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a b s t r a c t

An inverted PWR core design utilizing U(45%, w/o)ZrH1.6 fuel (here referred to as U–ZrH1.6) is proposed
and its thermal hydraulic performance is compared to that of a standard rod bundle core design also
fueled with U–ZrH1.6. The inverted design features circular cooling channels surrounded by prisms of
fuel. Hence the relative position of coolant and fuel is inverted with respect to the standard rod bundle
design. Inverted core designs with and without twisted tape inserts, used to enhance critical heat flux,

were analyzed. It was found that higher power and longer cycle length can be concurrently achieved by the
inverted core with twisted tape relative to the optimal standard core, provided that higher core pressure
drop can be accommodated. The optimal power of the inverted design with twisted tape is 6869 MWt,
which is 135% of the optimally powered standard design (5080 MWt—determined herein). Uncertainties
in this design regarding fuel and clad dimensions needed to accommodate mechanical loads and fuel
swelling are presented. If mechanical and neutronic feasibility of these designs can be confirmed, these

ly sig
thermal assessments imp

. Introduction

Previous studies assessed the potential to reduce the cost of
lectricity by implementing U–ZrH1.6 in PWRs, both by backfit-
ing existing plants and by designing new cores (Malen et al.,
004; Shuffler et al., this issue-a, this issue-b). These studies, which
ssumed that the fuel would be arranged in rod bundles (referred
o as “standard design”), concluded that significant cost savings
or U–ZrH1.6 compared to oxide fuel could not be achieved in grid
upported PWRs, primarily because the power and energy gener-
tion per core loading for both fuels with square arrays supported
y grid spacers are similar.1 Other hydride fuels would actually
ffer advantages compared to U–ZrH1.6, including increased heavy
etal density and lower hydrogen release at high temperature

Greenspan et al., this issue). In spite of this, for the present inverted
uel design investigation only U–ZrH1.6 was assessed, based on its
Please cite this article in press as: Malen, J.A., et al., Thermal hydraul
(2009), doi:10.1016/j.nucengdes.2009.02.026

se in TRIGA reactors and availability of thermophysical properties.
This paper investigates the implementation of U–ZrH1.6 in PWRs,

o longer assuming a standard design, but an inverted design. In
articular, the study: (1) estimates the performance of U–ZrH1.6

∗ Corresponding author.
E-mail address: jonmalen@berkeley.edu (J.A. Malen).

1 Similar conclusions were drawn for hexagonal arrays with grid spacers. How-
ver, the use of a wire wrapped pin configuration did improve the thermal hydraulic
erformance in the low pitch-to-diameter ratio regions where hydride fuel has sig-
ificant neutronic advantages over oxide fuel (Diller et al., this issue).

029-5493/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.nucengdes.2009.02.026
nificant economic advantages for inverted core designs.
© 2009 Elsevier B.V. All rights reserved.

inverted geometry and (2) compares such performance to that of
an optimally powered standard fuel rod design also fueled with
U–ZrH1.6, to assess the relative economic feasibility of the inverted
design.

The inverted design consists of prismatic blocks of fuel per-
forated with non-communicating cylindrical coolant channels,
similar to the fuel concept proposed for gas cooled fast reactors
(Pope et al., 2005). At subchannel level, the inverted geometry is
characterized by two parameters, cooling channel diameter and
pitch. For standard rod bundles the subchannel is a coolant chan-
nel surrounded by circular fuel rods; for the inverted design the
subchannel is a circular coolant channel surrounded by a hexago-
nal fuel cell. The circular channels are arranged within the fuel in
hexagonal close packed arrays to minimize the conduction length
between the channel wall and the vertices of the fuel cell. Like
in hydride standard designs, the gap between the fuel and clad is
filled with a liquid metal (Pb–Bi–Sn eutectic) to enhance heat trans-
fer, so that phenomena like fission gas release, hydrogen release
and irradiation-induced fuel swelling, which are temperature-
dependent, can be limited (Olander et al., this issue). Cross-sections
of a standard subchannel and an inverted subchannel are shown in
Fig. 1. An inverted fuel assembly consists of a hexagonal block of
ic design of a hydride-fueled inverted PWR core. Nucl. Eng. Des.

fuel encased in cladding, such that the clad covering the cooling
channel interiors is connected at the top and bottom to perforated
hexagonal lids. The sides of the fuel block are also clad to complete
the enclosure. The inverted channels are only connected at the core
inlet and outlet, where flow distribution is determined. The number

dx.doi.org/10.1016/j.nucengdes.2009.02.026
http://www.sciencedirect.com/science/journal/00295493
http://www.elsevier.com/locate/nucengdes
mailto:jonmalen@berkeley.edu
dx.doi.org/10.1016/j.nucengdes.2009.02.026
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Nomenclature

A cross-sectional area (m2)
BU burnup (MWD/kgHM)
CHF critical heat flux (W/m2)
D diameter (m)
De equivalent diameter (m)
DSC standard core fuel rod diameter (m)
DI inverted core cooling channel diameter (m)
f Moody friction factor
FCR fuel to coolant volume ratio
IC inverted core
ICTT inverted core with twisted tape
L core height (m)
L180◦ axial length required for TT to complete a 180◦ rota-

tion
MDNBR minimum departure from nucleate boiling ratio
mHM mass of heavy metal in core (kg)
P pitch (m)
P/D pitch-to-diameter ratio
�P pressure drop (MPa)
q′′ heat flux (W/m2)
R radius (m)
Re Reynolds number
SC standard core
t thickness (used for gap, clad and fuel web) (m)
T temperature (◦C)
Tcycle cycle length (months)
TT twisted tape
V coolant velocity (m/s)
y L180◦ /DI
˛ AF/AFG ratio
ˇ AF/AFGC ratio
� viscosity (N s/m2)
� density (kg/m3)

Subscripts
CI clad inner radius or diameter
CO clad outer radius or diameter
F fuel
FG fuel + gap
FGC fuel + gap + clad
I IC and ICTT
IC inverted core
ICTT inverted core with twisted tape
EA equivalent annulus
Max maximum fuel temperature
ref reference PWR core
SC standard core

a
o
a
o
t
c
a
i

f
a
a

Fig. 2 shows how FCR varies with P/D for both standard and
inverted designs. FCR and AF of the reference core are FCRref = 0.59
and AF,ref = 52.1 mm2. Geometric parameters and operating con-
ditions, listed in Table 2, are from a typical UO2 fueled PWR.

2

CI clad inner radius or diameter
TT twisted tape

nd height of subchannels within each assembly, and the number
f assemblies in the core may vary and their optimization is not
ddressed here. Rather the analysis presented here is performed
n a single inverted subchannel, as described in Section 3. Twisted
ape inserts may be welded to the inside surface of the circular
oolant channel (see Fig. 1) to enhance the CHF at the expense of
dded pressure drop. We have evaluated the performance of the
Please cite this article in press as: Malen, J.A., et al., Thermal hydraul
(2009), doi:10.1016/j.nucengdes.2009.02.026

nverted geometry with and without twisted tapes.
Control rod design, not addressed in this work, could be in the

orm of BWR-like control rods consisting of three blades spaced by
120◦ angle and inserted in the water gaps between the hexagonal
ssemblies.
Fig. 1. Geometry of inverted and standard subchannels.

Characteristics of the inverted design that prompted our inves-
tigation include reduction of vibration concerns, ability to enhance
critical heat flux (CHF) performance by means of twisted tape
inserts, and potential for reduced pressure drop relative to rod bun-
dles. Furthermore, the inverted geometry may afford high power
density for geometries that also offer high burnup and heavy metal
loading. These three traits are not simultaneously optimized by the
standard fuel rod core designs. The possibility of Zr–U assembly
blocks to be drilled before hydradation is performed, together with
the low fission gas release characterizing U–ZrH1.6 (Simnad, 1981),
make this fuel type suitable for the inverted geometry.

2. The parametric study design space

The study presented here is a parametric study of inverted and
standard subchannel geometries, from which whole core properties
were calculated by means of geometric relations and conserva-
tive assumptions on the core radial power distribution. Section 3
describes the analysis methodology in detail. Three designs uti-
lizing U–ZrH1.6 were studied: (1) the standard core (SC), (2) the
inverted core (IC), and (3) the inverted core with twisted tape
inserts (ICTT).

The parametric study was performed over a range of geome-
tries to identify the optimal combination of cooling channel
pitch and diameter for each of the three designs. The geom-
etry range was identified in terms of fuel to coolant volume
ratios (FCR) and fuel areas per subchannel (AF). These vari-
ables enable a direct comparison of the U–ZrH1.6 fueled standard
and inverted designs. Furthermore, neutronic design is highly
dependant on FCR, so it is appropriate to compare standard and
inverted designs of equivalent FCR.2 Geometries within the range
0.3 ≤ FCR ≤ 2.0 and 20 mm2 ≤ AF ≤ 150 mm2 were evaluated for
each of the three designs. These ranges correspond to P/D ratio
ranges of 1.65 ≥ (P/D)SC ≥ 1.04 and 4.13 ≤ (P/D)I ≤ 1.84 for the stan-
dard and inverted geometry, respectively. Geometric relationships
based on FCR and AF are summarized in Table 1.
ic design of a hydride-fueled inverted PWR core. Nucl. Eng. Des.

We have assumed that the twisted tape does not impact neutronic performance,
both because of its small volume, i.e., a 0.4 mm thick tape insert will occupy only ∼4%
of a channel that is 12 mm in diameter, and because of the low neutron absorption
material, Zircaloy, specified for its fabrication. The twisted tape is assumed to be
welded to the cooling channel inner surface, and to have small thickness compared
to the channel inner diameter.

dx.doi.org/10.1016/j.nucengdes.2009.02.026
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Table 1
Geometric relationships between P/D, FCR, ˇ, AF, and De.

Design Geometric relationship

All (SC, IC, ICTT) ˛ = AF
AFG

= 0.950

ˇ = AF
AFGC

= 0.736

SC
(

P
D

)
SC

=
√

�
4

(
ˇ

FCR + 1
)

De,SC =
2
√

ˇAF,SC

FCR
√

�

Inverted (IC, ICTT)
(

P
D

)
I
=

√
�

2
√

3

(
FCR
ˇ

+ 1
)

De,IC = 2
√

AF,I
� FCR

De,ICTT = 2�
�+2

√
AF,I

� FCR

F
c

P
w

3

m
t

T
D
2

P

E
A
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C
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S
P
N
C
C
S
R
A
P
A

ig. 2. Relationship of governing geometric parameters defining fuel and coolant
hannel arrays, for ˇ = 0.736.

arameters shown in italics are variables of the parametric study,
hile those not italicized are constant for all core designs.

. Analysis methodology
Please cite this article in press as: Malen, J.A., et al., Thermal hydraul
(2009), doi:10.1016/j.nucengdes.2009.02.026

The goal of the thermal hydraulic analysis was to determine the
aximum core power attainable by all the SC, IC and ICTT geome-

ries in the design space discussed in the previous section, subject

able 2
esign and performance parameters of the reference oxide PWR (Seabrook UFSAR,
002).

arametera Value

quivalent core radius 1.68 m
ctive fuel length 3.66 m
ladding outer diameter Dref 9.5 mm
ladding thickness 0.57 mm
uel–clad–gap width 0.08 mm
quare lattice pitch, Pref 12.6 mm
itch-to-diameter ratio, P/Dref 1.326
umber fuel rods per core 50,952
ore average enthalpy rise 192.1 kJ/kg
ore inlet temperature 294 ◦C
ystem pressure 15.51 MPa
adial peaking factorb 1.65
xial peaking factor 1.55
ower level 3400 MWt

verage linear heat rate 182 W/cm

a Parameters in italics are variables of this study. All other parameters are fixed.
b Hottest subchannel power/average subchannel power.
 PRESS
and Design xxx (2009) xxx–xxx 3

to limitations on power imposed by thermal hydraulic constraints.
All SC, IC and ICTT geometries were analyzed by modeling their
respective hot subchannel. The thermal hydraulic code used for this
analysis, i.e., VIPRE (Stewart, 1985), was interfaced with Matlab in
order to: (1) quickly span the whole FCR and AF ranges, (2) itera-
tively vary the channel power in order to calculate the maximum
achievable power, and (3) add the corrections needed to account
for the presence of design features, like the twisted tape, that can-
not be implemented in a VIPRE-only model. The flow rate through
the hot channel was however calculated accounting for flow distri-
bution among all the cooling channels, so that the pressure drop
imposed across the hot channel equals that across the whole core.
For IC and ICTT, the VIPRE analysis was performed by modeling the
inverted subchannel as an equivalent standard subchannel having
the same coolant cross-section and heated perimeter as the actual
inverted subchannel. However, because of the hexagonal geome-
try characterizing the fuel cell, the equivalent standard subchannel
model was not used to calculate the temperature distribution across
the hexagonal fuel cell. Rather, the equivalent annulus heat conduc-
tion approximation, described in Appendix A.3, was used for this
purpose.

Geometric relations and the conservative peaking factors shown
in Table 2 were then applied to the hot subchannel geometry in
order to obtain whole core properties, such as total heavy metal
loading and core power. In particular, the cross-sectional area
available for the subchannels (needed for the calculation of the
number of subchannels in the core) was taken as 90% of the total
cross-section to approximate the presence of design features not
explicitly modeled in this study. These primarily included the duct
surrounding each fuel block, gaps needed to accommodate fuel
swelling and the inter-assembly gap needed to allow assembly and
control rod insertion and withdrawal.

4. Constraints of the parametric study

The maximum achievable power of a given core is defined as the
highest steady state power that can be sustained without breach-
ing a single constraint limit. The constraints considered include fuel
temperature and cladding temperature during steady-state oper-
ation, minimum departure from nucleate boiling ratio (MDNBR)
during an overpower event and maximum cladding temperature
during a loss of coolant accident (LOCA). The coolant velocity con-
straint, which was applied to the SC design to limit flow induced
vibrations, was not applied to IC and ICTT designs since they are
assumed to inherently resist vibrations. The limits used are listed
in Table 3 and a discussion of each constraint follows in this
section.

Pressure drop was recorded, but not constrained, because it is
not a safety concern. To predict the pressure drop for the ICTT, the
friction factor was changed from a single phase straight tube friction
factor to a single phase twisted tape friction factor. The twisted tape
friction factor used was that recommended by Manglik and Bergles
(1993):

fTT = fy=∞
(

1 + 2.752
y1.29

)
, 30, 000 < Re (1)

where y is the axial length required for the tape to complete 180◦

twist, per unit channel internal diameter, and fy=∞ is the friction
factor for a straight tube with a straight tape insert, herein estimated
by the Colebrook correlation (Colebrook, 1939).
ic design of a hydride-fueled inverted PWR core. Nucl. Eng. Des.

4.1. Steady-state fuel and cladding temperature constraints

The steady-state temperature limit chosen for U–ZrH1.6, i.e.,
750 ◦C, was fixed to limit hydrogen release, fission gas release
and irradiation-induced fuel swelling. Keeping the fuel temper-

dx.doi.org/10.1016/j.nucengdes.2009.02.026
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Table 3
Summary of limits for steady state, overpower and LOCA scenarios.

Design Steady state Overpower transient LOCA

Tfuel (◦C) Tclad (◦C) Va (m/s) MDNBR limit MDNBR correlation Tclad (◦C)

SC <750 <350 <8 >1.21 W3-L 1204
IC <750 <350 – >1.3 Groeneveld 95 lookup 1204
I

a
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f
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where q′′
CHF-8 mm is the CHF calculated using Viskanta’s data, i.e.,

using approach (1), while DI is in mm. The case using the chan-
nel diameter dependence is referred to as ICTT D−1/3, while that
neglecting this dependence simply as ICTT.
CTT <750 <350 –

a Flow induced vibrations are constrained by limiting V.
b CHF dependence on diameter is assessed by 2 approaches.

ture below 750 ◦C guarantees the hydrogen partial pressure of
–ZrH1.6 to be below about 0.3 bar and the fission gas release

raction to be of order 10−3 to 10−4 (Simnad, 1981). A signifi-
ant uncertainty accompanies hydride fuel swelling since very few
xperimental measurements were performed on this type of fuel.
illie et al. (1973) indicates that, above 650 ◦C, U–ZrH1.6 shows a sig-
ificant increase in irradiation-induced swelling. However, because
f the limited experimental data on this subject and because of
he possibility to accommodate swelling by providing sufficient
imensioning of the fuel–clad–gaps, as discussed in Section 5.2,
he maximum fuel temperature was limited to 750 ◦C.

A steady state cladding temperature limit of 350 ◦C was selected
or zirconium cladding to limit the oxidation layer thickness (NRC
0CFR50.46).

.2. Vibration constraint

The coolant velocity limit of 8 m/s applied to SC derives from a
etailed vibration analysis performed on SCs by Shuffler et al. (this

ssue-a, this issue-b). Conversely, no limit on coolant velocity was
pplied to the inverted geometry since this geometry is assumed
o be less affected by vibration phenomena than SC. It should be
ointed out, however, that excessive coolant velocity may challenge
he structural stability of the twisted tapes in ICTT cores, because
f the flow-induced axial forces to which they are subjected. This
spect, not resolved at this stage of the study, needs ultimately to
e reviewed.

.3. CHF constraint during overpower transient

The requirement, for a reactor, to satisfy the DNBR design limit
ot only during normal operation, but also for all the DNBR-limited
ransients is often verified by modeling an enveloping transient,
hich is typically a 112–118% overpower transient (Hejzlar and

odreas, 2000). Consistent with this approach, the present analysis
odels a transient that, relative to steady state operation, is char-

cterized by an 18% increase in power, 5% reduction in coolant flow
ate, and 2 ◦C increase in coolant inlet temperature. The MDNBR
as constrained during this overpower transient. The CHF corre-

ation, used to predict MDNBR, depends on the type of core under
nvestigation, as follows:

SC: the W3-L correlation was selected because of its frequent use
in plant safety analyses (Seabrook, 2002), availability to the public
and applicability to square arrays of circular rods supported by
grid spacers. While for the W3-L we were not able to find statistics
about its accuracy, the original W3 correlation predicts CHF with
an average error of −16% and a root-mean-square error of 21.2%
(Tong and Tang, 1997).
Please cite this article in press as: Malen, J.A., et al., Thermal hydraul
(2009), doi:10.1016/j.nucengdes.2009.02.026

IC: the 1995-CHF lookup tables for straight tubes were selected
for the IC because they are based on a comprehensive collection of
straight tube CHF data spanning our design and operation range.
They predict CHF with an average error of 0.69% and a root-mean-
square error of 7.82% (Groeneveld et al., 1995).
>1.3b Viskanta datab 1204

• ICTT: the CHF vs steam quality lines interpolating Viskanta’s
experimental data were used (Viskanta, 1961). This interpo-
lation, performed by Viskanta, predicts his experimental CHF
values with an average error of −0.58% and a root-mean-square
error of 6.32%. The addition of twisted tape inserts is known
to enhance CHF performance, but an industry standard CHF
correlation for the ICTT design does not exist at the PWR oper-
ating pressure. Several CHF correlations exist for circular tubes
with twisted tape inserts at lower operating pressures (∼1 MPa)
(Bergles, 1969; Nariai and Inasaka, 1991; Yin et al., 1994; Tong
et al., 1996). Only the data reported by Viskanta (1961), how-
ever, were taken at a pressure and mass flux (13.8 MPa and
678–2712 kg/(m2 s)) representative of PWR operating conditions
(15.5 MPa and 3580 kg/(m2 s)). Nevertheless, Viskanta’s data refer
to an 8 mm channel diameter and do not predict how CHF will
vary with diameter: they only show a dependence on the steam
quality and on the TT geometric parameter y. Correlations for
lower operating pressure suggest a weak dependence of CHF on
channel diameter (Bergles, 1969; Nariai and Inasaka, 1991; Yin
et al., 1994; Tong et al., 1996). Hence, two approaches are taken
for conservatism: (1) assume that CHF is independent of channel
diameter and (2) assume that CHF depends on channel diameter
as suggested by Groeneveld et al. (1995) for circular tubes without
twisted tape:

q′′
CHF(DI) = q′′

CHF-8 mm

(
DI

8 mm

)−1/3
(2)
ic design of a hydride-fueled inverted PWR core. Nucl. Eng. Des.

Fig. 3. LOCA acceptable steady state power vs. channel diameter for the inverted
geometry.

dx.doi.org/10.1016/j.nucengdes.2009.02.026
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he MDNBR limit for the SC is assumed to equal the steady state
DNBR of the reference core, which is 1.21 for the W3-L correlation.
similar method for establishing the MDNBR limit for the IC and

CTT designs could not be used because there is not a reference core
or the IC and ICTT. A 30% margin in CHF (MDNBR limit = 1.3) was
ssumed due to variability in Viskanta’s experimental CHF data and
ccuracy of the Groeneveld look-up tables.

.4. Cladding temperature constraint during LOCA

An analytical assessment of the LOCA transient using a process
eveloped by Catton et al. (1990) found that U–ZrH1.6 fuel in the
C design is not constrained by LOCA performance. These results
how that power levels, far higher than those being presented in
his comparison, are acceptable (Shuffler et al., this issue-a, this
ssue-b). This effect is the result of two U–ZrH1.6 fuel properties:
1) the higher thermal conductivity of the U–ZrH1.6 fuel (∼6 times
igher than UO2) yielding lower initial temperatures in the fuel
nd cladding from stored energy redistribution and (2) lower tem-
erature increases over time from decay heat due to the higher
olumetric heat capacity of U–ZrH1.6 fuels compared to oxide fuels
∼1.2 times higher than UO2).

Since Catton’s analytical methodology is not directly applica-
le to the inverted geometry, an IC RELAP (RELAP 3D©, 2003)
odel was developed to calculate the maximum clad temperature

eached in an IC during LOCA. The RELAP analysis was performed
n three inverted geometries of different cooling channel diameter.
or these geometries, the power was adjusted until the RELAP cal-
ulation yielded a maximum cladding temperature below 1204 ◦C
USNRC Appendix A LOCA cladding temperature limit) and the fuel
uenched to the reflood coolant temperature. The ability to reflood
he inverted geometry and quench the fuel was found to be an
ncreasing function of channel diameter, as shown in Fig. 3. The solid
ine fit to these results was used as an upper limit to the power at a
iven DI.

For ICTT the presence of the twisted tape, not modeled in the
ELAP analyses described above, may influence the core’s capability
o reflood. The twisted tape may in fact hinder the upward steam
ow, thus delaying or preventing the reflood of the upper sector
f the core. This phenomenon, which will be investigated as future
ork, could be limited by using partial length twisted tape at the

xial location of MDNBR, rather than full length inserts.
Our results, presented next, show that the LOCA constraint is

ot a governing constraint because the Overpower MDNBR con-
traint is more limiting. Hence, unless TTs is found to significantly
orsen LOCA performance, our results should not be changed by

efinement of our methodology with their addition.

. Results of the parametric studies

Each inverted design geometry has been established by first
electing the fuel area AF and the fuel to coolant ratio FCR. Then clad
hickness tclad and fuel–clad–gap width tgap, the two parameters
till needed to fully define the inverted geometry, were calculated
sing two different approaches. In the first approach, which yielded
ll the results presented in this paper except for Table 5, the fuel cell
eometry was scaled, e.g., the two parameters were determined by
inearly scaling based on the fuel cross-sectional area. The results
Please cite this article in press as: Malen, J.A., et al., Thermal hydraulic design of a hydride-fueled inverted PWR core. Nucl. Eng. Des.
(2009), doi:10.1016/j.nucengdes.2009.02.026

f this approach are referred to in Section 5.1 as the “study with
uel dimensions unconstrained” and are presented in Table 4 in the
orm of three comparisons:

comparison A: unconstrained fuel dimension core designs yield-
ing the maximum power; Ta
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Fig. 4. Core power vs. fuel to coolant ratio.

comparison B: unconstrained fuel dimension inverted core
designs having the same FCR as that of the maximum power SC
geometry;
comparison C: unconstrained fuel dimension inverted core
designs having the same power as that of the maximum power
SC geometry.

By following the mentioned approach, however, no minimum
alues of fuel web thickness, clad thickness and fuel–clad–gap
idth were imposed as constraints. As a consequence, some of the

nvestigated inverted geometries may be difficult to manufacture
y conventional means and unable to tolerate the mechanical loads
o which they are subjected during operation. To avoid this, and
o obtain a preliminary estimate of the inverted geometry perfor-

ance when manufacturability and mechanical load constraints
re considered, tclad, tgap and fuel web thickness were constrained;
his constitutes the second approach. This approach was, how-
ver, limited to quantitative application of two web thicknesses to
single promising inverted geometry. The results, referred to in

ection 5.2 as the “study with fuel dimensions constrained”, are
hown in Table 5 and labeled as “comparison D”. The extension
f the second approach to the whole inverted geometry spectrum
0 mm2 ≤ AF ≤ 150 mm2 and 0.3 ≤ FCR ≤ 2.0, will be future work for
his project.

.1. Study with fuel dimensions unconstrained

Core power as a function of FCR is shown in Fig. 4. This plot was
ade by selecting the pitch and diameter that can sustain the high-

st power for a given FCR. The SC curve peaks at 5080 MWt for an
CR of 0.5, corresponding to P/D of 1.4. This optimal FCR compares
ell with that shown in Shuffler et al. (this issue-a, this issue-b),

ven though the power differs slightly because of the different
ore height considered (3.66 m in this project, 4.26 m in Shuffler
t al., this issue-a, this issue-b). Our simplified vibration constraint
nd lack of a pressure drop constraint may also lead to deviation
etween the results. The SC curve has a peak because core power

s limited by two separate constraints within the design range, i.e.,
he overpower MDNBR constraint for FCR < 0.47, and the vibration
onstraint for FCR > 0.47. The IC and ICTT curves decrease mono-
Please cite this article in press as: Malen, J.A., et al., Thermal hydraulic design of a hydride-fueled inverted PWR core. Nucl. Eng. Des.
(2009), doi:10.1016/j.nucengdes.2009.02.026

onically with increasing FCR because they are only limited by the
verpower MDNBR constraint. In agreement with the SC analysis of
–ZrH1.6 by Shuffler et al. (this issue-a, this issue-b) and Diller et al.

this issue), the fuel temperature, cladding temperature, and LOCA
onstraint do not limit the core power for any of the three designs. Ta
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Fig. 6. Average flow velocity vs. fuel to coolant ratio.

0.8.
The peak fuel temperature of the desirable geometries discussed

next is less than 665 ◦C and their average temperature will be lower
◦

Fig. 5. Pressure drop vs. fuel to coolant ratio.

The peak powers of the IC, ICTT y = 2.5, ICTT y = 5.0, and ICTT
−1/3 y = 5.0 all occur at the smallest FCR considered (FCR = 0.3) and
re 4246 MWt, 6869 MWt, 6334 MWt, and 6044 MWt, respectively.
his behavior is consistent with intuition because MDNBR should
e more limiting at higher FCRs as the heat is being transferred
rom more fuel to less coolant, which requires a higher heat flux.
he addition of twisted tape offers a substantial power upgrade
elative to the SC and IC designs for all FCR. Reducing the value of
from 5.0 to 2.5 enhances CHF, resulting in a ∼10% power upgrade

or all FCR, albeit at an increased core pressure drop. Whether CHF
s independent of channel diameter or proportional to D−1/3 from
q. (2) only results in a 3–7% difference in achievable core power.

Clad thickness and fuel web thickness vary considerably among
he designs considered in this study and fuel web thickness in par-
icular falls below an assumed minimum acceptable value (∼2 mm,

attingly et al., 1995) for several geometries. Specific results are
resented in Table 4, which identifies three cases of achievable core
ower structured to assess the economic performance potential of
he inverted geometry.

.1.1. Core pressure drop and coolant velocity
The pressure drop corresponding to the core powers of Fig. 4

s shown in Fig. 5. The pressure drop of all designs increases with
ncreasing FCR, but the SC pressure drop has the strongest depen-
ence. For a given pumping limit, substantially higher FCR are
chievable by the inverted designs. The friction component of pres-
ure drop will vary between designs far more than the gravitation
nd acceleration components, and by the analysis in the Appendix
, we find the ratio of frictional losses between the SC and IC designs

o be:

�Pfriction,SC

�Pfriction,IC
=

(
FCR
ˇ

)0.6
(3)

nd the ratio of frictional losses between the SC and ICTT designs
o be:

�Pfriction,SC

�Pfriction,ICTT
=

(
1

1 + (2.752/y1.29)

)(
�

� + 2

)1.2(FCR
ˇ

)0.6
(4)

qs. (3) and (4) confirm that for increasing FCR the pressure drop
f the SC will increase more rapidly than the pressure drop of the
Please cite this article in press as: Malen, J.A., et al., Thermal hydraul
(2009), doi:10.1016/j.nucengdes.2009.02.026

C and ICTT. Grid spacers will generate additional losses in the SC,
hereby furthering the advantage of the IC and ICTT designs.

The average coolant velocity corresponding to the core powers
f Fig. 4 is shown in Fig. 6. The SC is constrained to flow velocities
elow 8 m/s and is limited to this value for FCR > 0.6. The coolant
Fig. 7. Neutronically limited discharge burnup vs. FCR for 12.5% enriched U–ZrH1.6.

velocity of the inverted designs increases with FCR due to a reduc-
tion in flow area, not offset by the concurrent reduction in core
power (and therefore mass flow rate since their ratio is kept con-
stant) as FCR increases. Coolant velocities greater than 12 m/s are
needed for high FCR ICTT designs, but the desirable designs pre-
sented next are typically in the 10 m/s range.

5.1.2. Discharge burnup and fission gas release
The neutronically limited discharge burnup for standard PWRs

from Ganda et al. (this issue) is plotted as a function of FCR in Fig. 7.3

The data points were computed for 12.5% enriched U–ZrH1.6 fuel
rods in the SC configuration. In this configuration the achievable
burnup depends primarily on the fuel to coolant ratio, and secon-
darily on the rod diameter. The spread within a grouping of data
points is caused by varied rod diameter at similar FCR. Inverted
fuel is not circular, but since the diameter dependence is small
relative to the absolute burnup, a fit line capturing the FCR depen-
dence, but averaging the diameter dependence was used. According
to this fit line, the peak burnup is 131 MWD/kgHM at an FCR of
ic design of a hydride-fueled inverted PWR core. Nucl. Eng. Des.

than the 650 C value recommended by Olander et al. (this issue) to

3 In Ganda et al. (this issue) the results in Fig. 7 are plotted as a colormap to
explicitly show the dependence on both FCR (P/D) and rod diameter.

dx.doi.org/10.1016/j.nucengdes.2009.02.026
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Table 6
Summary of the results for economics comparison.

Comparison case Design Powera (MWt) Specific power (kWt/kgHM) Tcycle (months) �P (MPa) V (m/s) TMax (◦C)

(A) Unconstrained
geometry—Max
power

SC 5080 162.7 9.6 0.36 7.8 517
IC 4246 169.7 8.7 0.09 5.7 390
ICTT y = 5.0 6044 241.6 6.1 0.23 8.1 449
ICTT y = 2.5 6869 274.5 5.4 0.33 9.2 482
ICTT y = 2.5D−1/3 6334 253.1 5.8 0.32 8.5 456

(B) Unconstrained
geometry—match SC
Max power FCR

IC 4055 129.9 12.0 0.11 6.3 407
ICTT y = 5.0 5660 181.3 8.6 0.28 8.7 480
ICTT y = 2.5 6440 206.3 7.6 0.41 9.9 527
ICTT y = 2.5D−1/3 5970 191.2 8.2 0.40 9.2 496

(C) Unconstrained
geometry—match SC
Max power

ICTT y = 5.0 5080 126.0 12.6 0.38 9.6 528
ICTT y = 2.5 5080 102.5 15.3 0.76 12.2 665
ICTT y = 2.5D−1/3 5080 111.4 14.2 0.63 11.0 595

(D) Constrained
geometry—conservative fuel
d

ICTT y = 2.5 5812 181.5 8.7 0.45 9.8 616
ICTT y = 2.5D−1/3 5062 158.1 10.0 0.35 8.6 582

30.2
11.6

bly e
1

m
H

5

t
w
e
u
(
c
i
t
o
l
e
f
d
w
a
o
P
i
r

b
b
C
o
s
p
c
(

6

p
n
i
(
U
o

imensions ICTT y = 2.5 5250 1
ICTT y = 2.5D−1/3 4500 1

a For the inverted geometry, an inter-assembly gap spacing of 5 mm and an assem
0%.

inimize irradiation-induced fuel swelling and fission gas release.
ence, it is possible to attain the burnup shown in Fig. 7.

.2. Study with fuel dimensions constrained

This study was undertaken since the study discussed in Sec-
ion 5.1 (fuel dimensions unconstrained) suggests designs with fuel
eb thickness less than the likely minimum of 2 mm (Mattingly

t al., 1995). Specifically, ICTT designs of comparison A are
nattainable while designs between those of comparisons B and C
0.47 < FCR < 0.76–1.15) are likely realizable. Such designs between
omparisons B and C will outperform the optimum SC design both
n power and in cycle length. In particular, it can be noticed that
he ICTT geometry having y = 2.5 and D = 13.26 mm is simultane-
usly characterized by a high attainable power and a reasonably
arge web thickness (comparison B, design ICTT y = 2.5). This geom-
try was chosen as a starting point on which the constraints on
uel, gap and clad were applied, i.e., comparison D constrained fuel
imensions. For comparison D web thicknesses of 2 mm and 3 mm
ere considered, each having gap and clad thicknesses of 0.23 mm

nd 0.76 mm, respectively. These dimensions for clad and gap were
btained by using scaling correlations suggested by Garkisch and
etrovic (2004) for hydride fuels; however, due to the uncertainty
n hydride fuel swelling, the gap thickness derived from these cor-
elations was conservatively doubled.

The results for these cases are presented in Table 5. The spread
etween the lowest to the highest power cases, 4500–5812 MWt,
rackets accommodation of reasonably expected fuel behavior and
HF performance. To secure a power advantage compared to the
ptimum SC (5080 MWt) it is sufficient that either the CHF does not
ignificantly depend on cooling channel diameter or that the fuel
erform better than the most conservative result (4500 MWt), i.e.,
ase of 5250 MWt (no diameter dependence of CHF) or 5812 MWt

fuel web performance improved).

. Economic benefits of the inverted design

An economic analysis of the inverted design has not been com-
leted, but the thermal hydraulic results presented here and the
Please cite this article in press as: Malen, J.A., et al., Thermal hydraul
(2009), doi:10.1016/j.nucengdes.2009.02.026

eutronic results from Ganda et al. (this issue) were used to assess
ts economic viability relative to the standard design. Shuffler et al.
this issue-a, this issue-b) reports that the optimal enrichment for
–ZrH1.6 is 12.5%, and this enrichment has therefore been used for
ur comparison of the standard and inverted designs.
12.2 0.46 9.9 655
14.3 0.35 8.5 612

xternal clad of 4 mm, not modeled in this analysis, will reduce the power by about

6.1. Factors influencing cost of electricity

The cost of electricity is dominated by three major factors: power
density (affecting capital cost), specific power (affecting fuel cycle
cost) and cycle length (affecting operations and maintenance cost).
The ideal design would concurrently maximize these three fac-
tors to reduce the cost of electricity. Nevertheless, the contrasting
requirements of thermal hydraulic, neutronic, and fuel performance
constraints demand compromise such that each critical factor is not
optimized. The sought economic compromise was determined for
U–ZrH1.6 and UO2 cores supported by grids and wire wraps (Shuffler
et al., this issue-a, this issue-b) in previous studies. Our exploration
here of the inverted design has not determined its optimum con-
figuration but instead suggests a range of inverted designs that will
concurrently outperform the SC in core power, specific power, and
cycle length.

The economic comparison discussed here does not account
for research and development (R&D) costs of the inverted design,
which are expected to be large, since it is assumed that, like the
standard design, the inverted design is also widely deployed. In this
scenario, since R&D costs are spread over all the future cores, they
do not substantially affect the cost of electricity.

6.2. Cost comparison

Factors influencing the cost of electricity are presented in Table 6
for comparisons A–D. Power density for all cases is reflected by core
power since core volume is held constant.

• For comparison A, the ICTT geometries clearly offer higher power
density and specific power than the SC, but a concurrent reduc-
tion in cycle length. Core pressure drops of the highest power
cases are similar to the SC which is 0.36 MPa, but 65% higher than
the reference oxide SC (∼0.2 MPa). Maximum fuel temperatures
are well below the 750 ◦C limit.

• For comparison B, the FCR, BU, and mHM of the inverted geome-
tries are the same as the maximum powered SC, but power
increases are only attainable by the ICTT geometries. Cycle lengths
are small for ICTT geometries. Each of the ICTT geometries of com-
ic design of a hydride-fueled inverted PWR core. Nucl. Eng. Des.

parison B offers a significant power upgrade relative to the SC,
with acceptable maximum fuel temperature and pressure drops
ranging between −27% and +14% with respect to the SC.

• For comparison C, the power of the inverted geometries is taken
the same as the maximum powered SC, but the ICTT geometries

dx.doi.org/10.1016/j.nucengdes.2009.02.026
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offer increased FCR, BU, and mHM. Resulting specific power values
are lower than for the SC while cycle lengths are higher. Fuel tem-
peratures are again acceptable. The pressure drop requirements
of the ICTT y = 2.5 and ICTT y = 2.5 D−1/3 designs may be prohibitive
if development of pumping technology capable of increased head
and flow rate requires significant capital investment.
For comparison D, again the 2 mm fuel web thickness configura-
tions exhibit specific power and power density which range from
high to about equal relative to the SC. Cycle lengths and pressure
drops are comparable to the SC. Fuel temperatures are high but
acceptable.

. Recommended future work

The following future work, in order of highest priority, is
equired to confirm the inverted core thermal hydraulic and fuel
erformance claimed by this study. However, the feasibility of the

nverted core also depends on neutronics and economics, not yet
nvestigated. These aspects will need to be studied if the results
btained through the analyses listed below will prove that the
hermal hydraulic and fuel performance claimed in this paper are
chievable.

Extension of the methodology constraining tweb, tclad and tgap to
the whole inverted geometry spectrum.
Assessment of the inverted fuel assembly manufacturability.
Measurement of CHF in circular tubes with twisted tape inserts at
high pressure (P ∼15.5 MPa) and high flow rate (Re ∼800,000). Our
literature search only found Viskanta’s (1961) data to be within
this pressure range. Due to a lack of data at high Re, we were
forced to extrapolate Viskanta’s CHF data to high Re, and we would
like to confirm this extrapolation by experiment. Additionally, we
would like to study partial length twisted tape inserts, which are
positioned only in the axial regions of high CHF. Partial length
inserts would offer the CHF benefits, with reduced pressure drop.
Analysis of twisted tape inserts detachment and erosion. Twisted
tape inserts need to be robustly designed to resist detachment
and erosion due to high flow velocity. A quantitative assessment
of vibration and erosion will be necessary to adequately design
and attach the twisted tape inserts.
Development of control rod design.
Fuel temperature distribution evaluation of the actual inverted
geometry to replace the equivalent annulus approximation used
here.
A more detailed transient and accident analyses. The post-LOCA
reflooding analysis herein needs to be extended to a larger
tube diameter range, at several FCRs. In addition, transient flow
instabilities that may arise from the blockage of one or more non-
communicating channels during steady state operation need to
be studied. Beyond design basis accidents ultimately need to be
considered.
A more detailed collection of fission gas release and irradiation-
induced swelling data for U–ZrH1.6 fuel at high burnup and high
temperature.

. Conclusions

The thermal hydraulic performance of U–ZrH1.6-fueled inverted
ore designs with and without twisted tape were estimated and
ompared to those of the standard rod bundled core design also
Please cite this article in press as: Malen, J.A., et al., Thermal hydraul
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ueled with U–ZrH1.6. Neutronic feasibility of the inverted design
as not established. It was found that inverted cores without

wisted tape do not offer power upgrades relative to the stan-
ard design. The use of twisted tape increases the CHF of the

nverted design and thereby permits higher steady state core pow-
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ers than can be realized by the standard design. Higher power,
burnup, and heavy metal loading can be concurrently achieved by
the inverted core with twisted tape relative to the optimal standard
core. The power of the current optimal inverted design with twisted
tape, which has, however, fuel web and clad thickness just below
our acceptable ranges, is 6869 MWt, which is 135% of the opti-
mally powered U–ZrH1.6 standard design (5080 MWt—determined
herein). This may imply potential economic advantages for inverted
core designs. Upon design optimization using reasonable values for
fuel web and clad thickness we expect the inverted design power
to be slightly reduced.

Appendix A. Derivation of geometric relationships

A.1. Cladding and gap thickness

For all the standard and inverted geometries considered for
Study 1, constant ratios between the fuel area AF and (1) the com-
bined fuel + gap area AFG and (2) the combined fuel + gap + clad
area AFGC were assumed throughout the analysis. The numerical
values of these ratios were obtained by extending geometric rela-
tions valid for a typical pin geometry PWR core to any SC geometry
and inverted geometry considered in Study 1, as explained as fol-
lows. If, for a SC geometry, fuel–clad–gap and clad thicknesses are
assumed to be proportional to the pellet diameter according to
typical dimensions in oxide fueled PWRs, i.e.:

a) gap thickness = 1.3% of the pellet diameter;
b) clad thickness = 7% of the pellet diameter.

then the fuel rod outer diameter is a constant multiple of the pellet
diameter:

DSC = 2DF,SC(0.013 + 0.07) + DF,SC = 1.166DF,SC (5)

and the combined cross-sectional area of the fuel and gap (AFG) is
a constant multiple of the area of the fuel alone:

AFG = �(DF,SC + 2tgap)2

4
= �(DF,SC + 2 × 0.013DF,SC)2

4

= 1.053
�D2

F,SC

4
= 1.053AF (6)

The reciprocal of the lead coefficient 1.053 in Eq. (6) is referred to as
˛ and represents the area ratio AF/AFG. It is equal to 0.950. Similarly,
using Eq. (5), the combined cross-sectional area of fuel + gap + clad
can be related to the fuel area only by means of the following:

AFGC = �D2
SC

4
= �(1.166DF,SC)2

4
= 1.36AF (7)

where the reciprocal of the lead coefficient is referred to as ˇ, and is
equal to 0.736. These values of ˛ and ˇ are maintained constant for
all the standard and inverted designs considered in Study 1, therein
dictating the gap and cladding thicknesses.

A.2. Core pressure drop

Here we compare the characteristic frictional pressure drop for
inverted and standard designs. Frictional pressure drop is related
to equivalent diameter as follows:

�Pfriction = f
(

L

De

)
�V2

2
(8)
ic design of a hydride-fueled inverted PWR core. Nucl. Eng. Des.

where L is the core length, V is the flow velocity, and the friction fac-
tor, f, can be estimated using McAdams empirical result for straight
tubes:

fs = 0.184Re−.2 (9)
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ig. 8. Transformation between inverted channel and equivalent annulus for calcu-
ation of fuel temperature distribution in the inverted design.

lthough the effect of surface roughness is neglected for the fol-
owing scaling argument, it was considered in our analysis by use
f the Colebrook equation (Colebrook, 1939). From Eqs. (8) and
9), the straight tube frictional pressure drop scales with hydraulic
iameter as follows:

Pfriction = 0.184
(

�VDe

�

)−0.2 (
L

De

)
�V2

2
(10)

For the average channel, the ratio of frictional pressure drops
xhibited by SC and IC designs with equivalent FCR, Af, L and flow
elocity (and therefore core power since the core enthalpy rise is
aintained constant in this analysis) is given by:

�Pfriction,SC

�Pfriction,IC
=

(
De,IC

De,SC

)1.2

(11)

hich becomes, using the relation shown in Table 1:

�Pfriction,SC

�Pfriction,IC
=

(
FCR
ˇ

)0.6
(12)

he ratio of frictional pressure drops exhibited by SC and ICTT
esigns with equivalent FCR, Af, L and flow velocity (and therefore
ore power) can be obtained using the relations shown in Table 1
ogether with Eq. (10):

�Pfriction,SC

�Pfriction,ICTT
=

(
1

1 + (2.752/y1.29)

)(
De,ICTT

De,SC

)1.2

=
(

1
1 + (2.752/y1.29)

)(
�

� + 2

)1.2(FCR
ˇ

)0.6
(13)

.3. Equivalent annulus approximation for inverted design

The equivalent annulus approximation was used to determine
Please cite this article in press as: Malen, J.A., et al., Thermal hydraul
(2009), doi:10.1016/j.nucengdes.2009.02.026

he temperature distribution within the inverted fuel. Fig. 8 shows
he inverted channel and equivalent annulus. RI, Rci, and Rco are the
ame for both. The value of REA is chosen so that the fuel cross-
ectional area in the equivalent annulus is the same as that in the
ctual inverted cell. By means of simple geometric relations it can
 PRESS
and Design xxx (2009) xxx–xxx

be shown that:

REA = PI

√√
3

2�
=

√
AF,I

�

(
1
ˇ

+ 1
FCR

)
(14)
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