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INTRUDICTIQM

The general purpoee of this report Is to present the major characteristics

and design of the Consolidated Edison Thorium Reactor (CETR) core*

Four major design changes hare taken place since the last reports

1)

2)

3)

The cladding material has been changed from Zlroaloy-2
to stainless steel*

The use of a combination of burnable and soluble poison
is contemplated for additional reactivity control.

A shiTt from a single zone, uniformly loaded core, to a
multizone core to obtain better power flattening charac-
teristics is planned.

The fuel element fabrication technique has been changed
from a tube sheet type structure to a brazed assenfcly
with ferrule spacers, and the power level has been in-
creased from 500 Jtf to $U5 Mf* The full power core

reactivity life is computed to be 600 days*
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2.1 REACTCR DESCRIPTION

2.1.1 Reactor Internals

The Consolidated Edison reactor Is a thorlun converter type, fueled with
a mixture of thorium oxide and fully enriched uranium oxide contained in stain-
less steel tubes. The active portion of the reactor core is composed of 120
boot-type fuel elements, each approximately 6 inches square.

The primary system flow rate is 53«9 x 10" Ibs. of water per hour at a
pressure of 1500 psigj average reactor water temperature at the inlet is U8% F
and at the outlet ia $21 P at $8% MNVfull power. Approximately 87# of the
total flow is available for heat transfer from the fuel elements. The remain-
ing flow is diverted to cool the control rods, and thermal shields. Aconical
shaped lower plenum baffle with properly sised orifices insures correct flow
distribution to the core section and thermal shields. The upper plenum baffle
is also orlficed for the discharge of the coolant from the core to the reactor
outlet nessles.

The composition of the core is determined by the requirements of heat
transfer, structural integrity, excess reactivity for adequate life, and the
need for an adequate negative temperature coefficient. Approximately 76 per
cent of the core volume is required for coolant flow and the inventory of
approximately 13,000 kilograms of urania-thorit mixture. The remaining core
volume is stainless steel and Ziroaloy-2. The total fuel loading is about
950 kilograms of highly snriohed uranium-235. (93*5? U-235)

Three alternate layers of steel and water are arranged between the core
and pressure vessel to serve as a neutron reflector, and as thermal shields
to re<kioe the effects of neutron bmabarchaent and gama radiation on the pres-
sure vessel walls. The pressure vessel which contains the entire assembly
is s cylindrical shall of carbon steel having an inside diameter of 9 ft. -

9in., with a minimal wall thickness of 6.95 in. The inside wall of the



pressure vessel ie lined with 0.109 inch of stainless steel.

The core layout showing placement of fuel elements, thermal shields and
reactor vessel vail is shown in Figure 1. There are 28 load support tubes
which provide additional hold-down force when the primary loop is cold and
the primary pumps are operating.

2.1.2 Fuel Element Design

The reactor core consists of 120 fuel elements. flow control and
distribution and structural support is obtained by use of end transition
pieces and cans. Each element is nominally 135-5/8 inches long and 6.139 incites
square. A cross section of the elenent is shown in ilgurs 2 and an over-all
view in figure 3*

The fuel is in the form of high density pellets of close dimensional
tolerance, contained in stainless steel tubing. Each tube is closed at the
end with a suitable end cap. Insulating pallets are placed at the end of
the active fuel to reduoe thermal stresses in the end caps. The annulus be-
tween the pellets and the tubing is filled with helium. Each subassembly
contains 206 tubes, spaced by ferrules (short, thin tubular sections) in a
square array, with an offset for the control rod channel (refer to Figure 2).
The ferrules are located with approximately eight inches between centers in
planes normal to the longitudinal axis of the element. A thin strap or band
is wrapped around the bundle at each plane of ferrules to support the outer
row of tubes, and to space the fuel rods from the can wall, the entire
subassembly is brascd as a unit.

The fuel element can is mads of Zircaloy-2. The can is an envelope which
surrounds the tube subassemblies. It is fitted at each end with transition
pieces. A spring in each fuel element locks in the top transition piece, pro-
vides fuel element hold-down against hydraulic forces, and allows for thermal

expansion of the subassembllea.



2.2 TH2ZDUL u© inLfUI'UC DtSIGN

2.2.1 General Design Considerations

Major thermodynamic characteristics of the C3TR cops are determined by
the requirements of heat transfer, hydraulics, mechanical and optimum nuclear
performance for steady state operation. Pertinent design data are shown in
Tabla 1.

The thermal design of the core includes s comprehensive analysis of
temperature distributions, local boiling, two phase pressure drops, and
burr.out characteristics for the hot channel. A hot channel is defined as
that channel which has the radial and axial power distribution factors as
well os Ttnufacturing tolerance factors applied, where as only power distri-
bution factors are Included in the analysis of a nominal channel.

turnout characteristics of the hot channel limit the maxinur. safe power
it which the reactor can operate. When two-phase fits# develops in a channel,
tlw mass velocity is reduced in this channel because of parallel channel pres-
sure drop effects. At s power substantially higher than the rated power of
the reactor, the combination of Increased heat flux and decreased flow
resulting from steam formation can cause a failure of the heat transfer
mechanism resulting in burnout.

Existing data and correlations resulting from burnout tests performed
at various universities, national laboratories and other ABC sponsored
facilities are used in determining the oumout last flux. Scatterir® of
experimental data, with respect to both local boiling and boiling with net
steam generation, makes it difficult to predict the exact burnout heat flux.
Based on the most conservative data available and with the most adverse
coshination of all power distribution and manufacturing tolerance factor-*

i\ has been determined that burnout will not occur before 131 per cent full

power is attained.



TtuiLi 1

ACTJIU F£3ICY AD ™wvrortK iCi Ck-UGI.-VISTICS
THEHVA, KIDHIULIC AND KBCKAKICAL

rUfcl tenant M aterials

a) Fuel Thth - U2 mixture

b) Cladding 30li 3tainloss Steel-boron
modified

c) Tranaltion places 3Jit Stainless Steel

d) Springs Inconel-X

e) Gan Zircaloy-2

f) ferrules 3JIt Stainless Steel

..eometry (all dimensions are nominal)

.uel rod 0.2. (in*) 0.3125
Clad thickness (in.) 0.020
luel pellet (in.) 0.2690
fUel rod pitch (square) (in.) 0.3610
No. of fuel rods per element 206
Active fuel length per rod (in.) 95.2%
Total active fuel length (ft.) 196,215
ferrule 0.2. (in.) 0.2260
ferrule I.D. (in.) 0.1560
Ferrule length (in.) 0.500
No. of ferrule planes U
Strap width (in.) 0.500
Strap thickness (in.) 0.015
Slerwnt size (in.) 6.135
Element pitch (in.) 6.3225
Can ihictcneea (in.) 0.160
:to. of elements per core 120
Configuration Offset
Control rod pitch (in.) 12.6U5
Control rod blade width (in.) 7.50
Control rod blade thickness (in.) 0.3125
Max. cora diameter (in.) au.s5u7
fluid Flow

Total rccctar flow (Ib./hr.) 53.9 x 1Q
leakale flow flb./hr.) 7.1 x 10°
Velocity (ft./sec.) (ineido elements) 21.h
Total area inside element (in.2element) 30.53
Flow are* (eff.) (in.2/element) 1i.73
Flw area in ferrule region (in.2/e lament) 12.57
lotal eff. flow area thru elements (ft2) 12.20
Equivalent diameter for pressure drop (ft.) 0.0216
Equivalent diameter of unit cell (ft.) 0.0232
treasure drop (grid plate to grid plate) (pel) 35.9
Pressure drop (fuel region) (pei) 24.5

Operating pressure (pei®) 1500



T~JIE 1 (Cont'd)

Heat TraneX”r

sieactor p'ver (HW) 5f5
Heat f.ux (average d/hr-ft2 « 5r5 <w) 126,376
Heat transfer coefficient(3/hr-ft2-/) 6860
.1oat transfer area (ft4) 16,353
factor Inlet temperature¢ 55 Mp (f) 166.5
Average core & T (F) (= 585 Mi) 36*52

Maximum Temperatures (calculated)

0Ot Mower (565 K«) 1254 lower (732 “wm

Nominal Channel

auUt coolant ten*?. (F) 552 567
Clad surface temp. (f) 582 605
iiiel pellet temp# (1) 631*6 13*90
Uot Channel
dvlk coolant temp. (/) 572 596
Clad surface temp. (F) 605 606
luel pellet temp, (f) 5056 5700
Nuclear
Sg’-ivalent core diameter (cm) 197.297
Total core volume (cu.in) (97*15 in. length) 1*66,091
haterial Volume (cu. in.) Volume IY action
Water 0.2227 X 0.6779
h*el 0.133e X 10*> 0.2872
Stainless Steel 0.0659 x 10° 0.0986
Zr-2 0.0687 x lo<f 0.1065
lielium 0.0039 x ID6 0.0cub
Inart Pelleta 0.0007 x 10* > 016
Control Rod 0.0102 x 106 0.J220

Metal-Water Ratio (Homogeneous) 1.093



A detailed analysis of the thermal limitations la presented in the
A. pendix A*
The following design criteria are established for the cores
a) Heat transfer surface turnout lias above the maxima
steady state ox transient jower permitted by the
control end safety systems.
* b) Tie fuel snould not nelt st the maximum power level
permitted by the control and safety systems.
Thee criteria limit tie oulk water tem,erature, clad surface temperature
and internal fuel pin temperature, a temperature chert based on nominal

dimensions is shown in figure h.
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2.3 nuclear eesign

2.3»1 General Assign ionsiterations

Ihe change from Zircaloy-2 to stainless steel ae a cladding material,
and the results of critical experiments have led to major revisions in the
nuclear design of the core.

The principal effect of the use of stainless steel is to increase the
critical mass, and thus the initial loading of U-235 to obtain the design
life of 600 full poser days. Information from the critical experiments in-
dicates that the control rod worth is insufficient to fully compensate for
the neoessary excess reactivity, and that the desired maximum to average
radial power factors in the uniformly fueled core would be exceeded for
some rod configurations. Consideration of these factors has mads it neo-
essary to utilise zoned loading of U-235 and to provide additional means
of reactivity control. The available supplementary control methods are
burnable poisons and soluble poisons.

Aburnable poison is a highly absorbing isotope such as boron-10
which is initially incorporated in the fuel element. [Ihls isotope acts
as a poison to supplement the control rods in holding excess reactivity
and gradually burns out by neutron absorption.

Soluble poison reactivity control is obtained by dissolving a highly
absorbing poison such as boric acid in the coolant water and removing it
chemically, or by dilution, instead of by nuclear burnout.

The current reference design for the CEIR utilises a combination of
burnable and soluble poison for supplemental control. Burnable poison
will be used to supplement control rods in compensating for bumup of fuel
and buildup of fission product poisons. This is accomplished by alloying

natural boron with the stainless steel used for fuel element cladding.



To assure that t<e core will prod ice the specified power without risk
of burnout in the hot channel, the ratio of raxiaaan to average power in any
channel must be held wltldn a certain value. fhe over-all power peaking
factor is made up of three individual factorsi radial power peeking, axial
peaking, and localised peaking near control rod channels and between fuel
element cans. Uniformly loo 'ed cores exhibit maxima* to average radial
power ratloe which alone approach the over-all allowance. This has been
demonstraed on the CSIX plate type critical experiments. To obtain more
favorable radiau. power distribution, radial sons loading of fuel lias been
adopted for the Ziil. 2Z>ne loading ia accomplished by dividing the core
into radial regions with different d-235 concentrations. Tha lowest con-
centration is at the core center, increasing to the highest concentration
around the outside.

In the reference core there are tliree redial tones. The central tone
has 32 fuel elements, and the inten«liata and outside zones each have hh
fuel elements. The ratios of U-235 concentrations (atoms/cc) in the toree
tones are about 3A/5*

Sons of the more pertinent nuclear ciiuracteristics of the core are

lilted in Table I1I.



A

TABLE n

REACTOR DESIGN AMD FCittOHMANCE CILARACHRIS TICS . NUCLEAR

Initl*u Concentrations

Uranium-235 (fual)

Thorium cxide (fertile material)
Water (me lerator 4 coolant)
Zircaloy-2 (structure? )
Stainless Steel (cladding)

-oncentrati .a at End of 600 dears

of Full Power Operation

Uranium-233
Uranium-231*
Uranium-2J5
Uranium-236
Protactiniun>-233
i'‘aorium Oxide

atoma/cc x 1Q“*0
Inner rone  Middle sons  (liter zone
2.35 3.U* 3.92 950 <
58 58 58 16,860
126.2 126.2 126.2
5U.3 51*.3 5U.3
83.9 83.9 83.9
57 57 1?2 150
.036 .035 .016 8.3
1.13 1.70 2.7 556
23 .28 .25 75.9
.06 .06 01* 15.2
57.1 57.1 57.1* 16,630

Arerec® thermal flux at 585 MNV2 x 1013 n/cat2-sec.

Oeer-all conversion ratio 0.5

kg (total)

13



2,3.2 Reactivity Control

In addition to the cold clean critical mass enough fuel must be plaoed
in the reactor to provide reactivifor temperature rise, equilibrium xenon
and samarium, doppler effect and the consumption of fuel and buildup of fis-
sion products. Enough control must be provided for these reactivity effects
plus an additional amount of control for shutdown to insure that the reactor
can be made eeveral per cent subcritical in its most reactive condition
(cold, clean, full/ loaded),

A breakdown of various reactivity components in terms of per cent ex-

cess reactivity is shewn in Table 111.

TABLE H |

REACNhVITT HEWUIROIEINTS

1, Shutdown 3
2, Equilibrium Xenon and Samarium 3
3, Temperature (Inc. Doppler to 500 F) 59
U. Doppler Effects (From hot aero power to 1.5*
full power
5, Shim for Lifetime 9.7*%*
23.1

*Based on an average oxide temperature of 1115 F and
a coefficient of .0CL3? change in the thorium reson-

ance integral per degree F.

**Includes complete transient xenon override for about
5U0 days
The distribution of the reactivity requirements between control rods,

soluble and burnable poisons will be determined after the completion of the



experimental procram.

2*3*3 Reactivity Coefliclenta

a)

b)

Temperature Coefficient
The orer-all temperature coefficient of reactivity, exclusive
of the Doppler coefficient, has been calculated to be «
-1.8 x 10"* (¢ 1 x 10“*) Ak/F at 500 F
Considerable experimental work is being planned to evaluate
the uncertainties in some of the parameters used to compute
the temperature coefficient.
Power Coefficient
The power coefficient of reactivity occurs as a result of
the Doppler broadening of thorium resonances as the fuel pin
heats up to operating conditions. This coefficient has been
calculated to be
-2.6 x 105 (¢ 1.5 x 10-*) AKk/f
Pressure Coefficient
The pressure coefficient of reactivity at the operating
temperature and pressure of 500 F and 1500 pal is about

¢ 2 x KT6 C k/pci.
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1, Description of Power Distribution

Average reactor power la 595 and appropriate »factors for radial and
axial power distributions are considered In the design calculations* A rose-
t>ir over-all maximum to average power distribution ratio of 3*0 is used to
allow for non-unifora power distribution in the core. This factor is the
product of an axial maximum to average ratio of 1.5 and a radial maximum to
average ratio of 2*0. The radial maxinumto average factor includes a local
neutron flux peaking factor and applies to non-uniform loading of fuel*

Sxperlments presently oeing performed at the critical experiment labora-
tory will establish final design power distribution factors* The possibility
of local power peaking at the fuel element boundaries is under study as well

as power peaking due to control rod positioning*

2*  Design Criteria

Thermal aspects of ths core design must insure that no damage to the
reactor will occur as s result of steady state or transient operation* This
design is analyzed on tbo basis of the worst expected combination of ;x]wer
distribution, manufacturing tolerances, empirical uncertainties, heat bal-
ance and instrumentation inaccuracies. These effects are Included in the
thermal calculations as hot channel factors*

dusic thermal design criteria established for this design are as
followsi

a* No steady state or transient heat transfer surface burnout,

b. No oxide fuel malting at 125 per cent of rated power.

3* Thermal Calculation Methods
In the analyses of the reactor core, calculation methods are established

to account for the following effects on the thermal and hydraulic design*

17



a* Dimensionftl deviations from the nominal design of the fuel

element re*iulting from nanufftcturlng tolerances.

b* Non-uniform power generation.

c. Deflations from ideal floe conditions.

d. Uncertainties in empirical correlations <

iffecta of fuel concentration, pellet eccentricity and growth, rod
bowing and flow distribution, on heat flux and maximum temperatures are in-
cluded in the analysis. A probability of one has bean assigned for the com
bination of these adverse effects occurring simultaneously in a specific
channel which Is defined ss the hot channel.

Initially the clearance between the oxide fuel and tube wall is filled
with Ueliumj however, during operation fission gases decrease the thermal
conductivity of the gaseous medium. Results of recent tests and reported
information arc factored into tho meximum fuel temperature calculation and
a value of 0.01 B/hr-ft-F, is used for ths gap thermal conductivity. The
thermal conductivity of pure helium is 0.16 B/hr-ft-F.

Variation of ths oxide thermal conductivity with tenperaturo la im
portant to fuel element design, however, these data are still inconsistent.
A conservative value of 1*0 d/hr-ft-r is used in theee analyses. It bee
been estimated that ths oxids thermal conductivity lies in ths range of
1.1 to 1.2 B/hr-ft-F.

1*  Design Data

Ths faaximum surface heat flux at 583% Ifc is approximately I*6i*,00u
D/hr—t4 and ths subooolad burnout hast flux calculated by the Jens and
Lottes* correlation is 1.6 x 106 a/hr-ft2. This represents a burnout safety

factor of 31*5 for rated power operation in the hot channel*

«Jens and Littes, AWL %627 "



At 585 Mf the maximum oxide fuel temperature In the hot channel is
approximately 750 F below the melting point.

Gore thermal analysis cannot be limited to rated power operation but
moat include effacta of heat balance and Instrumentation inaccuracies. De-
pending upon the magnitude of these inaccuracies, the reactor oould very
well be operated briefly in steady state et e power level of approximately
110 per cent of rated power. For this design, positive scram level is aet
et approximately 115 per cent of rated power.

Hot channel studies consider reactor operating levels up to 125 per
oent of rated power and include reduced flow affects due to local boiling
and two phase flow. At this level of operation, the maximum oxide fuel
temperature is below the melting point.

The hot channel surfaoe is still below surface burnout for power
overshoots (above 125 per cent rated power) resulting from rod withdrawal
transients.

Reactor power would here to attain a steady state value of 766 MN
(131 per oent of rated power) before surface burnout is readied based on
the more conservative two-phase flow burnout' correlation. The safety system
restricts steady state operation to power levels below 125 per cent of
rated power, and even in accidental transients such as accidental rod with-
drawal or a cold water accident, the maxinun power does not exceed 130 per

oent rated power.

5%  Burnout Analysis

The core is designed for steady state rated power operation without
bulk boiling. At this condition, the maximum surfaoe heat flux is well
below the burnout heat flux as predicted by the forced convection corre-

lation of Jans and Lottes.



The possibilities and effscts of transient boiling have been investi-
gated. Hot channel pressure drop with bulk boiling (tvc-phase flow) is
greater than the non-boiling pressure drop in that channel for the sane
ness velocity. *or this condition, the margin to burnout is decreased
because of the decreased flow and also because burnout heat fluxes are
loner for two-phase flow at given mass velocities.

Sinoe the Jens and Lottes burnout correlation is not applicable to
bulk boiling, a two phase flow burnout relationship was determined from
existing data and correlations. All available burnout data were plotted
and a burnout design curve for aero quality and aero subcooling (Figure
A-1) was drawn below all measured burnout points, duality burnout data
were also analysed and correlated as a design curve. (Figure A-2). The
mass velocity correlation is the mors conservative of the two relation-
ships. These data are results qf burnout tests performed st various
universities, national laboratories and other AEC sponsored facilities.

Figure A3 shows the hot channel axial temperature distribution of
the bulk coolant (Ty) and clad surface (T8) for £85 Mf operation.

Local boiling is a form of nucleate boiling which occurs when the
subcooled liquid (at a temperature below saturation) is brought into con-
tact with the clad surface that is at a temperscure (Tourface " Tsat 4/'Tsa
sufficient to cause boiling at the interface. The Jens and Lottes local
boiling correlation is used to determine ~Taa”. As shown in siire A-3
local boiling begins at a distance of £I inches from the core inlet and con
tinues to a point 81 inches from inlet. Since the coolant is below satura-
tion temperature there is no bulk boiling in the hot channel at £8£ Mf
operation.

At 122 per cent of rated power (714 MN and with full flow (4.68 x 10"

Ib/hr in fuel region) the coolant is still below saturation temperature.
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This condition is shown in figure AJl*. An important effect of local boiling
is to increase hot channel pressure drop thereby reducing flow in that
ahannel (Figure A-6). The reversal in slope of the curves in this figure
is ascrlbable to density changes in the fluid and contraction and expansion
losses in the fuel rod spacers. Since pressure drop is a multi-valued
function of flow the lowest value of mass flow rate or mass velocity is
used in this analysis. Accounting for this reduction in flow (i»,U3 x 10
Ib/hr or 3*6 x 10" Ib/hr-ft~) results in coolant bulk boiling at a point
95,2% inches from the core inlet.

For 122 per oent of rated power (711* MAJ burnout beat flux based on
the mass velocity correlation is 5,7 x 1(fi B/hr-ft2. At the axial position
in the hot channel where bulk boiling begins (zero quality, zero sub-
cooling) the naxL-mua surface heat flux Is 01* x 1(V B/hr-ft*, This re-
sults in a margin to bulk boiling burnout of 5,3 x 10" B/hr-ft2.

H«suits of a comprehensive analysis ee xibliah that the region of
possible steady state surface burnout is entered st 131 per cent of rated
power (766 W) based on the mass velocity correlation. With the core at
766 HWand a reduced masu velocity of 2,8 x 10" Ib/hr-ft* bulk boiling
(aero quality) begins at a point 63 inches from the core inlet as shown in
Figures A5 and A-6. At this axial position in the hot channel the surface
heat flux is 51* x 10 B/hr-ft2 (Figure A-6) and burnout heat I'lux is
5)* x L(p 3/hr-ft2. This is equivalent, to a zero margin to rnout or
a safety factor of 1.0,

Based on the quality correlation steady state burnout occurs at

approxinately 11*2 per cent of rated power.
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AXIAL TEMPERATURE DISTRIBUTION

IN NOT CHANNEL AT 585 MW
(100% POWER)

FIGURE A—S
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TEMPERATURE
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BURNOUT HEAT FLUX (MASS VELjQCmf CORRELATION}
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FIGURE A -7
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