magnox reactor core ‘components. Figure 2 shows predicted weight losses - * -

for the Oldbury reactor core as a function of mean core irradiation. Weight losses have been expressed
in two ways: as the average weight loss over the whole active core and as the mean weight loss for a
brick in the peak-rated
the database. For the small number of bricks at the peak-rated position within the core, mean weight
losses are expected to lie at the database limit of 35% ax a mean"core irradiation of approximately

33,500 MWd te” (U). Tt is likely that part of the Oldbury core; the lead reactor on radiolytic graphite -. -
weight loss, will be operating during its planned lifetime outside the matenals database unless new - ,

-

datafromaecelemtedmadlatlonexpenmentsmnbeaequned : PP RN

P
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(“worst”) position. The average weight loss of the graphite falls well within

331



332

4. Objectives of Graphite Irradiation in ATR
There are two objectives for the graphite irradiation in ATR. The first and principal objective is the
extension of the PGA graphite mechanical properties database to higher weight losses to bound reactor
material over planned lifetimes for the Magnox nuclear power stations. Samples shall be irradiated in
a controlled representative gas environment with target weight losses in the range 20-60%. The -
second objective is to crosscheck fast neutron damage effects between ATR and the existing MTR
database for PGA graphite. In this case, samples shall be irradiated in an inert environment with
instrumentation providing the accurate measurement of temperatures and doses. .

5. ATR Facilities and Capabilities
The ATR’s newly installed Irradiation Test Vehicle (ITV) was chosen as the position to perform the
irradiation. The ATR is a premiere MTR capable of accommodating large irradiation specimens (11.5
cm in diameter by 1.22 m long) within very high neutron flux (1 x 10** neutrons/cm?/sec thermal and 5
x 10" neutrons/cm¥sec E > 1MeV) and gamma heating (~ 20 W/g in stainless steel) environments.
The ITV is located at the very center of the ATR core and is an extremely flexible facility designed to
support a variety of experiments requiring fast, thermal, or mixed spectrum neutron environments.
This facility is capable of providing neutron spectral tailoring and continuous temperature control for
up to 15 capsules with inside diameters of 1.35 to 2.21 cm and lengths of 15.2 to 35.6 cm. Smaller
numbers of longer length capsules can also be accommodated.

The in-reactor portion of the ATR ITV consists of three closely packed mini-in-pile tubes (MIPTs)
running the length of the ATR vessel. The inside bores of the MIPTs are kept dry and test trains are
inserted from the top of thé reactor into the dry cavities. Temperature control gas lines enter through
the bottom of the MIPTs and remain in place between tests. The temperature measurement and any
other desired instrumentation or support systems are supplied with the test train and connections are
made to the control system at the ATR vessel top head area each time a test train is replaced. Neutron
spectral tailoring is accomplished through the use of replaceable filters that are inserted between the
reactor fuel and an aluminum filler piece surrounding the MIPTs in the core region.

Independent temperature control of each capsule, within the ITV is accomplished by controlling the
transfer of the gamma and neutron heating of the capsule and its contents across a narrow gas jacket to
the ATR primary coolant. During operation, the precisely sized gas jacket between each capsule and the
mini-in-pile tube receives a continuous supply of gas custom blended for heat transfer purposes. By
adjusting the ratio of a conductor (helium) gas and an insulator (neon) gas, the thermal conductivity of
the gas jacket can be controlled to provide the correct insulating value between the nuclear heated
capsules and the relatively cold (60 °C) reactor primary coolant. This controlled heat transfer drives the
temperature of the specimens to the desired values during reactor operation. The correct temperature is
maintained in each capsule by blending the mixture ratio of the two. gases based upon temperature
feedback from thermocouples located within. each capsule. The blending operations are’ completely
antomated and are performed using Mass Flow Controllers (MFCs) that are linked to a computer
control console in a manned experiment operation center. The exhaust lines leave the MIPTs at the
reactor bottom head; pass through a leak detection panel, and discharge to the reactor ventilation
system,whichexhauststotheATRstack.r .

~w
i

6. Experiment Description | .

The graphite irradiation will be performed in MIPT #3, which is in the west position of the ITV. The
experiment will consist of a single test train, which will be split into two capsules containing the.
Magnox graphite specimens. The two capsules are of equal length, scparated at the vertical center of ~
the ATR core by a sealed bulkhead, and extend from the center to the upper and lower ends of the
active fuelled region of the reactor core. The top capsule, with a flowing inert (helium) gas™

environment, will contain fast neutron damage control specimens and the bottom capsule, with a



flowing oxidizing (CO,) gas environment, will contain specimens to be ra.dlolyncally oxidized to high
weight losses. In both capsules, the graphite will be positioned within a specimen carrier to ensure the
apphcable gas flow is positively directed over as much of the specimen surface as possible. This was
done to minimize the diffusion distance for the gas within the porosity of the graphite specimens. To
ensure data from the irradiation specimens would be directly comparable to data obtained -from
samples trepanned from Magnox reactor cores, the same standard ‘specimen size was used in the
irradiation. Other prototypic conditions mandated for the irradiation included specimen temperatures
and gas environment (gas composition and gas pressure) of Magnox reactors. The length of irradiation
was determined using a radiolytic oxidation model developed in support of the Magnox reactors. This
model takes into account the total nuclear (gamma plus neutron) heating of the specimens, the

composition of the gas and the desired weight loss of the specimens. Using this input, the model

predicted approximately 140 irradiation days in the ATR ITV would lead to radiolytic weight losses

which would bound those calculated to arise over the planned lifetimes (including planned life-

extension) of the Magnox power reactors. If the oxidation specimens reach the desired amount of
oxidation prior to the end of the irradiation cycle, the oxidation system will be flushed with an inert
(helium) gas and then purged with the same gas throughout the remainder of the irradiation cycle.

Extreme care was taken in the design of the expenmenml hardware to maintain prototyplc chexmstty
control of the specimen environment to limit the unknown variables and prevent any unwanted
chemical reactions during the irradiation. Materials that could either affect (e.g. catalyze or block) or
mask the oxidation rate (¢.g. carbon deposition) were excluded from the experimental hardware and all

communicating systems. The major component of most ATR test trains and capsule shells, stainless |
steel, was excluded due to its nickel content. To satisfy the chemistry requirements, the ‘capsule ~
material was researched extensively and 9Cr 1Mo alloy steel was selected. This material was able to
meet the chexmstry requirements and also survive the high neutron flux environment of the ATR‘ :

without experiencing a significant increase in its brittle fracture transition temperature. However, since
the design code required a post weld heat trwunent for this material, specxal techmques were needed
to prevent meltmg of the alununum specimen carrier dunng this process. . ; .

A vertical sectxon of the expenmental hardware is shown in Fxgure 3, and a horizontal cross-section at
the top of the capsules is shown in Figure 4. The specimen carrier consists of two clamshell halves that
are held together by thin aluminum straps. These straps also hold the thermocouple leads, gas lines and

flux monitors in grooves machined in'the outer surface of the carrier. Aluminum was chosen for the =~

specimen carrier material for several reasons mcludmg chemistry control, low neutron absorption rate, ;‘ )
high thermal conductivity and a high thermal expansxon rate. The last two properties enable the carrier ~

to provide an excellent heat transfer path between the specimens and the capsule wall. The high
thermal expansion rate also helps in  the assembly and later disassembly of the capsules by. pmwdmg
needed clearance between the carrier and the capsule ‘wall at room temperature. However, durmg
irradiation the aluminum expands to provide posmve thermal oontact between the mrner and the ~
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Graphite specimen

Gas inlet & outlet lines
4 places

Neutron flux monitor
5 places

Compression spring

Figure 4: Cross-section of the experiment capsule showing the graphite specimens located in the center of the
capsule and surr?unded by the specimen carrier and other key components.

capsule wall. Nonetheless, the carrier’s main role is to provide support for the graphite specimens,
whilst separating them by a 1-mm gas space between adjacent top and bottom surfaces of the
specimens. The gas spaces (or gas path) between the specimens are connected by gas ports located on
alternating sides of the specimens. The specimens are held against the side of the carrier opposite the
gas port by a compression spring to ensure 2 good thermal contact between the specimen and the
carrier for heat transfer purposes. Thermocouples are located at the top, middle and bottom of each
capsule for both temperature control and recording the temperature of the specimens. At each of these
locations there are two thermocouple junctions located diametrically opposite each other: ome
measuring the centerline temperature of a graphite specimen and one measuring the temperature of the
specimen carrier. Neutron flux monitors were installed to measure both the fast and thermal neutron
fluences. Iron, nickel, and niobium wires measure the fast spectrum, whilst cobalt-aluminum alloy
wires measure the thermal spectrum. Two iron flux monitors were. also positioned diametrically
opposite cach other in each capsule to measure the fast neutron flux gradient across the capsules. Bare
monitor wires were utilized in the upper inert capsule, but to prevent any unknown chemical effects on
the specimens_or wires, the’ monitors were encapsulated in a sealed aluminum tube in the lower
oxidation capsule. Since each capsule has a different gas environment, there are separate gas inlet and
outlet lines for each capsule. The inlet gas lines terminate at the bottom and the outlet gas lines are
located at the top of the capsules. The gas (either oxidizing or inert) enters the gas plenum from the
inlet gas line at the bottom of each capsule. It then traverses the tortuous path up between the
specimens via the spaces between the specimens and the gas ports to enter the outlet line at the top of
the capsule.

The outside diameter and profile of the capsule was determined based upon very rigorous reactor .
physics and thermal analyses. In order to ensure the data from this experiment was directly
comparable with the existing database, an equivalent flux and temperature relationship established
using data from the DIDO reactor was used to determine the required specimen temperatures. This
relationship was applied to the neutron flux profile of the ATR to determine the correct temperature of
the specimens based upon their axial position within the ATR core. The outside diameter of the
capsule wall was then tapered to provide the correct insulating gas jacket between the capsule and the
MIPT as a function of vertical location within the ATR core.

The capsule environment system is a new capability added to the ITV specifically for this project. It
consists of the two different gas systems (inert and oxidizing) connected to the inert and oxidizing”
capsules in the MIPT. The inert gas system contains pure helium gas, and the oxidizing gas system
contains a carbon dioxide gas that is blended with a carbon monoxide/hydrogen mixture. A
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description of the requirements for and the dwgn of thé complcx control system are beyond the scope .

of this paper. Inlet and outlet gas compositions are monitored over the duration’of the experiment
using a gas chromatograph and oxidizing gas flow rates and composmon adjusted to take account of
the oxidation of the graphite. ) - - .

7. BNFL Facilities and Capabilities BN
BNFL currently operates hot cell facilities in the UK at Berkeley and at Sellafield. The main graphite
facilities at Berkeley comprise a suite of cells and glove boxes for medium and low active work.
Berkeley has been involved in the characterization of graphites in the UK for many years and has

developed considerable expertise and designed - specialized equipment, for such investigations.

Techniques and methods available for irradiated graphite include: precision machining equipment and
equipment for mensuration, weighing, high temperature annealing, volume determinaﬁon, helium |

pycnometry, strength, dynamic Young’s modulus, - coefficient of thermal expansion, diffusivity,-
permeability, thermal conductivity, stored energy measurements and chemical behavior. In addition, a -

»

wide range of optical and electron microscopes are available including a shielded scanning electron -

microscope. The Berkeley capability also includes surface and image analysis instruments.

8. Characterization of Material for Irradiation

Archive graphite retained during the construction of the reactor cores has been used as the source of .- -0 -7 !

material for the experiment. For the purposes of the experiment described here, cylinders of graphite
were machined from selected heats oof archive graphite with the grain direction either perpendicular or .
para]]el to the axis. The cylinders were sectioned to provide discs 12.00mm in diameter and 6.00mm
in length (machining tolerances of ¥0.03mm). ‘Each disc either side of the'disc destined for:the

experiment has been retained as reference material. *"Standard waisted tensile strength samples were -

also machined from selected sections of the cylinders for reference. All the graphite discs were -
subjected to detailed mensuration and weighing and measurement of dynamic Young’s modulus.
Selected graphltc discs were subjected to open-pore volume (helium pycnometry) and coefficient of _
thermal expansion measurements. All the data were subjected to detailed analysis, with samples with -
outlying propertws being examined for microcracks/flaws and rejected as appropriate. For each heat -
and for each grain orientation, samples were then paired to match properties. . Samples from each pair

have been assigned to the oxidation and inert irradiation capsules at symmetrical posmons about thc coe -

center of the ‘ATR core to prowde identical madmnon oondmans

9. Summary

Extreme care has been taken in the development of the irradiation experiment to ensure the data will |
be directly comparable to the ausnng database. The design of the experiment test train and the capsule
environment 'system has’ taken 'all known variables into account and every cffort was made to.
minimize the effects of any items (e.g. chrome, gold, etc.) that were unavoidable. This plnlosophy
together with the nuclear hwtmg and temperature control provided by the ATR ITV facility will
provide the irradiation specimens needed to extend the current database on.radiolytic oxidation of
PGA graphite. This database may then be utilized in underwrmng the safety cases for safe continued
operation oftheMagnoxpower stations. . |- e - -
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ENERGY STORAGE AND RELEASE CALCULATIONS
FOR HTR-10 REFLECTOR

U. COLAK, H. DIKMEN, and U.E. SIKIK

Nuclear Engineering Department
Hacettepe Unversity, Beytepe, 06532 Ankara-Turkey

ABSTRACT

Significant amount of lattice defects are created in graphite under the exposure of fast neutrons.
If irradiation temperature is high enough, in-situ annealing takes place. However, annealing is
difficult at low temperatures and excess energy associated with lattice defects tends to be stored
in graphite. Uncontrolled release of this energy may cause appreciable temperature increase in
the material. The magnitude of energy release and associated temperature increase may be a
safety concern and should be assessed during the gas cooled reactor design stage. This study
deals with the calculation of stored enérgy in the reflector during the operation of HTR-10
pebble bed gas cooled reactor and its release upon a temperature increase caused by a transient
event.

1. Introduction

There is a renewed interest.in gas cooled reactors. This is mainly due to their excellent safety
characteristics and betfer economics with respect to conventional power plants. HTR-10 is a gas cooled .
pebble bed reactor with 10 MW thermal power. output located at the Institute of Nuclear Energy
Technology (INET) near Beijing, China. The main purpose of this test reactor is to provide a knowledge .

base for the design of power reactors. ,

Graphite in gas cooled reactors is extensively used in different components such as fuel, moderator, and
reflector due to excellent nuclear characteristics. It is also a well known characteristics of graphite under
irradiation that a fraction of the energy associated with.the slowing down of neutrons stored in such
materials [1]. This stored energy may be released as heat upon annealing of point defects by increasing the
temperature. This phenomenon should be considered during the design of gas cooled reactor since it is
directly related to reactor safety. Local temperature increase during any loss of cooling event may be
sufficiently high to cause substantial amount of energy release. This, in tumn, further increase the
temperature.

The energy storage and release characteristics of HTR-10 reactor is analyzed in this study. The analysis is
performed by taking temperature and radiation dose distribution in the reflector region. Then, the energy -
storage and release characteristics are evaluated with reference to the previously obtained data in a
standard irradiation facility [2].

2. Energy storage and release in graphite -

Energetic neutrons cause significant amount of atomic displacements in the reflector of gas cooled
reactors. If irradiation temperature is not high enough, these defects do not anneal out and the heat
content of the material increases. This is called "the stored energy". This process is attributed to the
formation of complex defect clusters and the difficulty of the dissociation of these clusters due to being
trapped in crystals. This is especially important for the reflector region of the reactor since temperatures
are relatively low in this region compared with the reactor core. The amount of energy deposition is a
function of irradiation dose as well as local temperature. When the temperature increases above the



irradiation temperature, then, some of the defects anneal out and the stored energy is released as heat. The

amount of energy release is directly related with the temperature rise. If temperature Tise is limited as m :_ )
the case of operational transients, the amount of energy release will not be so significant. Howeygr,”thq’r,e ot

may be significant energy release in case of any loss of ‘cooling 'trinsiepi. During such'a transient,
uncontrolled temperature rise trigs the energy release and this further increases the temperature. . " °

s

3.HTR-10

HTR-10 is a gas cooled reactor constructed based on pebble'l‘)ed éonce;;t. The thermal power'r!ating of the”
reactor is 10 MW. The reactor core is 180 cm in diameter and 197 cm in average height and equilibrium
core is made up by 27,000 spherical fuel elements. Reactor core is surrounded by a large graphite
reflector. Helium coolant enters the core at 623 K and the outlet temperature is 973 K. Helium pressure is

3 MPa.

4. Thermal-hydraulics calculations

Temperature distribution in HTR-10 core and reflector is calculated by solving mass, momentum, and
energy equations. Mass and momentum equations provide the velocity distribution of the helium coolant
in the core. The coolant velocity is needed to evaluate the heat transfer coefficient between the coolant and
the fuel surface. Calculations are performed in such a manner that mass and momentum equations and
heat equations for the coolant and the fuel spheres are coupled independently. Correct velocityi and
temperature distributions are obtained iteratively. ) S
Thermal-hydraulics calculations are performed in the r-z geometry. Core and reflector regions are divided
into radial and axial nodes. Momentum, mass, and heat equations are discretized and solved in this grid.
Differential equations are converted into matrices. These matrices are solved by using Gauss-Seidel
iteration method. The methodology given by Liem and Sekimoto is used in these calculations f3]

Mass equation is given by

V-(p)=0

where p and v are the density and velocity of the heliufn coolant. Pressure gradient is -giifen by

'

VP=-F+ pv

-7
'

Frictional term F is expressed in terms of the pressure loss coefficient and porosity. Loca}[ pgroksity‘
distribution in the pebble bed is taken into account. [4] - i L.

e o~ o - N .

Energy equations are used to represent the heat transfer between the coolant and fuel spheres” “ =

PN AP I - . an Ty
: O

Vky VT, = V(C, 1 Tw) +ah(T, =Ty, ) =0
Vk, VT, +q""+ah(T,, ~T,) =0

-

1
-t P

where Cp, T, ¢°'), k and h are heat capacity, temperature, volumetric heat generation rate, thermal

conductivity <:*oéff'1cient,'s and overall heat transfer. coefficient, respectively. Subscripts s and He refer to
fuel spheres and helium coolant. Conductivity"coefficients™ for reflector and pebble bed are used as

temperature and irradiation dose dependent parameters [5].iCorrelations for heat transfer coefficient is

taken from the l_ite}gnifg [6]. Reflector region is also included in the heat transfer calculations. Cor;dﬁction
is the only heat transfer mode in the reflector. Power produced in each node is calculated by the results
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obtained with the VSOP code. The reactor in the model is divided into 20 axial and 31 radial positions.
Axial and radial power profiles are evaluated and they are converted to the power produced in each node.
Mass and momentum equations are evaluated in a coupled manner. Iterations are performed until the
pressure drop and velocity across the core satisfy the conditions. Once velocity distribution is obtained, it
is used to obtain heat transfer coefficient. Conduction, convection, and radiation are included as possible
mode of heat transfer.

Temperature distribution (in Kelvin) in the core and the reflector regions as calculated is shown in Fig 1.

HTR.10 Temperature distribution
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Fig 1. Calculated temperature distribution in HTR-10 core and reflector.
5. Energy storage and release calculations

It is customary to perform irradiation experiments at high flux facilities to establish a database for
irradiated material characteristics. Since flux levels are extremely high in these facilities, it takes rather
short period of time to achieve reasonable dose levels. Data obtained in such a standard facility are then
used for any other facility provided that an appropriate conversion is made. Radiation damage in graphite
may be estimated by a parameter named "damage flux". It is expressed in terms of neutron flux and
multiplication factor which gives the number of displacements produced per neutron with the energy of £
Such that

8. = [SL(EYH(E)IE

- 4

A correction in damage flux is necessary to include the effect of neutron flux distribution. Another
correction is required to include the effect of irradiation rate. If irradiation is completed within a short
period of time at high flux; the effect of irradiation will not be the same as it was completed at low flux
but longer time. This is due the fact that there is no sufficient time for annealing in the first case. An
invariant is proposed by taking the ratio of defect creation rate to defect annealing rate. Thus, the term



@, /exp(~E/kT)

is expected to be constant.Hence, two different irradiation conditions can be related by

1 1

_k -
T, TENG) _

where E, k, and T are the activation energy, Boltzmann's constant, and temperature in K. In this equation,
equivalent temperature T, in K is required to obtain a displacement rate in a standard facility with a
damage flux of o, with compared to a facility with a damage flux g4 and temperature T; ! The activation
energy is somewhat uncertain. However, 1.2 €V and 3 eV are recommended for low temperature and for
high dose irradiation, respectively [7]. The activation energy of 3 eV recommended for high dose is used
in throughout the calculations in this study. i . E . -

Local energy storage values at different regions of the reflector is calculated based on the local
temperature and irradiation dose. Local temperature values are obtained as previously indicated.
Irradiation dose is taken as 25 10%° n/cm’ at the interface between the core and reflector. Decrease in the
radiation dose along the reflector is accounted with respect to the neutron flux variation as calculated by
VSOP. Lo - .o

.

Reference stored and released energy data are taken-from the litératu;e for irradiations:per.fonned at
Calder Hall reactor [2]. Represented cases are referred to a local power rating of 3.12 MW/t. Accumulated = "
damage is related and represented in terms of the burnup (MWd#). In order to make a better assessment, .
dose values for Calder Hall reactor and HTR-10 reactor are converted into equivalent DIDO nickel dose -
using appropriate conversion factors [7]. Then, equivalent temperatures in each discretized region are | )
obtained by the above given relation using the temperature distribution across the reflector as explainedin =
Section 4. In the next step, energy storage in each computational node is calculated. This is performed by

a two dimensional linear interpolation from the table constructed for various equivalent temperature and
DIDO nickel dose values. T ” ’ v T s

‘-

3

.

. ! el ' v v

In order to predict the release of stored energy in the refléctor region during a loss of cooling event, one - AN
needs to have the temperature distribution during a loss of cooling event. Such an analysis has been ™" :
performed for HTR-10 reactor [5]. Results show that reflector temperature vary with the axial position and

can go up to roughly 970 K. This axial temperature variation may be taken as the representative case and

used to express temperature distribution in the reflector region. This approximation may be justified by -~ -~
considering the relatively high thermal conductivity of the graphite. The use of this temperature increase
throughout the reflector, also provides a more’ conservative results” from the safety point of view.’
Increasing temperature will stimulate the energy rélease Representative cases in this study ‘are taken as ° .
the temperature increases of 100, 150, and 200 K. L S .

D ST SR T SR L S -
Toes it “r M N [ . -
® W1 t _ .- N T 1

. .-
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5. Results - I T o e bt o

P | T - s B #

The results of stored énergy calculations is shown in Fig 2. As it is clearly seen that energy storage in the
reflector region is concentrated on the bottom part of the core region. Temperature here is relatively low." j“

On the other hand, ‘neutron flux is sufficient enough -to .generate significant damage. The ‘situatioﬂn'_ is- '~
somewhat different in the side reflector. Regions near the core do show some damage accumulation dgé to_
high damage flux. Temperature may not be high enough in this region for complete annealing. =~ - T
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HTR-10 Stored energy distribution
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Fig 2. Stored energy (J/g) distribution in HTR-10 reflector

Nevertheless, the neutron flux almost diminishes beyond this region and there is no significant defect
formation. Therefore, only central section shows some energy storage, however, it is not so significant.
The amount of total stored energy is calculated to be about 7.05 MJ throughout the reflector. Total -
released energy for transients causing 100, 150, 200 K temperature increase in the reflector correspond to
471.7, 653.1, and 804.6 kJ, respectively.

6. Conclusions

Energy storage and release in HTR-10 reflector does not cause any safety concem since the coolant
temperature is kept high enough to avoid any damage accumulation. The most critical part of the reflector
is found to be the bottom reflector with regard to the energy storage. Energy release during a postulated
loss of cooling event is very limited and low compared to the decay heat of the reactor. Regular
engineering safety systems can easily cope with the temperature increase without causing any safety
problem.
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ABSTRACT o N
The results of the post-irradiation investigations of fission products behaviour in HTGR'
fuel and its main elements such as kernels, protective coatrngs and matrix graphlte are
_considered. The dominating role of SiC layer in the protective coating of coated particles'in

_the retention of the volatile and solxd ﬁssron products being of great radrologrcal
nnportancc, lS notrced ¢ -
LI + M

1. Introduction

Radioactivity of a HTGR pnmary circuit is mamly constltuted by the release of lrght volatile (I, Cs,
Ag and other) and solrd fission products (FP) since their half-life is ‘more than" that of the gaseous FP.°
Therefore the radroactrvrty is accumulated during the entlre reactor campargn

s b

Itis known that the total Fp release from sphencal fuel elements (SFE) is determmed by the eﬂ' iciency ' - -
of the diffusion transfer from fuel kemels through the ‘coatings of coated particles (CP) and matrix ~ -
graphite (MG) of SFE, the level of contamination of SFE matrix graphite and CP coatings with the -.
fissile material (U-235) as well as defects in CP coatings. The FP release in the above SFE design
elements has been studied at the post-irradiation stage; the methods used to investigate the FP
behaviour in the HTGR SFE were as in [1].

2. Object of Investigation and Test Conditions ST - B Pt

The SFE, dia. 60 mm, were manufactured by RPA “Lutch” and tested at the IVV-2M reactor.:The *
investigated SFE were fabricated 'as based on t.he CP and MG, whose key data are summarxsed in -
Table 1. The irradiation parameters are presented in Table 2. Lot . oy

0
»»»»»

3. TestResults I h “ ST I
3.1. A content of FP in matrix graphite and a farled CP fraction

The FP drstnbutron proﬁles in MG and IMGA hxstograms obtamed from the tests of two SFE (# 63 -
and # 88), exposed to electrolytic drsmtegratron, are shown in Fig. 1. A content of solid FP in MG is " -
determined by the amount of failed CP in SFE. Besides, the retention of light volatile FP (like Cs-137
and Cs-134) by MG is weak under the test temperatures. At the irradiation temperatures of 1000-
1400°C, a retention capability of MG there was no more than 10 %. The data scattering, observed in
the activity ratios of the defective CPs, testifies to a different degree of defectiveness of their coatings,
especially of the SiC layer.
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3.2. A content of FP in CP

A regular content of FP and U-235 in the CP tested ;s SFE are shown in Fig. 2. The obtained data
prove that the SiC layer is a main diffusion barrier against Cs release at 1000-1400°C and the fuel
bum-up of 14-19 % FIMA. The release of Cs from, the kemel into internal PyC layers was
considerable there. The effective coefficients of Cs diffusion in the different coating layers were

calculated from the obtained profiles of Cs distribution along a CP radius and the SFE irradiation
modes (see Table 3).

The analysis of the obtained results testifies that the Cs diffusion transfer from the kernel into the
coating is the factor determining the release from intact CP. The contribution of the external PyC layer
contaminated by U-235 of a concentration of 10"-10" at/cm® to the total release is considerably less.

3.3. FP release from kernel

The results on Cs release from the fuel kemels of the intact CP, irradiated as included in both SFE and
mock-up samples [2], are in Figures 3 and 4, where each point is determined for every 10 to 15 coated
particles controlled in the test.

By the summarised information (presented graphically), the relative Cs release from UOx-kernels at
the end of their exposure is as large as 0.76 to 0.95. It reveals a weak dependence in a burn-up region
higher than 10 % FIMA and temperatires over 1000°C. At the irradiation temperature less than
1400°C the release of Ce, Ru, Zr from the kernels is mainly determined by the mechanisms of recoil
and knock-out.

3.4. FP release from SFE

Table 4 presents the FP release data for the end of irradiation, they are calculated from the content and
distribution of fission products, uranium in the kernels and coatings in SF and CP. When analysing the
data, it is necessary to keep in mind the accelerated irradiation modes used for in-pile experiments in
the channels “Vostok” to reveal the maximum capabilities of the fuel. Therefore the fuel, supplied for
the post-irradiation investigations, has been exposed to the high temperature (1000-1400°C) and the
burn-up higher than required. - .

Conclusion

1. The main factor determining the cesium release from the fuel elements is the portion of coated
particles containing the defective SiC coatings.

2. Cesium releases practically fully (80-96 %) from the keme] to the coating; and when the coating is
disintegrated, cesium releases outside the coated particles. However, the integrity of the coated
particles with respect to gas fission products can be preserved.

3. The graphite matrix and fuel coating are weak diffusion barriers against cesium release; their
retention capability is no more than 10 % , and their equilibrium concentration is 107 to 107 Ci/g

graphite.

4. The intact CP coatings provide a reliable retention of cesium with the relative release being no
more than 5x107% - 6x107*. The release of Ce, Ru and Zr does not exceed a value of 2x107".



Table 1. Data of SFE subjected to complex post-irradiation investigations

Experiment Coated Particles Data Matrix
(SF}i ) CPlot |Kemel: = | Thickness (um)/ Density (g/cm’) of a layer |- %raph_ite )
number B diameter c-1 | R _ . _ ensi

| G0, Py PyC-2 | PyC:3 | SiC-4 | PyC-S ( g/cm?;

- | denst ’ ’ -

| (gfem’) - : :
“Vostok-2” - |2J25 .. 240 85 30 30 40 95 1.82-1.83
(SFE-16, -18) 10.0 1.1 15 | 18| 32 | 195 |°
“Vostok-3” | V12 . | - 520 80 | 50 | 30 .| 55 | 45 | 182-183
(SFE-52) 10.4 0.8 1.6 . 2.0 3.2 1.8
“Vostok-4” 2 | 2V215 490 00 -7 _ 70 55 80 1.82:1.84
(SFE-63) ) 10.8 1.0 1.8 3.2 1.8 - -
“Vostok-5” “|2V535 [ 500 120 - 70 - |. 60 60 1.83-1.88
(SFE-88) "1 - 105 0.9 C . 3 .8 -

Table 2. SFE irradiation con(ii_tior}s

[

-
(-]

Bl [N
—

K

SFE number Temperature Fuel burn-up Fast neutron (£ > 0.2 MeV) fluence
"(°C) (% FIMA) CoE (x10% em™)
16 - 1370 - 1130 - 173 ;e 1.8
18 - + 1000 — 1400 14.8 - © 13
52 . 1180 . 142 - . 22
63 - ~ 1100 — 1200 187 K
88 1300 — 1400 71857 o

Table 3. Effec;ive coefficients of Cs diffusion in CI" coatings

1.6 -

SFE CP lot Effective diffusion coefficient, D¢ (cm?/s)
number . j PyC layer (p=1.5-1.8 g/cm’) SiC layer(p=32g/em®) = .|°
18 2125 - (1.5+0.5)x10™" - (231010 - -
52 ViI2 (3.0£0.9)x10™" (5.0£ 1.6)x107
63 2V215 (2.5 0.5)x1072 (1.5%03)xio™
88 2V535 (32 1.1)x107"? (1.4£04)x10" -

Table 4. Cesium release from SFE elements at the irradiation temperatures of 1000 =1400°C

_Relative Cs

SFE | Fission { - "Relative Cs release from Failed CP | Uranium-235
number | product | kernel | intact | failed CPs | fractionin |contamination| release from
. g0 CPs - SFE -~ | -of SFE free- |~ :'SFE.
- : - .fuel zone . I
: < P e>'u/
. T : " g graphite) .
16 Cs-134 | 095. | 6.0x10° 093 &~ g g minsl | - 3.6x107
Cs-137 | 090 | 60x10° | ogo | 461107 | LTOE | 35400
18 Cs-134 | -.0.89. | 5.0x107 0.45 ; i 6 2.3x107
Cs-137 |. 078 |50x10°| 035 6.63x10 1.1x10 2.0x10™ -
52 | Cs-134.|: 094 |50x10°|  0.65 - - o3| 2 | -7.8x107 -
Cs-137° |- 0.86 - | 2.0x10% | 050 116x107 | *3.0<107 | oeig04
63 | Cs-134 |.°096 |1.8x10°| 0.48-0.80- 2| o | 43x107
Cs.137 |- 093 | 15%10% | 0.45-0776:| 1:45%107 | | 1510 3.8x10°
88 Cs-134 | "0.96--| 2.0x107° |-0.60—0.96 - o T Al | 2.5x1072 o
Cs-137 | 095 | 1.5%10 |-050—0.95 | 343%10 6.2x10 2.2x102-
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Fig.1. Distribution profiles of U-235, Cs-137, Cs-134, Zr-95 and IMGA histograms for spherical fuel elements 63 and 88.
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ABSTRACT

High temperamre gas-cooled r&ctors can play a sngmﬁcant role, with
respect to a large-scale hydrogen productlon, if used as a provider of
electricity in the electrolysis process or as a provxder of hxgh temperature
heat in fossil- fuel . conversion or. thermochemical- cycls A variety of
potential hydrogen productlon methods for high temperature gas-cooled
reactors were analyzed. They are steam reforming of natural gas, high-
temperature electrolysis, thermochemlcal cycles, and etc. For the
simultaneous producnon of heavy water from the hydrogen plants, Korea
Atomic Energy Research Institute has; developed a catalysi for the deuterium
exchange reaction, which is not wetted by liquid water. The catalyst consists
of platinum deposited on a styrene-divinylbenzene copolymer support. Both

the catalyst and the combined pro_g:&ss& were discussed.

1. Introduction

The high-temperature gas-c-oéled ;eac;tTor (HTR) represents one type of the next generation of
nuclear reactors for safe and reliable operation as well as for efficient and economic generation
of energy [1, 2]. The industrial power plant with HTR can provide three energetical connection
points: high-temperature heat up to 1000 °C, high-temperature steam of about 530 °C, and
electncxty In heat applications, heat-is delivered from the helium coolant with an outlet
temperature at the hlgh end of 750 - 950 °C, for the conversion of fossil fuels and/or water into
clean hydrogen. In this papcr, the. authors -analyze various potetmal hydrogen production



methods for high temperature gas-eooled reactors. Furthermore, for the simultaneous production

of heavy water from the hydrogen plams Korea Atomic "Energy Research”Institute has ="~ ~~
developed a catalyst for the deuterium exchange reaction, which is not wetted by 11qu1d water.

The catalyst consists of platinum deposited on'a styrene drvmylbenzene copolymer support

Both the catalyst and the combined processes are presented.” ’

2, Hydr&ééﬁ'r“radﬁ'étiaﬁ” Processes ~ T

s

N -

Potentral methods for the production of hydrogen with HTR are the reforming of fossrl fuels and U
water splrtttng The non-fossil generation of heat for the endothermal lreformmg reactron ]
represents a means ‘of reduction of carbon dioxide emissions. The theoretical energres requtred S
and COz reductlon effects are listed in Table 1. The values of heat of formation at 25 °C ‘were v
taken from the reference [3]. Theoretical reduction of CO, emissions is calculated as follows.In . . .
case of methane steam reforming, the heats of combustion for H, and CH, are: I '

4Hp +202°=4H20 +967TK - - =omoo oo o D DT

CH4+202 =C02 +2H20 -+ 802kJ - - .
So, theorettcal reductton of CO; emissions is (967/802 1) or 20 6%. T

1
[
=

- e . - . 1

3. Sitnultaneous Heavy Water_Production{

Heavy water is used as moderator and coolant in Pressunzed Heavy Water Power Plants Korm o i
is now operating four Pressunzed Heavy Water Power Plants A small make-up of about one per .\ *: -
cent of the heavy water- inventory per year is needed to ‘replace losses by leakage. The total -~ -.
make-up is about 18Mg/a. The Combined Electrolysis Catalytic Exchange (CECE) process can ‘

be applied to the water electrolysis in Table 1 for the simultaneous hydronéen and 'heavy*water .
productron [4]. In the proews, the electrolytic hydrogen steadrly loses most of its deuterrum asit .
moves up the catalyst column in counter-current flow with the feed water tncklmg down into
the electrolysrs s cell. The water becomes enriched in deuterium according to the catalytic isotope .
exchange reaction as it passes down the eatalyst bed. The overall deuterium profile is one in .+« -

which the deuterrurn concentration in the water increases along the length of the column from

4]

top to bottom, whrle in the gas phase the deuterium concentration decreases from the bottom to -

top. The other mterestmg "method applrcable to the methane steam reforming plant of Table 1 is o
the Combmed Industnally Reforming and Catalytic -Exchange (CIRCE)-process [5]. This . - -
process operates in conjunction with a hydrogen-producmg Steam-Methane Reformer. Another
catalytic method (Combined ChloroAlkali Electrolysrs and Catalytic' Exchange or CAECE).
proposed by the authors is suitable to the chloralkali electrolysis process (CAP) in Table 1.



Table 1. Characteristics of potential splitting processes for hydrogen production.

Lo Minimum
Theoretical enthalpy
. . . reduction of | required for
Splitting process C"em‘”‘dm“:’[“‘:]/‘l"ng;le“‘ha"’y CO; the
emissions production
[%] of hydrogen
[kJ/mol}
Methane steam
. CH4 + 2H20 =CO2 +4H2 - 165 20.6 41
reforming
Butane steam ' -
. C4Hj0 + 8H20 =4CO2 + 13H2 - 486 18.3 37
reforming
Coal steam
T C+2H20=C02 +2H2~90 22.8 45
reforming ’
Methane thermal
. CH4=C+2H2-76 9.5 38
cracking -
Water electrolysis H20=H2 +1202 —-242 CO2 free 242
Chloralkali 2NaCl +2H20 =2NaOH + H2 +CI2 )
. CO2 free 453
electrolysis —453
. 2HI=H2 +I2-10
Iodine-sulfur :
I2+ SO2 +2H20 = 2HI + H2804 + 40 CO2 free 282
rocess
P | H2804=H20+502+1202 -272
Sulfuric acid H2S804 = H20 + S02+ 1202 -272
. ci 2804 =H2 2 2 CO2 free 212
hybrid process” | H20 +5802+H20 = H2S04+Ha +30
Metal-metal . '
hvdride hybrid 2Li+H20=2LiH + 17202 -50 co o2
yerde iyon JLiH = 2Li + Hp— 192 702 fres
process L. i

i

Figure 1 shows a schematic of one type of CAP after adaptation to the CAECE process. The
CAECE process is in three stages, and strictly speaking, CAECE is used only in the first stage
where deuterium is extracted from the hydrogen produced in the CAP, via the water feed to the

CAP. Hydrogen produced in the CAP is routed to a catalyst column where it contacts a counter-

flow of water. The water picks up deuterium from the hydrogen in the column and enters the
CAP substantially enriched in deuterium: The deuterated sodium hydroxide is treated with
carbon dioxide to recycle the product water. Material balance, shows that a plant of
65.4MgH2/day can co-produce heavy water at the rate of 18MgD20/a.
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Fig. 1. Schematic of one type of CAP after ‘at,laptation to thé CAECE prooess
4. Experimental

The authors have deve10ped a catalyst for the deuterium exchange reactton, which is not wetted
by ltqurd water [6]. The catalyst is ﬁlled up m the catalyst bed of Frg 1. Macroporous styrene- e
dlvmylbenzene copolymer (SDBC) was synthesned and selected as the catalyst support
Solvents such as toluené, n-heptane and 2-ehyl-1-hexanol were used in the synthests 'l'he :
specific surface area and the pore volume of the catalyst support éould be control]ed by the ratro
of monomer to solvent. Dissolving hexachloroplattmc acid in ethanol made the platmum‘ "o
precursor solution. After plattnum bemg mpregnated over the SDBC support, the sample was
directly reduced i m ﬂowwg hydrogen of 230 °C for 15 hours The platmum loadmg on the
SDBC support was measured by ICP-MS analytlcal method. The physrcal 'pfopemas of the
catalyst, such as BET surface area, pore volume and pore su.e dlstnbutnon were measured by o

physrcal adsorptton of nitrogen gas at llqmd mtrogen temperature of 77K usmg Quantachrom i
Autosorb-6. g

B
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5. Experimental Results and Discussion

The measured BET surface areas of the catalyst were 318-422 m%g. The platinum dispersions
were 32-110%. A differential chemical reactor and associated equipment were used to measure
the catalytic activity of hydrogen — deutex:iufn e;cchang'e between water.vapor and hydrogen over
PYSDBC catalysts. With mixtures of hydrogen and water vapor of low deuterium content, the
exchange activity of the catalyst was charactenzed by a transfer coefficient k,, as the moles of
HD transferred per second per gram of catalyst. The catalytic activity increased with an increase
in the platinum loading. The transfer coefficient k was as high as 0.017 mole HD/g-cat. /sec.

6. Conclusions

High tempefature gas-cooled reactors can play a significant role, with respect to a large-scale
hydrogen production, if used as a provider of electricity in the electrolysis process or as a
provider of high tempcfature heat in fossil fuel conversion or thermochemical cycles. The non-
fossil generation of heat with HTR for the endothermal reforming reaction represents a means of
reduction of carbon dioxide emissions. The theoretical reduction of CO, emissions is about 20%
in hydrocarbon steam reforming processes. The simultaneous production of heavy water from
the hydrogen plant was also found feasible.
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ABSTRACT - o :
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The thermodynamic analysis of a PBMR is bréseﬁted for various pressures and temperatures *
values. The design parameters of the components of the power plant are calculated and an.
optimum cycle for the 'maximum thermal efficiency is sought for. : _ -
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' - . - -
-k T
3 %
H

W g -

1. Introduction

The thermodynamic analysis of a PBMR is of importance at the' design stage. Such an analysis
will not be complete if the component design is not included in the"analysis as well as the
economic analysis. Unfortunately a complete set of design and economical data are not easy to
acquire. There are various design parameters "available in the open ~lit'e‘raturc: that are not in
agreement with each other[1,2]. Thus a detailed analysis of the thermodynamic cycle and design
of the components of such a'cycle is of academic interest as well as practical use. A computer
program capable of optimizing a PBMR .plant for a limited amount of input parameters is
presented as a preliminary result of an ongoing project. T

2. Modeling . '
The PBMR power plant has two turbocpfnpressors, a power turbine, a' recuperator .and two
coolers and the pebble bed reactor. The simplified block diagram of the plant is shown in fig. 1.
The T-s diagram of the Brayton cycle of this power plant is presented in fig 2. .

All heat exchangers, recuperator and two coolers, are designed in such a way that they have the
physical dimensions very similar to ones given in the literature [1]. i

‘ =
3. Calculations - e o

[

The computer code requests the properties at the inlet of the low pressure compressor and at the
outlet of the reactor core. Then the code calculates the number of compressors needed to achieve
the required compression ratio and the design parameters of the compressors, like number of
stages, blade angles, etc. Intercooler design parameters, like the dimensions of the intercooler,
pressure drops of both sides, water flow rate, etc.'are also calculated. A rough calculation for the
recuperator design parameters are performed to determine core inlet properties.

A detailed core thermal hydraulic modeling of the core is not performed at this point of time but
will be added to the code in the near future. The core inlét and outlet temperatures are taken as
metallurgical and radiation damage limits for the graphite intemnals. ** - o

Thermodynamic state and design parameters of the turbines driving the compressors and the
generator and the recuperator inlet properties are calculated. The exhaust pressure of the power
turbine is changed such that the new cyclqihas a better thﬁermal efficiency than the initial guess.



This iterational procedure is terminated when the highest thermal efficiency is obtained for the
given input temperatures and pressures.
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Fig 1. Layout of a Typical PMBR Power Conversion S);stem [1]
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4. Results

A sample case fo
compressor inlet temperatur
inlet temperature of 500°C.
Brayton cycle, required and generate

the overall thermal efficiency are presented in table 1.

Table 1. Thermodynamic Analysis of PBMR System

r the maximum operation pressures of 7, 8.5, 10 MPa and 30°C low pressure
e are run for the core outlet temperature of 900°C and 950°C and core
The results, pressure and temperature values of each points on the
d power for compressors, coolant pumps and turbines and

Ppax (MPa) 7.0 8.5 10.0
Tonax (°C) 900.00 950.00 900.00 950.00 900.00 950.00
| RO 2.1800 1.9500 2.6700 23700 3.1700 2.8000
T (°C) 30.00 30.00 30.00 30.00 30.00 30.00
, | POMPa) 3.9064 3.6946 4.7639 4.4883 5.6303 5.2915
T (°C) 123.02 144.23 125.91 136.63 124.52 136.24
5 [P QMPa) 3.9062 3.6944 47638 4.4882 5.6302 52914
T (°C) 30.00 30.00 30.00 30.00 30.00 30.00
4+ |B(MPa) 7.0052 7.0033 8.5038 8.5036 10.0024 10.0034
T (°C) 127.43 136.20 125.41 137.34 124.00 135.71
s | P OMPa) 7.0000 7.0000 8.5000 8.5000 10.0000 10.0000
T(°C) 500.00 500.00 500.00 500.00 500.00 500.00
s | PQOMPa) 6.8250 6.8250 8.3250 8.3250 9.8250 9.8250
T (°C) 900.00 950.00 900.00 950.00 900.00 950.00
, [P 53743 53133 6.5897 6.4628 7.8052 7.6582
T (°C) 802.57 843.80 804.59 842.66 805.99 844.29
s |P(MPa) 4.0468 3.8818 5.0260 4.8258 5.9801 5.7274
T (°C) 697.29 723.56 703.63 730.42 706.51 732.46
o |P(MP2) 2.1814 1.9513 2.6712 23712 3.1709 2.8011
T (°C) 509.11 511.49 509.78 510.05 512.00 509.81
0 P OMPa) 2.1803 1.9504 2.6703 23703 3.1702 2.8002
T (°C) 134.68 144.82 133.85 145.02 135.78 144.69
We (MW) 72.71 83.04 69.73 77.51 68.71 77.24
W, (MW) 70.83 77.20 69.36 78.03 68.34 76.85
W, (MW) 4.86 7.03 4.33 5.80 .15 575
W2 (MW) 5.09 7.06 4.68 6.26 4.65 6.20
W, (MW) 123.46 139.13 127.18 144.58 127.61 146.07
n 0.390 0.382 0.406 0.405 0.409 0.410
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