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SUIMARY

The preliminary thermofluids design of the core assemblies of the Clinch
River Breeder Reactor Plant {(CRBRP) is presented along with the predicted
performance for various plant operating conditions. The selected radial
blanket assemblies shuffling scheme and the new approach adopted for fuel
and blanket assemblies orificing is discussed. Relevant thermofluids
parameters (assembly flow rate and mixed mean outlet temperature, fuel rcd
temperatures, fission gas plenum pressure, etc.) are presented. Highlights
of a detailed uncertainties study performed are summarized. This pre-
Timinary analysis has shown that the CRBRP core behavior is compatable with
design limits and requirements; future developments for a final analysis

ara outlined.



1. OVERALL CONSIDERATIONS

A major step toward a viable and competitive commercial Liquid !letal Fast
Breeder Pzactor industry in the U.S. is the country's first Demonstration
Plant, the Clinch River Breeder Reactor Plant (CRBRP).

Due to the plant first-of-a-kind nature and operating characteristics, the
CRBRP core thermofluids design has to satisfy stringent design constraints
sucin as: reactor assemblizs maximum cladding temperature must be compatable
with burnup (80,000 HWd/MT initial, 150,000 iWd/MT ultimate goal) and life-
time {3 years fuel, 6 years blanket, 1 yoar control assemblies) objectives;
maximum fuel (or absorber) temperature must be below the melting point;
assemblies outlet temperature must be compatable with upper internals design
requirements; operating conditions must be consistent with design limits for
transient and faulted conditions.

The CRBRP is designed to operate at a rated power level of 975 MWt. Two
different sets of Plant conditions are considered in design and performance
evaluations: a) Plant T&H Design; and b) Plant Expected Operating Conditions.
The first set (730/9%5°F reactor inlet/outlet temperature; 41.5 x 105 1b/hr
total reactor flow) corresponds to rated design conditions and is used in per-
formance analyses of permanent plant components, like heat exchangers,
internals, vessel, etc. Core assemblies performance calculated for this set

of conditions represents the upper 1imit of steady state operation. The

second set (716/965°F reactor inlet/outlet temperature; 44.0 x 106 1b/hr

total reactor flow) was evaluated through a combined probabilistic analysis of
reactor and balance of primary system uncertainties and is adopted in evaluating
the expected performance of replaceable components, such‘as the core assemblies.
Thus, the nominal design of fuel and blanket assemblies is based on Plant
Expected Operating conditions, but is such that limiting conditions are not
exceeded under the more stringent Plant T&H Design conditions; thereby, a built-
in margin is factored into the core assemblies design.



Equilibrium (which is reaéhed approximately after 5 years of operation) and
first cycle conditions were considered. Analyses and predictions of thermal
performance were mostly concentrated on equilibrium conditions, since the
CRBRP will operate at equilibrium for more than 80% of its 30 year:z lifetime,

A summary of the principal ther.al-hydraulic parameters of th: CRBRP core
at equilibrium conditions is reported in Table I.

2. CORE_ASSEMBLIES DESIGH FEATURES

Major features of the thermofluids design of CRBRP core assemblies are
briefly discussed in thic section; for an overall description and details

of assemblies geometry and mechanical design see, for exampie, Reference 1.

2.1 Radial Blanket Assemblies Fuel Management Scheme

The CRBRP radial blanket fuel management scheme resulted from trade-off
studies involving nuclear, thermal, mechanical and economic considerations.

The principal requirements to be satisfied were the following:

® Six years assemblies design lifetime

o Assemblies s’uffling of the in-out type

° Maximum(*) linear power rating not to exceed 20 Xw/Ft, to

avoid incipient fuel melting

o lHMaximum cladding temperature compatable with 1ifetime objectives.

The reference shuffling scheme selected to meet the aforementioned require-
ments is shown in Figure 1, which represents a 1/12 symmetrical sector of core.
Three types of assemblies (A, B, C) go through a double shuffle with two years
successive residence in the inner (Suffix 1), middie (Suffix 2) and outer
(Suffix 3) row; assemblies belonging to sequences D and E undergo a single
shuffle with three years residence in each position, while assemblies F

remain in the original position during the entire lifetime. The effect of

the shuffling on the radial blanket assemblies thermofluids behavior is

examined in Section 4.

*
( )Inc1uding uncertainty factors at 3o level of confidence plus short term
(115% of rated power) overpower.



2.2 Fuel and Blanket Assemblies Flow Orificing Scheme

The following principal constraints had to be satisfied in selecting the
flow orificing scheme for the CRBRP fuel and blanket assemblies:

e Maximum cladding temperature compatable with burnup objective (80,000
MWd/iT initial, 150,000 M4d/MT ultimate goal) for fuel assemblies and
lifetime objective (6 years) for blanket assemblies.

e HMinimum number of discriminating zones for economic reasons. It should
be noted that the number of required discriminators depends on the com-
bination of flow orificing and fuel enrichment zones. Two fuel enrich-

ment zones (called inner and outer zone) are adopted in the CRBRP.

o Assemblies outlet iemperature compatable with upper internals requirements,
j.e., minimum temperature level and temperature gradient of the core
assemblies mixed mean outlet temperatures.

e Flow allocation to the fuel and blanket assemblies compatable with cooling
requirements of other components (8% of the CRBRP total reactor flow is
needed for cooling of contral, radial shielding assemblies, vessel,
barrel, thermal lirers, etc., thus leaving 92% of total recactor flow for

fuel and blanket assemblies).

Burnup and lifetime objectives are satisfied if the total cumulative cladding
strain and/or cumulative cladding damage function (including transient operation)
are within the specified allowable 1imits. Ciadding temperatures, fission gas
pressure and burnup are the principal contributors to the cladding cumulative
strain. Since the fission gas pressure increases during 1ife and the strain
burnup relationship is not linear (i.e., the strain increases rapidly as the
burnup approaches end-of-1ife conditions), it follows that end-of-1ife tempera-
tures are a close approximation of the effective temperature which determines
the cladding strain integrated over the assembly life. The criterion adopted
for CRBRP fuel and blanket assemblies orificing has therefore been to equalize
the equilibrium end-of-1ife maximum cladding temperature at an allowable Timit
determined through analysis of the actual temperature/pressure history

during the assemblies lifetime. This represents a new approach with respect



to the past practice, where equalization of the maximum cladding temperature
during the assemblies lifetime (which in the fuel assemblies case generally
occurs at beginning-of-life) was sought.

Due to the opposite lifetime temperature behavior (fuel assemblies tempera-
tures decrease due to burnup, while blanket assemblies temperatures increase
with 1ife due to the progressive production of plutonium) and the different
residence time projected, the maximum end-of-1ife allowable cladding tempera-
ture in fuel and blanket assemblies was set at different values. The reference
CRBRP orificing scheme shown in Figure 1, satisfies the requirements mentioned
at the beginning of this section and was selected after detailed examination
of the relative merit of alternate configurations. Following are the major

features of the CRBRP reference core orificing scheme:

s Separate orificing zones for fuel and blanket assemblies

¢ Maximum number of discriminators in the fuel assemblies = 8

¢ !Maximum number of flow orificing zones in the radial blanket assemblies = 4

9 Preferential assignment of flow to the fuel assemblies in the inner fuel

enrichment zone,

The rationale for the last feature was two-fold: 1) fuel assemblies located
in the inner enrichment zone generally reach a comparatively higher burnup
than outer zone assemblies; and 2) due to the insertion pattern of the control
rods, the assembly power (hence the rod temperature) during a single cycle
generally decreases in the inner assemblies, and increases in the outer
assemblies (see Figure 4). Thus, if flow is allocated strictly on the basis
of end-of-life temperature, fuel assemblies in the inner zone will experience
a higher cumulative cladding strain than outer zone assemblies. By allocating
comparatively more flow to the inner assemblies, not only the core-wide
cladding strain will be more uniform, but also the values of the inner
assemblies mixed mean temperature and of the assemblies exit temperature
radial thermal gradient will be lower with beneficial effect on the upper
interpals structure. Therefore, assemblies in both the inner and outer zone
were selected to belong to the same orificing zone (with the exception of



zones 4 and 5 which comprise a few very low power assemblies) and the driver
assembly in each orificing zone, i.e.;5 the one determining tihe flow alloca-
tion to all assemblies belonging te the same zone, was gencrally located in
the outer zone (the only exception is orificing zone 2), where the cladding
temperature is higher at the end of the cycle. An alternate scheme fzaturing
a’l driver assemblies in the ou*2r zone would have resulted in approximately
a 15°F reduction in the maximum cladding midwall temperature from 1350°F Lo
1335°F, but in an increase of the number of required discriminators from

8 to 9.

The maximum (at the 20 confidence level) end-of-life cladding midwall tem-
perature in the fuel and blanket rods was separately evaluated as a function
of the assigned flow to the fuel and blanket assemblies. The results of this
analysis are reported in Figure 2. Evaluation of the dependence of the ciad-
ding cumulative strain (and ultimate burnup and lifetime) with maximum end-
of-life temperature indicated that the best trade-off between the requirements
of the fuel and blanket assemblies was obtained by assigning, out of 82% total
reactor flow allocated to fuel and blanket, 80% of total reactor flow to the
fuel assemblies and the remaining 12% to the radial blanket assemblies. The
individual assemblies flow rates (for Plant T&H Design conditions) based on

this allocation are reported in Figure 1.

The CRBRP new orificing scheme approach resulted in a decrease of ~50°F

in end-of-life temperatures, compared with the previous approach of equalizing
beginning-of-life temperatures. Such a decrzase in the temperature of

CW 316 SS cladding corresponds to an increase in attainable burnup of the
order of 25,000 iMd/IT, other 1imiting effects (e.g., duct dilation,

swelling, transient operation) being the same. '

Work is in progress to refine the CRBRP orificing scheme toward the ultimate
step of equalizing the mechanical strain. A "strain equivalent" temperature
will be evaluated for each fuel and blanket assembly, such that by accounting
for the assembly temperature/pressure history, a more uniform cladding strain
in the assemblies will result. A double criterion will be followed in the
flow allocation: a) not to exceed the “"strain equivalent" temperature;



b) equalize and minimize the assemblies coolant mixed mean exit temperature,
to reduce both temperature leovel and thermal gradients in the upper internals

structure.

2.3 Control Assemblies

The CRBRP control systems consist of a primary system (15 control rod
assemblies) plus a secondary system (4 assemblies). The purpose of the
latter is to provide the reactor with an independent and diverse shutdown

capability.

The design of the control systems is based upon nuclear, structural, thermo-
fluids and safety considerations, e.g., reactivity worths, speed of response,
lifetime requirements, behavior under seismic conditions, off-normal occur-

rences, failure modes, etc.

The thermofluids studies supporting a comprenhensive analysis of primary
control assemblies requirements which led to the selection of the 37-pin
configuration CRBRP reference design (FFTF primary control assemblies have
61 pins per asseubiy) are presented in Reference 4. The prime thernofiuids
considerations favoring the 37 pin design were: a) higher safety margin
(1.35) to floatation (a design requirement of the primary control assembiies
is to prevert floatation at full flow even with the control rod driveline
disconnected); b) faster insertion during scram; and still c) same maximum clad-

(*)

ding midwall temperature in absorber pins. As indicated in Table I, the max-
imum cladding midwall temperature is close to the interim design limit of
1225°F, while the maximum absorber centerline temperature is considerably
below the 4000°F melting point of B,C. Analyses show that the CRBRP primary
control assemblies well exceed the minimum insertion speed during scram
required to assure safe shutdown under all design transients.

(*) The secondary control rods cannot float as an inherent design feature.



3. UNCERTAINTY ANALYSES

Detailed studies were performed to assess the impact of theoretical and
experimental analyses uncertainties, instrumentation accuracy, manufacturing
tolerances, physical properties and correlation uncertainties on the core
thermal -hydraulic predicted performance. Hot channel/hct sprt factors for
fuel, radial blanket and primary control assemblies were determined to
account quantitatively for the above uncertainties and semi-statistically
combined. Separate groups of uncertainty factors were established in each
type of assembly for calculation of: a) rod temperatures (coolant, cladding,
fuel or absorber); b) coolant exit mixed mean temperature (assembly and upper
collector exits); and c) rod fission gas plenum pressure (plenum temperature,
rod burnup). An example of such analyses is reported in Table II which applies
specifically to rod temperature uncertainties for the fuel assemblies. A
detailed documentation of the uncertainty analyses performed for the CRBRP
core is reported in Reference [2]. The hot channel factors calculated
through these studies were applied to the prediction of core assemblies
performance discussed in the next section.

4, PREDICTED THERIAL-IYGRAULIC ASSEIBLIES PERIORIANCE

As mentioned in Section 1, the thermal-hydraulic performance of CRBRP
assemblies was predicted on a core~wide basis for a combination of various
plant lifetime and operating conditions, i.e., first cycle and equilibrium core,
Plant T&H Design and Expected Operating conditions. A complete documentation
can be found in .eferences [3] and {4]. Highlights of the most significant
results of these analyses follow. The thermofluids behavior of the CRBRP
assemblies was evaluated at beginning and end-of-life for the more conser-
vative T&H Design conditions in order to evaluate the maximum value attained
by relevant parameters such as rod temperatures, fission gas pressure, mixed
mean exit temperature and to assure that specified limits (e.g., no fuel
ceriterline melting) are not exceeded at any time during the reactor lifetime.
Values thus calculated also represented the steady state starting point for
transient and safety analyses.



A summary example of these analyses is shown in Figure 3 which reports the
maximum value during life (at the 20 level of confidence) of cladding midwall
temperature, fission gas pressure and mixed mean exit temperature attained

in each fuel and blanket assenbly. UWhile in the fuel assemblies the maximum
cladding and mixed mean temperatures occur during the first cycle of

assembly residence in the reactor (the macimum fission gas p: -ssure obviously
occurs at end-of-life), in the blanket assemblies all three parameters reach
their peak value at end-of-life conditions. Of course, maximum conditions

in the assemblies are not attained simultaneously since the blanket assemblies
are shuffled with scattered pattern (assemblies of the B sequence are shuf-
fled with one year lag in respect tc other assemblies) and approximately one-
third of the fuel assemblies are replaced during the yearly refuelings as
shown in Figqure 1. Typical examples of cladding lifetime temperature/pressure
history are reported in Figure 4. The different lifetime trend between inner
zone assemblies (of which assembly #6 is an example) and outer zone assemblies
(exemplified by assembly #18) is evident: while in the inner assemblies the
cladding temperature is steadily decreasing from beginning to end-of-life, in
the outer assemblies it decreases from cycle to cycle (due to depletion
effects}, but increases during each cycle {due to shift in power from contrel

rod movement). Consequently, the fission gas pressure in the outer zone does

not increase as smoothly as in the inner assemblies.

The dramatic effect of the radial blanket assemblies shuffling (remember
that the prime purpose of shuffling was to limit the power rating below the
melting point) in curtailing the cladding temperature and pressure increase
is also evident from Figure 4. In addition, shuffling has a very important
effect in 1imiting the end-of-life pressure. In the case of assemblies of
sequence A for example, the fission gas pressure at the end of the seccnd,
fourth and sixth years {end of the residence time in each position, respec-
tively) is practically the same although the burnup is continualily increasing.
This effect is due to the fart “hat shuffling to a more peripheral position
decreases: 1) the plenum temperature, hence the pressure of gas present at
time of shuffling; and 2) the assembly power, hence the fuel temperature is
reduced to a point below the restructuring threshold level. Additional



fission gas release is therefore practically eliminated since the gas
release from non-restructured fuel is orders of magnitude less than from
the restructured fuel, especially at average assembly burnups of the order
of 10,000 - 20,000 MWd/HT as is the case for the blanket acsemblies. The
lifetime behavior of assemblies F (which do not undergo shuffling) confirms
ti.is rationale: the fission ga: pressure after the third yeu: of residence
increases more rapidly than the cladding (and plenum) temperature, due to
the progressive enlargement of the restructured zone and consequent increase
of the fission gas release fraction. Thus, the fission gas pressure is
higher even though the maximum cladding (and plenum) temperature is less
than for radial blanket assemblies of the A type.

5. CONCLUSIONS AND FUTURE DEVELOPMENTS

The preliminary thermofluids design and predicted performance of the CRBRQ
core assemblies has been presented. The behavior of tne core assemblies has
been found to be compatable with design 1limits and requiirements; adoption
of a simple shuffling scheme has precvided satisfactory parformance of the
blanket assemblies; a new orificing criterion has proven to be a definite
improvement over past practices and a significant step toward a trueiy
optimized orificinn schem?. This preliminary study will be followed by a
final design and evaluation, when the CRBRP environment (e.g., nuclear
physics data) will be completely finalized. Future thermal-hydraulic
related analyses will include: a) improved orificing scheme, optimized

on a caldding strain basis; b) improved radial blanket fuel management,
optimized on strain and lifetime considerations; c) evaluation of startup
cycles (from the second up to establishment of equilibrium conditions);

d) modeling of fuel behavior during the entire assemblies lifetime; and

3) consideration of reducing temperature levels and gradients of the upper
internals structure.
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TABLE 1

PREDICTED THERMAL-HYDRAULIC PERFORIANCE OF CRBRP CORE AT EQUILIBRIUM COHDITIONS

PRIMARY SYSTEH

Reactor Power, Nt
Inlet Temperature, °F
. Qutlet Temperature, °F
Flow, lbm/hr

rUEL ASSEIBLIES

Maximum Midwall Cladding
Temperature, °F (20)

HMaximum Assembly ilixed lean Out-
let Temp., °F {Nominal)

Haximun Fuel Centerline Temp.
(35 plus 15% overpover)

Peak Linecar Power, Kw/Ft

Maximum (3z plus 137 cverpower)
Linzar Power, Kw/Ft

Maximum Fission Gas Pressure,
Psia (25)

Mavimum Acszmbly 2P, Psia

Maximum Burnup, HWd/WT

RADIAL BLAHKET ASSEIBLIES

Maximum tidwall Cladding
Temperature, °F (2¢)

HMaximum Assenbly Mixed lMean Out-
let Temp., °F (Nominal)

Maximum Fuel Centerline Temp.
(30 plus overpower)

Peak Linear Power, Kw/Ft

HMaximum (30 plus overpower)
Linear Power, Kw/Ft

Maximum Fission Gas Pressure,
Psia {2¢)

CONTROL ASSEMBLIES, PRIMARY/SECONDARY

*
Haximum( ) Midwall Cladding Temp.,

of (202*) .
Maximum Assembly tlixed !Mean
Qutle: Temp., °F (Nominal)

Maximum(*) Absorber Centerline Temp.

°F (3> plus overpower)
Paxines{*) Mlonun Prossurc. Psia

Flow Spiit (Bunu]e/Totq])

PLAKT T&H
DESIGN VALUES
975
730
995
41.446 x 10
BOL £OL
1350 1200
1107 1016
4780 NE
1.1 8.7
14.4 1.3
186 1790
11 m
— 150,060
964 1284
842 1049
2267 4981
4.7 12.5
7.1 19.6
191 379

1206/1050 1195/NA
988/805 982/NA
2187/2870 1963/NA

NE 260/NA
0.63/0.51 0.63/0.51

Primary: fully inserted conditions. Secondary:

(*)

NA  Not available.

HE HNot evaluated.

RO Reginning of 1ife.
YOl Ind of life. '

PLANT EXPECTED
OPERATING VALUES

975
716
965

44.044 x 10°

BOL

1307
1070

4760
1.1

14.4

182
126

940
822

NE
4.7

7.1
186

NE
NE
NE
NE
0.6%0.51

parked conditions.

EOL

1165
985

NE
8.7

11.3.
1750

126
150,000

1244
1016

NE
14.5

19.6
377

NE
NE
NE

IE

0.63/0.51



. TABLE 11

CRBRP FUEL ASSEMBLIES ROD TEMPERATURES HOT CHANNEL/SPOT FACIORS

prrecT(*)

- o ——-

Power Level HMeasurement and
Control System Dead Band

Inlet Flow Haldistribution

Subassenbly Flow Maltdistribution
Calcuiational-Uncertainties’

Ciadding Circumferential Tempera-
ture Variation

STATISTI;AL—L§1L(O)

Iniet Teaporature Variation
Reactor #1 Variation

Nuciear Daia

Fissile Funl Maldistribution
Wire Wrap Crientation
Subchannel Flou Area

Film Heat 7 znsfer Coefficient
Pellet-Cla:1n71g Eccentrigity
Ciadding Tiickness & Conductivity
Gap Conduc-:ince

Fuel Condu. tivity

Caolant Preperties

TOTAL 20
3o

¢’

Coolant

— ) md ) w—d el

1

1
1

— o da e — ——— —

.01
;232%2%1.221(12
12641017, 2281

Film  Cladding Gap
1.035
() (0)

1.0

.ty 1O
1.0
1.12
1.15 1.15

1.12

1.158 1:986%23 1.128
1.192 1.48

1.234 2.301

1.48(1)

Fuel

i.10

. 1.10

Heat Fiux

1.02

1.081
1.706

(+) Uncertecinties -due to physics analysis calculational methods and control rod effects (4% on coolant enthalpy rise
and 5 on heat flux) are applied directly on nuclear racial peaking factors,

(*) For ciadding midwall temperature calculations.

buik wonlant.

(0) For f.=) temperature calculations.

(o)
contr ' undertainties.
(1) /Appii -~ to LOL conditions.
g:; Applice to Plant Ixpected Operating Conditions.
4

Epplic. ‘o Plant T&H Design Conditions.

Applies to nominal temperature drop between cladding midwall and

In adiition, the assembly inlet temperature will be increased by 16°F, to account for primary Toop temperature



1-6989

ZONE | FLOW(LB/HR)  CONTROL ASS'Y | FLOW (LB/HR)
@ 184240 CENTRAL 40140

@) 165355 ROW 4 (Primary) | 33915

©) 155690 ROW 4 (Secondary} 15700 {Uptiow Onty)
@ 144800 ROW 7 CORNER | 33915

® 126130 ROW 7 FLAT 40140

® 53590

@ 49530

28860

@ 15310

ASSEMBLY

NUMBER

YEARLY REFUELING
SEQUENCE

INNER ZONE

OUTER ZONE RADIAL Rt ANKET

FLOW ORIFICING ZONE

ZONE DRIVER (Hottest) ASSEMBLY

Figure 1. CRBRP Reference Assemblies Orificing, Fuel Refueling, and Radial Blanket Shuffling Schemes
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Figure 2 Maximum Cladding Midwall Temperature in Fuel and Blanket Assemblies as a
Function of Assigned Flow (Plant Thermal Hydraulic Design Conditions)
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MAXIMUM CLADDING MIDWALL TEMPERATURE (°F)

FISStON GAS PLENUM PRESSURE (PSIA)

MIXED MEAN ASSEMBLY EXIT 1261
TEMPERATURE (°F) 1451

NOTE: THESE CONDITIONS DO NOT
OCCUR SIMULTANEOUSLY

INNER ZGNE OUTER ZONE RADIAL BLANKET

Figure 3. Envelope of Maximum Values (At 20 Level of Confidence) of Significant Thermofluids Parameters for CRBRP Core
Assemblies at Plant T&H Design Conditions
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