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General configuration of the GEMINI+ HTGR system %
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GEMINI+ Core Neutronics Design

TOP
REFLECTOR
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Prismatic HTR — Core configuration

180 MW, reactor (165 for customer, 15 for internal
needs + losses)

3.5 rings of fuel blocks; 2 rings of reflectors
Power density of 5.9 MW/m?3
Core diameter of 3.915 m and core height of 8.8 m




SERPENT monte carlo nevutronics code

(d SERPENT continuous energy monte carlo neutron (and photon)
transport code (VTI, Finland)

1 Version 2.3.31 with JEFF 3.1.1 nuclear data

O Explicit random particle distribution to simulate coated particles in
compacts = Double heterogeneity is intrinsically taken into
account

O Multi-physics input to accommodate input of general temperature
distributions (e.g. generated by the SPECTRA thermal hydraulics
code) = Converged Power- and Temperature distributfion at BOL
after just a few (~ 4) iterations between netronics and core thermal
hydravulics. Fixed temperature distribution until EOL

 Statistical uncertainties determined by neutron population
parameters: 100000 (“fine mode”) — 400000 (“extra fine mode”)
neutrons per cycle, 1000 cycles with 100 inactive cycles.

O The high precision monte carlo calculations, using around 350
cores, and a hybrid MPI/OpenMP parallelization, were carried out
on the HPC cluster of the Swierk Computing Centre (CIS), National
Centre for Nuclear Research (NCBJ), Poland.




Configuration characteristics of SERPENT model

P: Value Unit Parameter ‘alue Unit

Feactor/core confiuration - - Confrol rod confizuration (model - simplified) - -

# Radial nngs of fuel blocks (ring around centre 3 - # core rods 6 -

column 15 first nng) & reflector rods 18 -

# Fuel block columns 25 - Fod zeometry Annular -

# Control block cohunns ] - Rod length 800 /880 cm

# Axial fuel/'control block layers 11 - (10 layer core / 11 layer core)

Distance between side faces of adjacent blocks 0.2 cm Inner radins 373 cm

Cors heght 800 /380 cm Chuter radius 535 cm
10 layers / 11 layers of blocks Abzorber material B:C -

# Replaceable reflector rmgs 2 - Absorber material density 2.52 glem’

# Replaceable reflector columns 34 - Fuel compact confizuration -

Bottom reflector (with coolant holes) - - Matnx material C -
Feflector materal NBG-17 graphate [7] Matnx matenial density 175 glem’
Reflector thickness 160 cm # coated particles per compact 2500 1 -

Top reflector (with coolant and control rod heles) - - Compact cylinder heizht 5.0 om
Reflector matarial NBG-17 sraphite [1] - Compact cylinder radins 0.625 =
Reflector thickness 120 em Coated particle confizuration - -

Core barrel - - Kemel diameter 500 micron
Core barrel mnner diameter 1991 cm Kemel material UO: B
Core barrel effective outer diameter 207.1 cm Kemel density 10.4 =em’
Core barrel matenal Alloy 800H - Buffer laver thickness 95 micron
Core barrel height {im SERPENT neutronics model} 1080 /1160 cm Buffer layer material C -

{10 /11 layer core) Buffer laver density 1.05 2lem’

Reactor Pressure Vessel - - Trnmer Py layer thickness an micron

RPV inner di 2341 cm Tomer PvC material C N
RPV outer di 24405 cm Tnner PyC demsity 1.80 oler’
RPV matenal Alloy SAS08 - SiC laver tuckness 35 micron
FPV height (m SERPENT neutronics model} 1080 / 1160 em SiC material SiC N
(10 /11 layer core) SiC density 318 g

Fuel block confismation - - 2 - =
Block height 80 m xﬁ :fﬁm“s l::o s
Hexagon ﬂaf—m-ﬂat distance 36 . cm Ohuter PyC density 190 -
Block matenial NBG-17 graphite [T] - Burmable poison (BF) configurstion (-== Fizs. 3 and # for
Triangular pitch L3 cm locations of the bumable poison eylinders in the fuel blocks).

# channels with fuel compacts 216 (w:"o BF) - Height 750 om
: 210 (orith BF) Ovuter diameter of azmular graphite cylinder 0.625 o
(I:ocmpacl channel dizameter 1.27 cm Material of anmular cvlinder C B
- sl coomnl chamnes = = Density of anmlar cylinder R e’
iy — p— 1'02 - Bumable poison (BP) matenal mixture BsC in graphite -
— Fraction fup of BsC in graphite 0.0-1.07 -
Large coolant channel diameter L6 = Density of BaC in mihure 152 P
%mm = - Density of C in mizture E
ngo:i‘tr-m-ﬂat prra— T3 z Quter radius Rer of BP material mixiure 0.2 - 0.5257 cm
- - Subdivision of BP matenal for accwrate depletion 10 -
Block matenal NBG-17 graphite [7] - calenlation - £ o e rin=s
Trangular pitch L9 cm " content of boren in BP 0 %
# channels with fuel compacts 174 (w:"o BF) - (natural boron}
Compact 4 170 Crg BF) p— ‘]Th.em.nn'he'ofpnated Pan:lidup-m'complacr, as wg'e]lillsrheﬁmlemi,:hmt and the panm.etanl ufthe Im.mablep_-nison cy]i:nszs
|—-ompaci cuaune. uemee = have been'are being varied in the neutronics studies, in order to amive at an acceptable / opfinused confizuration (ongoing in
# small coolant channels 3 - August/September 2020).
Small coolant channel diameter 1.27 cm
3 Large coolant channels T . I —
Large coolant channel diameat, 1.6 cm
Control rod channel diameter 13 cm
M.B. The (effective) inner and outer diameter of the core bamel and the pressure vessel as stated here may slightly deviate from

what 15 stated m [2]. This, however, does not influence the neutromic charactensties of the core.




SERPENT reactor model cross sections (1)

Fiz. 1 Honzonal cross secthon (z = 1000 cm plane; near the top of the core) of the SERPENT neutromics model for the
current {(June 2020} version of the GEMINI+ reactor. Control rod idenhfiers are grven. The outer (hzht zrev) section 15 the
pressure vessel. Dimensions are ziven mm Table 1. Also mdicated (m green) are 3 representative (due to symmetry; for C4 thas
15 not exact, but m rather good approxmaton) core columns (C1 - C3).




SERPENT reactor model cross sections (2)

IR
:>

f

Fig. 2 Vertical cross sechion (x = 0 cm plane) of the SERPENT neutromics model for the cwrent (June 2020} version of the
GEMIMNI+ reactor (11 lavers of fuel blocks m the core). Mote that the visible reflector control rods (REE and BER17, mn green)
have been fully inserted 1n this case. Further note that the aspect ratio shown in the drawing 15 not entirely reahstic. Actual
dimensions are given m Table 1.
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Fig. 3. Full fuel block without control rod channel.

burnable

stacks have been replaced by

poison cylinders.

6 compact



Core elements: fuel block with control rod channel %
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Fig. 4. Fuel block with control rod channel. 4
compact stacks have been replaced by burnable poison
cylinders.
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Burnable poison cylinders %

O To tailor the history of the (uncontrolled) keff from Beginning-of-Life
(BOL; start of operation; 135Xe-free) to End-of-Life (EOL; 550 full
power days; equilibrium '35Xe and '¥°Sm). The main purpose of this
is to ensure that the uncontrolled keff (i.e. the value for all rods out)
is within the range that can actually be compensated by the
control/shutdown rods in the reflector and the core, for all
operational states of the reactor. See Sections V and VI.

d To improve the (radial) power distribution over the core, as
additional measure in response to the too high maximum fuel
temperature in the earlier design version with 10 layers of fuel
blocks in the core, without BP.

O Graphite cylinder of 1.25 cm diameter (same as compact) with a
central hole (radius R, to be optimised) filled with graphite and B,C
(initial fraction f,, to be optimised).
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Some results

K.« history (different initial spatial distributions of BP parameters)

Control rods

(Evolution of) power and burn-up distribution (different initial
spatial distributions of BP parameters)

Temperature coefficients of reactivity (at BOL, MOL, EOL)
Axial offset / Xe-oscillations?
Steam ingress reactivity

ODo0D0D OO0

Fixed spatial temperature distribution (at BOL, as calculated by
SPECTRA Thermal- Hydraulics code, NRG, NLD) was used for the entire
operation cycle from 0 to 550 days.

N.B. More results are presented in GEMINI+ deliverable D2.8, e.q.
simultaneous convergence of power- and temperature distribution at
BOL, fast flux/fluence, activation, required start-up source strength, etc.
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k¢ — history - “Uniform” BP distribution

Optimised BP parameters for k . history
12 % entichment: R, = 0.242 cm; £, = 0.038
I T I T | T l T T
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Fig. 4. Uncontrolled (i.e. all control rods ocut] ke versus operation time for a uniform enfichment of 12%,
burnable poison cylinder radivs Rer = 0.242 cm and bumable poison fraction (B«C in graphite)] far = 0.038.
Note the equilibrivm reactivity worth of 139Xe is approximately -2840 pem. kes varies between 1.078 (BOL,
no Xe] and 1.018 (EQL, Xe-eq.). The relative standard deviation in keris 12 fo 13 pcm, which is consistent
with the neutron population parameters: 100000 neufrons per cycle and 1000 cycles per point in fime. In
the calculation 26 non-equidisfant fime sfeps were used.
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k.4 — history - “Optimized” BP distribution

Current optimization goal:

Uniform radial power distribution

Future optimization goal:
Uniform radial and axial power

distribution

Table 2. Bumable poison parameters for case 214.

BF Columns Columns | Units
parameter | ¢ c2 C3, C4,

C5
far 0.038 0.038 [-]
Reer 0.290 0.227 [cm]

Search for optimum radial BP distribution
k-eff versus operation time: 12% enrichment
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Fig. 7. Unconfrolled ke histories from calculations to improve the radial power distribu tion (see
Section V), by applying different bumable poison parameters for columns Ci and C2 on the one
hand and C3, C4 and C$5 on the other. Case 202 (bold “black circles”) is the same as shown in Fig. 6
{uniform BP parameters). Case 214 (bold “purple diamonds”) is the most favourable configuration so
far. Neuiron population parameters are the same as in Fig. 6, again yielding a relative standard
deviation in ke of 12 to 13 pcm.
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Control rods

Control rods modeled as annular B,C cylinders
Influence of control rod insertion on k4
At BOL (0 days), MOL (250 days) and EOL (525 days)

At CZP, HIP and HFP states, i.e. corresponding temperature
(distributions)

U 0O 0O O
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Control rod reactivity - BOL

Table 3a. ke# for characterstic control rod configurations at CZP, BOL, Xe-free for 11 layer core, uniform
12 % initial enrichment and vniform burnable poison parameters (case 202). CR = Core Rods, RR =
Reflector Rods.

Rod positions kes Remarks
AllCR in; all RR in 9.14812E-01 (0.012%) CIP state is su bcrtical with all rods in: OK
AllCR in;allRR cut 1.00170E+00 [0.58%) Core rods in only are not sufficient in this

configuration in CZP state: not OK (af BOL)

All CR in: RR1/2/3 in; | 9.65733E-01 {0.012%)] Core rods + some reflector rods are
RRIO/MI1/1210n sufficient at BOL. This . as most
RR are in anyway during first days of
operation (see below].

CRI1 out; RRI, RRZ, | 9.77099E-01 (0.012%) Approximately 60 degr. sector free of rods,

RR3 out; otherrodsin fo accommodate {re-) load: OK

CRI out' RRI, RR2 | 1.018760E+00 (0.012% | Slightly over 60 degr. sector free ofrods, to HZ;E ‘:ﬁgﬂﬁ"ﬁ?{&‘ﬂ?ﬁg“

RR3, RR14, RRI17, RRI18 accommeodate (re-load): not OK L S S A !

ouf; otherrods in - 1
&=© nrr J
E=8) Hzp

All 6 core control rods are assumed to
be fully withdrawn at HFP (full power
operation) state.

PR TN (S RS S RS VRN

095088 Lo LoV 1w e )

i 3 6 9 12 15
Reflector rods are assumed to be e L

Fig.8. kesr as function of the number of withdrawn confrol rods in the reflector for case 202 af BOL. All

wifh dra wn on e af fh e fim e control rod in the core are out. The value for all rods out at HFP comesponds fo the initial value in Fig. 6.
.

Relative standard deviation in ker is 12 to 13 pcm.

=
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Control rod reactivity - MOL

Table 3b. ker for characteristic confrol rod configurations at HZFP and HFF. MOL, for 11 layer core,
vniform 12 % initial enrichment and uniform burnable poison parameters {case 202). CR = Core
Rods, RR = Reflector Rods. Standard deviation 0.012%

Configuration State k-eff (no Xe) k-eff (eq. Xe) Remarks

Al CRin; all RR CiIr 0.87320 0.85508 CIPstate af MOL is subcrtical with all rods in:
in OK

All rods in CIF 021520 0.88982 CIPstate af MOL can be kept subcrifical
except CR4 with one sfuck core rod and one stuck

and RR2 reflectorrod: OK

CR1 out; RRI. [oriss 0.239%8 0.21387 Approximately 60 degr. Sectorfree of roeds at
RR2, RR3 out, MOL, fo accommodate [re-] load: OK

other rodsin

All core rods HFP 0.85255 0.92740 HFP state at MOL can be keptsubcnfical with
out; all ane stuck reflectorrod: OFK

reflector rods

inexcept RRZ

All CR out; all HFP 0.94233 0.91770 HFP state at MOL can be keptsubcnfical by
RRin reflectorrods only: OK

All rods out HFP 1.06624 1.03752 HFP sfafe at MOL; full power cperation

All core rods HIP 0.97574 0.94836 HIP state at MOL can be kept subcrfical with
out; all one stuck reflectorrod: OK

reflector rods

Inexcept RR2

Al CRin; ol RR HiP 0.81942 0.79819 HIF sfafe af MOL is subcrfical with all rods in:
in oK

Al CR out: all HiP 026541 0.93848 HIFP state at MOL can be keptsubcifical by
RR in reflectorrods only: OK

Al rods out HIP 1.08945 1.05751 HIP state at MOL; start of full power

operation

17



Control rod reactivity - EOL

Table 3c. kex for characteristic control rod configurations at HZP and HFP, ECL, for 11 layer core,

uvniform 12 % initial enrichment and uniform burnable poison parameters [case 202). CR = Core Rods,

RR = Reflector Rods.

Configuration State | k-eff (no Xe) k-eff (eq. Xe) Remarks

Al CRin; al RR | CIP 0.84782 0.81578 C1IP state af EOLis subcrifical with all rods in: OK
in

Al rods in CIP 0.88318 0.84%79 CIP state af EOL can be keptsubcnfical with one
except CR4 stuck core roed and one sfuck reflector rod: OK
and RR3

CR1 ouf; RRI, CIP 0.90880 0.87252 Approximately 60 degr. Sector free of rods ot
RR2, RR3 out. EOL. to accommeodate [re-] load: OK

other rodsin

Al core rods HFP 0.291958 0.89552 HFP state af EOL can be kept subcrtical with one
out; all stuck reflecfor rod: OK

reflector rods

inexcept RR3

Al CR out; all HFP 0.90%0% 0.88540 HFP state ot EOL can be keptsubcrfical by

RR in reflector rods only: OK

Al rods out HFP 1.03971 1.01130 HFP state af EOL: full power operafion

Al core rods HIP 0.95553 0.92163 HIPstafe af EOL canbe kept subcafical with one
ouf; al stuck reflector rod: OK

reflector rods

inexcept RR2

Al CRin; all RR HZIP 0.79778 077117 HZP stafe af EOL is subcnfical with all rods in: OK
in

Al CR out: all HIP 0.94512 0.91188 HIPstafe af EOL can be keptsubcrifical by

RRin reflector rods only: OK

Al rods out HIP 1.07 177 1.03301 HZP stafe af EOL: start of full power operation
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Power distribution - “Uniform” BP distribution

Average power of coated particle in half block
Case 202 - Uniform BP parameter distribution
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Fig. 9. Axial distribution of power per coated particle {average over half block] for all {31) fuel
columns in the core for case 202 {uniform BP parameter distribution) at BOL/Xe-free (“A"), 250 days
(“B”) and 525 days (“C”). The highest power per coated particle (158 mW)] occurs at BOL in column
C1 (820 cm). The relative standard deviation of the power in the results shown is 0.22% for the peak
valves.
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Power distribution — “Optimized” BP distribution

Average power of coated particle in half block

Case 214 - Radially optimised BP parameter distribution
0. | 50 Ll ' T I L I L) I L ' L]

0,120

e N.B. The radial power profile is almost “flat”

in state “A” (BOL) of case 214, which is a
requirement for acceptable behaviour in
case of DLOFC (SPECTRA transient thermal
hydraulics calculations).
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Fig. 10. Axial distnbution of power per coated particle (average over half block) for all (31) fuel
columns in the core for case 214 (radially “optimised” BP parameter distribution; Table 2) at BOL/Xe-
free (“A”), 250 days (“B") and 525 days (“C"). The highest power per coated particle (145 mW) occurs
at BOL (“A") in a peripheral column of type C5 (820 cm). Note that the lowest power per coated
particle at the same elevation is 138 mW, occuming in a central column of type C2. The relative
standard deviation of the power in the results shown is 0.22% for the peak values.
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Number of blocks in burn up range [-]

Burn-up distribution (EOL)

Frequency distribution of final burn up
Case 202 - Uniform BP parameter distribution
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Fig. 11. Frequency distribution of the final burn up (per block) for case 202,
i.e. the number of blocks containing fuel in the indicated burn up range.
The maximum burn up is 98.5 MWd/kg. The average burn up is 63.8 MWd/kg.

Frequency distribution of final burn up
Case 214 - Radially optimised BP parameter distribution
1m T T T T T
T T I I
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0 1 1 I 1 l 1 l 1
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Burn up ranges [MWd/kg]

Fig. 12. Frequency distribution of the final burn up (per block) for
case 202, i.e. the number of blocks containing fuel in the indicated
burn up range. The maximum burn up is 94.6 MWd/kg. The
average burn up is 63.8 MWd/kg.
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Temperature coefficients of reactivity - BOL %

Definition: a, = [(1/Keg,ed) - (1/Keg )] / AT, AT, =30 K
X =F (Fuel), M (Moderator), R (Reflector), A (All)

Table 4. Temperafture coefficients of reactivity (fuel, moderator, reflector) for case 202, BOL | Xe-
free), in pcm/K. The uncertainty in the calculated values of the temperature coefficients is

0.3 pcm/K
Configuration / State ar (Fuel) au ax (Reflector) Sum Qs
(Moderator)

CIP. al rodsin - 10,0 -38.1 -182.0 21000 -48.7
HZFP. al rodsin -&.8 -4.0 -0.8 -21.8 202
HZFP. core mods ouf, -4A -10.2 0.4 -14.4 -15.1
reflector rodsin

HZF. all rods ouf -4,] -8.8 I.2 1105 -11.3
HFF, core rods ouf, -5.3 -7 0.3 -14.7 -14.4
reflector rodsin

HFF, all rods cut -3.1 -7 .4 I -8.0 -2 7




Temperature coefficient of reactivity - MOL/EOL %

Table 5. Temperature coefficients of reactivity (fuel, moderator, reflector] for case 202, MCL (250
full power days] and EOL {525 full power days). in pcm/K. The uncertainty in the calculated values
of the temperature coefficients is 0.3 pcm/K

MOL

State Coefficient Eq. Xe No Xe
CIP (= -42.1 -40.9
CIP ar (Fuel) -11.4 -11.0
CIP au (Moderator) -30.4 -29.6
cIP ar (Reflector) -86.7 -83.3
cIP sum -128.5 -123.9
HZP ar (Fuel) -7.5 6.7
EOL

State Coefficient Eq. Xe No Xe
CIP aa -46.9 -45.6
CIP ar (Fuel) -10.2 -11.2
cIP au (Moderator) -36.3 -34.5
CIP ax (Reflector) -113.9 -114.6
cIP sum -1&60.4 -1&60.4
HIP ar (Fuel) -6.3 -6.7

———00v;v;v;v;v;v;v;v;v;v;v;u&mnn0m© 00000000000
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Axial offset

Definition: FAO = (Pupper - Plower) / (Pupper + Plower)

Axial offset
Cases 202 and 214

0.0 100,0 2000 300,0 4000 5000 600,0
Operation ume [days]

Fig. 13. Axial offset as function of operation time for cases 202 and 2 14.
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Axial Xe-oscillation test

Scenario:

a From BOL to t = 3 days (Xe-equilibrium) reflector rods 50% inserted. Core rods fully out.
a At t = 3 days reflector rods are fully withdrawn

Axial offset as function of time. No “oscillations”

Test of Xe-135 (in-) stability
Uniform BP parameter distribution
———— 7T T T ]
0.80
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However, partially inserted rods should be avoided as much as possible
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Steam ingress reactivity - 2500 CP/compact %

BOL - HFP - 2500 CP/Compact BOL - HZP - 2500 CP/Compact
12% enrichment, BP fraction = 0.032, BP radius = 0.242 cm 12% enrichment, BP fraction = 0.032, BP radius =0.242 ¢m
135 1.35
130 1.30
135 1.25
120 1.20
115 o, T S— 15 | @@ B @ G I e
o & B .. o e - S e St E E
= 1.wu__..- O S — 4 E E = E £ 1.10 A
- P =205 [ 6_,_....--{5-::_‘l'_':_‘g:_‘_'.".'.'.'.‘8-’.‘,'.'.'.'.'.8’ g grng
100 | g TR g, gy 100 [0
09s & .- = A . 095 | T &
050 ¢:r ‘} o090 T
08S '- 0.85 <b--"
050 T 0.80
1] 005 [\ ] 01s 02 025 03 03s o4 045 0s 0 005 0.1 0.15 02 025 0.3 035 04 045 0.5
water Ingress - mass density of water In He coolant water ingress - mass density of water in He coolant
OCRin RRout A CRout RRin [JCRout RRout < CRin RRin OCRin_RRout A CRout_RRin  CJCRout_RRout < CRin_RRin

Reactor can be kept subcritical at 0.15 g/cm? (HZP/HFP)
using all control rods
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Steam ingress reactivity — 3000 CP/compact %

BOL - HFP - 3000 CP/Compact BOL - HZP - 3000 CP/Compact
12% enrichment, BP fraction = 0.032, BP radius = 0.242 cm 12% enrichment, BP fraction = 0.032, BP radius = 0.242 cm
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Lower M/F-ratio at higher #CP/compact = Higher reactivity
increase due to steam ingress
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Steam ingress reactivity - 3760 CP/compact
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Control rod worth decreases with increasing steam ingress!
=» Measures necessary to limit steam ingress into the core
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Conclusions %

Extensive neutronics calculations have been performed on the current
(June 2020) design of the 180 MWth GEMINI+ HTGR. Neutronics features
seem quite promising, but further improvements and therefore further
investigations would be desirable, especially concerning:

d Temperature coefficients of reactivity, control rod worths, etc.
beyond BOL, also for further optimised configurations of the BP
parameter distribution.

O Thermal hydraulic feedback, reflecting the considerable change
axial power profile during the operation cycle. In the current
calculations, the temperature distribution has been kept constant
throughout the operation cycle, as was initially envisaged.
Adapting this to the actual power distribution at each point in time
would be desirable. A simplified (HTR, etc.) thermal hydraulic
model for integration with SERPENT is being developed.

O Further reduction of the axial power peaking, thereby reducing the
maximum power per coated particle and also improving the fuel
ulilisation. Possible methods are axial profiling of BP parameters,
axial profiling of enrichment and/or a multi-batch loading scheme.
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The End... Questions?

It’s up to you now!!!

Thank you
for your attention!
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