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Abstract

One of the fuel-channel design concepts for a Bressube (PT) SuperCritical Water-cooled
Reactor (SCWR) currently under development is datlee re-entrant fuel channel. The re-
entrant fuel-channel design consists of two tulles,inner tube (flow tube) and the pressure
tube. The fuel bundles are placed in the innee.tufhe flow and pressure tubes form an
annulus through which flows the primary coolant.heTcoolant flows through the annulus
receiving heat from the inner tube from one enthefchannel to the other. At the far end, the
flow will reverse direction and enter the innereéuland hence the fuel bundle-string. The results
from a numerical analysis performed using MATLARIicate that the total heat loss from the
re-entrant channel will be too high when no ingatatbarrier is included in the design. Thus,
the design of the re-entrant fuel channel needsnaulating barrier for normal operating
conditions.

1. Introduction

There are a number of new concepts for nucleatagesabeing developed worldwide as part of
the Generation IV collaboration project. One swcmcept is a SuperCritical Water-cooled
Reactor (SCWR), which will have a thermal efficignaf about 50% [1]. SCWRs will use
SuperCritical Water (SCW) as a coolant and opesdtdigher temperatures and pressures
compared to those of current water-cooled reactdhile current PWRs operate at a coolant
pressure within 10 — 16 MPa, SCWRs will operatalaiut 25 MPa. The coolant would thus
pass through a pseudocritical region somewheregydtmchannel [2].

Two types of SuperCritical Water-cooled Reactor\(#) concepts are a large Pressure Vessel
(PV) and a Pressure Tube (PT) reactors. The dufuehchannel reference design for a PT
reactor consists of a bundle, ceramic layer andsore tube [3]. The outer surface of the
pressure tube is in contact with the moderator|endniperforated liner protects the ceramic layer
from the bundles, through which flows the primapokant. While such a design may work,
there are concerns with the construction, assembly maintenance of the fuel channel.
Alternative fuel-channel design concepts are ud@eelopment to address these concerns and to
explore other opportunities [3], [4].
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A key element to consider in designing the fuelnete is the minimization of heat loss to the

moderator at normal operating conditions. In fraper, heat losses to a heavy-water moderator
are evaluated for the Re-Entrant Channel (REC).

2. Design

A new fuel-channel-design concept under considamatonsists of two tubes; the inner tube
(flow tube) and the outer tube (pressure tube)el Bundles are installed in the inner tube. The
coolant first flows through the annulus gap betwten pressure tube and the inner tube from
one end of the channel to the other before rewvgrdirection and flowing through the inner
tube. Thus, the fuel channel effectively becomesoable-pipe heat exchanger in which the
annulus is actually a preheater. This configurai® known as the REC. The inner tube is
referred to as the hot side, and the annulus &rexf to as the cold side of the fuel channel.
Figure 1 shows the proposed fuel-channel arrangemencalandria-type vessel. Note that the
design could also be used in a vertical configarafb].
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Figure 1: Re-entrant fuel channel in calandria vessal.

The REC is shown in Figure 2. For this designef@rence channel length of 5.772 m was
chosen.
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Figure 2a: Re-entrant fuel channel.
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Figure 2b: Sideview of re-entrant fuel channe showing heated length.

Figures 3a and 3b show the front and rears of the REC, espectively. 'he REC is only
refueled from one end [4]The reference flo-tube inner and outer diameters are 5 mm and
107.5 mm, respectively, whilde reference pressure tubeer and outer diameters are .9

mm and 14® mm respectively.Stainless Steel-304 has been chosenratesencematerial of

construction of the flow and pressure t for this analysis.
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Figure 3a: Front end of re-entrant fuel channel.
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Figure 3b: Rear end of re-entrant fuel channel.

3. Heat-Transfer Modd

The reference reactor model usin the heat-transfer analysis is a 1200-M8CWR with 300
fuel channels.The inlet temperature of the coolant is 35, and the outlet temperature of 1
coolant varies accordingp the thermal power pechannel with themaximum value of 8.
MWy, The pressure drop along the channel is not imted for due to low mass fluxe
compared to current watepoled reacto. The pressure was assumed to be 25 MPs
determination of fluid properties in this anal. The masglow rate of the coolant chosen as
4.37 kglsfor typical operating conditio. For consistency with earlier worlvariant-18
bundles are used for the haansfer analysis4]. The modeator was assumed to have a |-
fluid temperature of 80°C aral pressure of 200 kPa. oderatorproperties were calculated
100°C for the heat-loss analystsbe more representative of fluid conditionshat wall.

A cross-sectional D averageumerical model was developeding MATLAB in which the
fuel channel was divided intt21 nodes60 for the cold side, 60 for the hot side and andlie
re-entrant mixing nodewhich is the region where the coolant from the dmswchange:
direction and flows in the inner tul As the nlet temperature and pressiare known, the
enthalpy is easilpbtained using NIST REFPROP softw. The enthalpies for the other noc
are obtained via heat balaneging Equation (1

Hnode = previous node +% (1)

whereH; is the enthalpy of the nodQ is the heat transfer rate andis the mass flow rateThe
difference between the nodal power and the heattlmshe coolant is used find Q. Heat is
transferred from the fuel to the hot coolant amirfithe flow tube to the cold coolant via forc
convection, while heat is trarerred via conduction in the flow and pressure tubAs the
enthalpy and pressufer each node is known, the b-fluid temperatures and thermophysi
properties for the fluid are obtained using NISTHRROF software. As the properties of th
fluid in each node are constant, energy equation can be written as followk [6

P39
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oT oT a%T
ua + 175 = aa—yz (2)
whereu andv are the velocities, and is the thermal diffusivity. Equation (2) can betten in
a non-dimensionalized form that can be used tosden equation for the Nusselt number, which
represents the enhancement of heat transfer thraufibid layer as a result of convection
relative to conduction. The Mokry et al. correat (Equation (3)) is used to calculate the
Nusselt number for the coolant at each node [7].

Nu, = 0.0061 Re3*0* Pr o8 (23564 3)
b

where Pr, is defined as the average Prandtl number anduhsceptx is the axial location
along the heated length. The Mokry et al. cori@hahas been developed for vertical bare tubes,
however, it is used in this analysis as a conseevaipproach for fuel bundles.

As the wall temperature of the outer sheath is mhigher than the coolant within the hot side,

the averaged specific heat and averaged Prandtheuane used to calculate the flow parameters
of the hot coolant as they account for the diffeeem temperature. The averaged specific heat
and the averaged Prandtl number for each nodearhtht side can be calculated using the
following equations:

r~ Hy,—Hp

CP - Tyw—=Tp (4)

Pr= (5)
kps

Heat transfer coefficients for the hot and coldlanbare calculated from the Nusselt number
using Equation (5).
HTC = Yuxk (6)

Dhy

The thermal conductivity of SS-304 for the flow ¢éund the pressure tube is calculated using
Equation (6) [8].

k=20 x107°T?% + 0.0134T + 10.689 (7)

Heat loss from the channel to the moderator israsduto be via free convection. The Nusselt
number for free convection is calculated using@herchill and Chu correlation as shown below

9.
( )2

Nufree = 1 0.60 + —0386Rap " 8)
. 0.559,%/16 821
t [+
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where the Rayleigh number is calculated using Eon&8) [10].

_ 3
gﬁ(Ta (PT:/a Tmad)D (9)

Rap, =

where T, pry is the temperature of the outer surface of thessune tube anfl,,, is the
moderator temperature.

Once the temperature of the coolant at each nokeawn, and the total thermal resistances of
the fuel-channel components are calculated, th¢ lbsa to the moderator can be calculated
using:

_ Tos— Tmod
Rtotal
q — Tos— Tmod
Rhot sidet Rflow tubetRcold side+Rpressure tube tRmoderator
Tos— Tmod
q= (10)

o )
(2) + nGp NERgN nGp (1)
hA/ps 2mLk hAJcs 2mLk hA)mod
FT PT

whereT,, is the outer sheath temperature, &ag,; is the sum of the thermal resistances of the
hot side, flow tube, cold side, pressure tube anderator [10]. The above equation can also be
used to calculate the outer sheath temperaturéhandner and outer surface temperatures of the
flow and pressure tubes if the relevant terms ansidered.

4, Analysis and Discussion

Heat-transfer analysis was performed in MATLAB wilid properties transferred from NIST
REFPROP. The fuel-channel power, the thicknesghef flow tube and the material of
construction of the flow tube were varied for thiglysis, while heat flux was considered to be
uniform. The coolant enters the cold side of tbelde-pipe fuel channel at=5.772 m, and
enters the hot side at= 0 m.

Figure 4 shows temperature profiles of the cooltdm®,inner and outer surfaces of the flow and
pressure tubes and the temperature profile of thier sheath along the heated length of the
channel. The temperature of the coolant on thd smle increases approximately linearly as
expected as the heat source is the outer walleoflthv tube. The coolant temperature on the
hot side increases slowly at first and then draradyi after approximately 2 m of fuelled length.
The main reason for this, as will be seen in |dtgures, is the transition through the
pseudocritical point. The outer-sheath temperainmeases at first, decreases and then
increases again. This behaviour is expected fomiform heat flux and constant mass flux as
there is a significant improvement in heat transés the coolant passes through the
pseudocritical point [7]. The outer-sheath tempegais below the sheath melting temperature
limit of 850°C.
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Figure 4: Temperature profilealong channel length for channel power of 8.5 MWy,

The location of the pseudocritical point in the @ can be identified by the peak in the
specific heat profile for the coolant as seen igufé 5. Thermophysical properties, such as
thermal conductivity, and specific heat drasticallyange within the pseudocritical region as
seen in Figure 5. The Prandtl number, which isebasn thermophysical properties, also
changes drastically within the pseudocritical regioThese changes result in the variation in
slopes of the coolant and outer sheath temperataofdes at these locations in Figure 4. The
thermophysical properties are calculated usindthle-fluid temperature along the channel.

The average Prandtl number and average specifidiegaare required for Equations (4) and (5)
were calculated using bulk-fluid and wall temperasuand their profiles can be seen in Figure 6.
The jump in these profiles at the entrance of thteside can be accounted for by the fact that as
the coolant enters the fuelled region, there is@drincrease in wall temperature of the fuel

sheath. The heat transfer coefficient profile Whi calculated using Equation (6) is also shown
in Figure 6.
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Figure5: Specific heat, thermal conductivity and Prandtl number profiles along fuel-
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Figure 6: Average specific heat, average Prandtl number and HTC profilesalong fuel-

The temperature gradients across the radial sectitre reference REC at=0 m,x=1.924 m
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andx = 5.772 m are shown in Figure 7, whare 1.924 m is the location of the pseudocritical

point. The dotted line indicates the expected tapire profile in the liquid. As the total heat

loss is proportional to the change in temperatile figure indicates that the heat loss across the
pressure tube to the moderator will be high. HIs important to note that the figure indicates
boiling in the moderator, which is undesirable.
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Figure 7: Temperature gradientsalong radial distance from center for re-entrant channel.

The total heat loss from the cold side of the egfee REC to the moderator was approximately
677 kW per fuel-channel and the corresponding losat of 300 fuel-channels is approximately
203 MW. Thus, the total heat loss per channep@@imately 8% the total power. Table 1
compares the heat loss between the reference RieCreference High Efficiency Channel
(HEC) and the present CANDU-6 fuel channel [11heTheat loss in the REC is approximately
7 times the heat loss in the HEC channel, whemsuolation barrier is included. While a higher
heat loss is expected, this does not occur in parthe cold annulus acts as a preheater
recovering some of the heat.

Table 1: Heat L oss Comparison

Total Heat L oss Total Heat Lossin
Per Channel Reactor (MW)
(kW)
Re-Entrant Channel without insulation 677 203 MW(Q&hannels)
Reference HEC SCWR Fuel-Channel Concept 104 31 MW (300 channels)
CANDU-6 Fuel Channel 11.32 4.3 MW (380 channels)

One option to reduce heat loss in the REC is toease the thickness of the flow and pressure
tubes. However, previous work has shown that traasfer is not significantly affected by the
thickness of the inner flow tube [4]. The totabh®ss from the cold side of the REC channel to
the moderator for varying pressure tube thicknesssBown in Figure 8. The heat loss does not
decrease significantly as the pressure tube theskigeincreased. For a pressure-tube thickness
of 16 mm, the heat loss is approximately 5 timeshéat loss of the reference HEC fuel channel.
Thicker pressure tubes are not suitable from agdeperspective as it will lead to larger
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calandria vessels and are not suitable from a omigs perspective where less thickness is
preferred.

700

Min. PT thickness

650 -

600 -~

Hesat Loss to Moderator [RW

550 -

500 T T T T T T
11 12 13 14 15 16
Pressure Tube Thickness [mm)]

Figure 8: Heat lossto the moderator when pressuretubethicknessisvaried.

An alternative option to reduce heat loss is to asdifferent material of construction for the

pressure tube. A sensitivity analysis for the malkef construction of the pressure tube was
performed by varying the reference thermal condigti Figure 9 shows the difference in

temperature across the pressure tube when theonductivity is varied. The total heat loss to
the moderator when the thermal conductivity is ¢geahby a factor of 0.5 is 322 kW per

channel, which is still 3 times the reference HEC.
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Figure 9: Changein temperature across pressur e tube when thermal conductivity isvaried.
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5. Concluding Remarks

A preliminary heat-transfer analysis was perfornied the re-entrant channel for PT-Type
SCWRs.

The temperature profiles of the coolant, outer #heand inner and outer surfaces of the flow
tube and the pressure tube were estimated andttieheat loss to the moderator was calculated.
The temperature profiles of the coolant in the Bme and of the outer sheath change
considerably within the pseudocritical region. Tp&eudocritical point for the reference re-

entrant channel is within the hot side of the ftle@nnel, approximately near bundle #5.

The total heat loss to moderator is much higherpamed to the reference HEC and current
CANDU-6 fuel-channels [11]. Placing the ceramiedisn the HEC outside the pressure tube in
the REC should considerably reduce heat loss.
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7. Nomenclature
& average specific heat, J/kg-K Subscripts and Superscripts
D diameter, m b bulk
G mass flux, kg/rfs cs cold side
H enthalpy, J/kg free free convection
HTC heat transfer coefficient, hs hot side

W/MK hy hydraulic
k thermal conductivity, W/m-K i inner
L length, m mod moderator
m mass-flow rate, kg/s node node number
r radius, m 0] outer
R thermal resistance, °C/W 0s outer sheath
Q total heat transfer rate, W pc pseudocritical
q heat flux, W/m W wall
T temperature, °C X axial length along fuel channel
u fluid velocity in x-directiom/s
v fluid velocity in y-directiom/s Dimensionless numbers

Cp average specific heat

Greek Letters Nu Nusselt numbet{TC-Dny / K)
a thermal diffusivity, /s Pr Prandtl numbenu.c,/ k)
B expansion coefficient, 1/K Pr average Prandtl number
m dynamic viscosity, Pa-s Ra Rayleigh number
A viscosity, Pa.s Re Reynolds numbeiG:Dyy / 1)
p density, kg/m
Acronyms
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CANDU CANada Deuterium Uranium MATLAB MATrix LABoratory

FT Flow Tube NIST National Institute of Standards
PT Pressure Tube and Technology
HEC High Efficiency Channel REFPROP  REFerence fluid
HTC Heat Transfer Coefficient thermodynamic and transport
PROPerties
SCWR SuperCritical Water Reactor
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