ASSESSMENT OF THE IMPAGT OF
NEUTRONIC/THERMAL-H'YDRAULIC

e URLING ON THE DESIGN AND el
PERFORMANCE OF NUCLEAR
REACTORS FOR SPAGE PROPULSION

SHASHIKANT M. AITHAL, TUNC ALDEMIR, and KAMBIZ VAFAI

The Ohio State University, Department of Mechanical Engineering
Nuclear Engineering Program, 206 West Eighteenth Avenue, Columbus, Ohio 43210

Received May 12, 1993
Accepted for Publication September 21, 1993

reactors and ground engines were developed, such as
the Kiwi, NRX, Phoebus, and X series. Although the
A series of studies has been performed to inves-  program was successful and the Phoebus 2A reactor
tigate the potential impact of the coupling between  Was operated’ on June 1968 at a pOwer level of 4100
neutronics and thermal hydraulics on the design and MW(¢hermal) for 12 min, the program was terminated
performance assessment of solid core reactors fornu- in 1973 due to perceived lack of mission.
clear thermal space propulsion, using the particle bed Reexamination of the nuclear option for space pro-
reactor (PBR) concept as an example system. For a pulsion started in the early 1980s as part of the SP-100
given temperature distribution in the reactor, the Ky program.2 Qeyeral reactor concepts have been pro-
and steady-state core power distribution are obtained  posed for nuclear thermal propulsion (NTP) and nu-
from three-dimensional, continuous energy Monte clear electric propulsion (NEP) since then.>™ These
Carlo simulations using the MCNP code. For a given ~ concepis cover a wide specirum, ranging from the
core power distribution, determination of the temper- previously tested solid core congcepts® to systems that
ature distribution in the core and hydrogen-filled an- may pose major technological challenges (e.g., gaseous
nulus between the reflector and pressure vessel is based cores®). The reference list only provides examples and
on a nonthermal equilibrium analysis. The results show  is not intended to be exhaustive, In NTP, the propel-
that a realistic estimation of fuel, core size, and control  lant/coolant (i.e., hydrogen) picks up heat directly from
requirements for PRBRs using hydrogenous moderators,  the reactor and exits through a converging-diverging
as well as optimization of the overall engine desigh, nozzle providing thrust. In the previously tested NTP
may require coupled neutronic/ thermal-hydraulic stud- concepts, the propellant passes through an annulus be-
ies. However, it may be possible to estimate the ther-  tween the reflector and pressure vessel before entering
mal safety margins and propellant exit temperatures  the core (Fig. 1) to cool the reflector and also to im-
based on power distributions obtained from neutronic  prove the thermodynamic efficiency of operation. In
calculations at room temperature. The results also show = NEP, the muclear reactor is used as a heat-generating
that, while variation of the hydrogen flow rate in the  SOWICC to produce electricity by means of thermionic
annulus has been proposed as a partial control mech-  or thermoelectric converters.

anism for PBRs, such a control mechanism may not be Following the commencement of the Space Explo-
feasible for PBRs with high moderator-to-fuel ratios ration Initiative in 1989 directed at establishing perma-
and hence soft core neutron spectra. nent human presence beyond carth orbit, the National

Aecronautics and Space Administration (NASA) began
performing studies for a number of mission scenarios
to identify the key technologies needed to bring these
‘ missions to realization. The studies have shown that nu-
1. INTRODUCTION clear propulsion can lead to substantial mass savings
and subsequently savings on mission times,'° and the

Efforts to utilize nuclear power for space propuision findings of a series of recent NASA U.S. Department
began when the ROVER/NERVA program was setup  of Energy (DOE)/U.S. Department of Defense (DOD)
in 1956. Between 1936 and 1973, several experimental technical panels” indicate that NTP using solid cores
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Fig. 1. A reactor concept for NTP applications.

will be the option for the near-term applications by the
2020s. In terms of the fuel utilized, the reactor types
under consideration are (a) NERVA and prismatic cer-
met concepts, 213 (b) reactors using particle fuel,!®13
and (c) reactors using refractory fuel.!® The first two
groups of reactors are thermal reactors and the third

group of reactors is fast reactors.

Irrespective of the reactor type used, the axial tem-

perature gradient in the core is expected to be very
large (~50 K/cm), since all the proposed engine con-
cepts have small cores (~60 cm high, 50 to 80 cm in
diameter) and propellant exit temperatures of ~2000
to 2500 K. Even for thermal reactor cores that would
be using highly enriched uranium fuels to reduce core
size and weight and hence may have negligible temper-
ature feedback due to the Doppler broadening of 238(7
resonances, such a large temperature gradient will
cause substantial local shifting in the thermal neutron
spectrum with possible subsequent changes in the neu-
tron-nuclei reaction rates. Two recent studies'”!® have
also shown that (a) the neutrons reflected back to the
core from the pressure vessel may contribute signifi-
cantly to the neutron cconomy and (b) there may be
tight space-energy-temperature coupling between the re-
flector, hydrogen in the annulus, and the pressure vessel.

16
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Although the need for coupled neutronic/thermal-
hydraulic analyses in the design and performance as-
sessment of the reactors for space propulsion has been
anticipated and software development to reduce the
manual effort in such analyses is under way,'”2! no
studies have been encountered in the available litera-
ture that attempt to quantify the potential impact of
neutronic/thermal-hydraulic coupling on the predicted
reactor characteristics under operational conditions.
This study uses the particle bed reactor (PBR) con-’
cept>!5 proposed by Brookhaven National Laboratory
as an example of a solid core, thermal reactor for NTP
to investigate the change in clean core kosr, steady-state
power, and temperature distributions with the change
in the following:

1. the core thermal neutron spectrum due tothe in-
creased thermal motion of the medium nuclei
under power {core analysis)

2. the fraction of neutrons reflected back to the
core due to a change in the heat transfer into the
annulus and/or convective heat transfer within
the annulus (reflector analysis).

The PBR has been identified as one of the four
near-term options for space propulsion by the NASA/
DOE/DOD panels.? Transient, burnup, and thermal
expansion effects are not considered in this study, since
the modeling of these effects requires a clearer definition
of the system and hence the mission requirements.'!
However, it should be noted that several pertinent as-
pects of the transient and startup effects with respect
to the thermal-hydraulic part of the problem have been
analyzed in Ref. 23. Reflector analysis (i.e., item 2 in
the preceding list) is also retevant to the controllabil-
ity of the reactor by varying the hydrogen flow rate in
the annulus. Reference 17 shows that a 400 K temper-
ature increase in the hydrogen flowing through the
annulus can reduce the &y by ~3% Ak/k in a beryl-
Kum moderated and reflected PBR, However, it is not
clear that this behavior can be generalized to other core
configurations, Section II describes the PBR under con-
sideration in this study. Computational modeling of the
system and the analyses are described in Secs. 111 and
IV, respectively. The conclusions of the study are given
in Sec. V.

I\. SYSTEM DESCRIPTION

The PBR uses fuel in the form of small-diameter
particles (100 to 500 pm), which consist of a highly en-
riched uranium kernel surrounded by multiple layers
of pyrographite and sometimes additional zirconium
carbide (ZrC) or silicon carbide layers (Fig. 2). The fuel
particles are held between the two porous annuli (“frits™)
to form a fuel clement (Fig. 3), and the fuel clements
are embedded in the moderator block in concentric
rings to form the core (Fig. 4). The moderator block
APR. 1994
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is surrounded by a pressure vessel, reflected radially and
axially for neutron economy. Hydrogen pumped from
the propellant tank flows through an annulus located
between the radial reflector and the pressure vessel be-
fore entering the core (see Fig. 1). After entering the
core, the coolant first passes through the outer cold frit
(see Fig. 3), then directly over the fuel particles and fi-
nally through the inner hot frit into the outlet plenum
to be ejected through a nozzle to develop thrust. Par-
tial reactivity control is achieved by varying the hydro-
gen mass flow rate in the annulus (see Figs. 1 and 4).
Tables I and II list the PBR component materials and
dimensions, respectively, considered in this study, The
main advantages?® of PBRs are

TABLE 1
PBR Component Materials Under Consideration

Component Material
Moderator Be, ZrH, 1
Cold frit Zircaloy-2
Hot frit ZrC

UC kernel, ZrC coating
Stainless steel
Graphite

Fuel particles
Pressure vessel
End reflectors

Radial reflector

Beryllium

18
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TABLE I}
PBR Dimensions Used in the Study

Core radius {cm) 22.5 (19 elements)

Core height {cm) 60
Pressure vessel thickness (cm) 5
End reflector thickness {cm) 5
Fuel particle diameter (cm) 0.05
Fuel enrichment (wt% *°U) 93.5
Outer plenum diameter (cm) 2.8
Hot frit thickness (cm) 0.1
Cold frit thickness {cm) 0.15
Core lattice pitch {(cm) 8
Inlet coolant channel radius (cm)  0.66 (36 channels)
Inlet plenum thickness (cm) 0.25

1. large heat transfer area and relatively small tem-
perature difference between the fuel and the
coolant (which increases the reactor output un-
der given temperature constraints on the mate-
rials used)

2. no thermal shock to fuel

3, rapid ascent capability to full power
54. 99.99% retention of fission products
5. available or adaptable fuel.

The PBRs can be used for both NTP and NEP. The
PBRs can also be used to obtain on-board electric
power.

Iil. SYSTEM MODELING

The coupled neutronic/thermal-hydraulic analyses
were performed by using sequentially

1. the core power distribution obtained from the
neutronic calculations for the determination
of temperature distributions in the core and
annulus ‘

2. the temperature distributions obtained from the
thermal-hydraulic studies for the determination
of kg and core power distribution

until the .y and core power distributions obtained
from two consecutive sets of calculations agreed within
specified margins (outer iterations). Sections III.A and
Iil.B describe the neutronic and thermal-hydraulic
models used for this purpose, respectively. While an-
other iterative loop would be neceded to keep Koy
within a target range by adjusting the core size and
fuel enrichment, consideration of such a loop is out-
side the scope of this paper, whose objectives are to
study the impact of selected thermal feedback effects
APR. 1994
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on the reactor performance and not to identify core
configurations that meet specified design criteria (whose
specification would again necessitate a clearer defini-
tion of mission requirements).

liL.A. Neutranic Modeling

The three-dimensional (3-D) continuous energy
Monte Carlo code MCNP was used? for the neutronic
modeling of the PBR. The MCNP code models a 3-D
object by means of geometry cells defined by user-
specified surfaces. The code can be used to calculate
surface current, surface flux, track length estimate of
cell flux, flux at a point (point detector), irack length
estimate of energy deposition, and track length estimate
of fission energy deposition.

System description for MCNP modeling requires
the following:

1. representing all surfaces by identification num-
bers and defining each of these surfaces by a set
of equations

2. defining the cells, represented by identification
numbers in terms of the union and intersection
of surfaces

3, associating each cell with a specific material
composition and temperature.

Since the PBR core has + symmetry (see Fig. 4), 2 S
core with reflecting neutron surfaces along the symme-
try planes was chosen to reduce the MCNP run time.
The validity of this approach has been verified against

whole-core MCNP calculations.!? Figures 5, 6, and 7

show the MCNP modeling of the corg, top reflector
and bottom reflector, respectively. The numbers in
Figs. 5, 6, and 7 denote the computational cells speci-
fied as input for MCNP. For example, cells 1, 10, 15,
and 20 shown in Figs. 5 and 7 correspond to the hot gas
ducts at the center of the fuel elements (i.e, outer ple-
num in Fig. 3). Cells 31, 34,37, and 40 of Fig. 6 show
that these ducts are plugged with graphite plugs at the
inlet plenum to assure correct direction of gas flow. Ta-
ble III gives the material densities for each cell defined
in Figs. 5, 6, and 7. These material densities assume the
following:

1. a reactor pressure of 60 atm
2. 50% porous frit material
3. 5% of core volume for ZrH, 7 canning material.

Since the system under consideration uses highly
enriched uranium (i.e., 93.5 wt% >°U from Table 1D),
the temperature feedback due to Doppler broadening
of 238U resonances in the slowing-down region is neg-
ligible. In that respect, the most important temperature
offects occur during the process of neutrons achiev-
ing thermal equilibrium with the medium nuclei, The
MOCNP code models such temperature effects through
both the free gas and S(c,3) models.®® The §(e,B)
APR, 1994
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Fig. 5. One-twelfth radial section of PBR core.

model accounts for the lattice effects in describing scat-
tering from bound nuclei and for the interference ef-
fects arising from the wave behavior of neutrons at low
energies. The MCNP code uses the free-gas model
down to an energy (or temperature) where S (cz,8) data
are available. At that point S{«,3) treatment automat-
ically overrides the free-gas treatment. ‘While the lat-
tice effects are important for ZrH, 4, and 8 (e, 3) data
up to 1200 K are available in the MCNP libraries, the
S (e, B) temperature was specified to be 300 X for the
implementations in Sec. I'V for the following reasons:

1. Other hydride moderators have been proposed
for PBRs (e.g., Li’H) with different lattice effects.
This study considers ZrH, 7 as an example hydride
moderator and in that respect tries to minimize the lat-
tice specific effects on the results.

2. The temperature values ina substantial portion
of the core at full power are expected to be higher than
1000 X (see Sec. TV.A). Hydrides tend to lose hydrogen
above 600 K (Ref. 25) and the S (o, 8) model approaches
the free-gas model at such high tempmfah.n‘es.26

In all the MCNP runs, 4000 neutron histories were
followed per criticality cycle and the results of 20 to .
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30 cycles were averaged to obtain good statistics (i.e.,
<0.005 deviation on k).

lil.B. Thermal-Hydraulie Modeling

For the thermal-hydraulic modeling of the core, the
core was assumed to be a homogeneous, porous me-
dium with core porosity defined as the ratio of the ma-
terial volume in the core to the fotal core volume. For
a given power distribution, the temperature distribu-
tion in the core was found from the solution of?7:28

2 "
1&[}, 6Ts(r,z)] L PT(n2)

r ar ar 872
. Ap
+ q(rz)y —eh =L (Ty(nz) — Tp{2) ¢ =0
ke,err Vo
Y]
and
d*T;(z) h A,
L —. 22 - T
dz? + Ekf Vp [Ts,au(z) f(z)]
ertit dTp(2)
— LI )
‘?TRzkf dZ ’ . ( )
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with
T, 63‘})
oLy _[Z1) -0, 3
( az )z=L ( az z=L ( )
_ D O}
(0 =T0) =T+~ 4
mcy
875 N 7
( ar )r=R B 2wRLkG, oy ’ ®
aT; _
() -0
where
2 R
T;,av(z) = P f drrTs(r,z) (7)
¢}

r, z = distances from the core center and in-
fet, respectively

R, L. = core radius and height, respectively
ke ofr, € = effective core thermal conductivity and
porosity, respectively
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TABLE 111

MCNP Cell Material Densities (Core Loading 8 kg Z5(])
e

NEUTRONIC/THERMAL—HYDRAULIC COUPLING

R e /’_’—}
Cell Density
Cell Name Number Material (atom/b-cm)
__J___,____-______d——___________—————f—____________————————'
Outer plenum 1,10, 15,20 Hydrogen 1.76 x 1073
Hot frit 2,9, 14, 19 ZC Zr:  0.01983
' {50% porous, hydrogen in free volume) | C:  0.01983
H: 8.84x 10-?
Cold frit 4,7,12,17 Zircaloy-2 7rr 2,126 x 1072 Cr: 2.163 x 1073
: (50% porous, hydrogen in free volume) {Sn: 3,13 X 10~%  Ni: 9733 X 106
S Fe: 292X 10~° H: 8.840X 10
Fuel bed 3, 8, 13, 18 UC kernel, ZrC coating 25(J, 1.077 x 1077 Zi: 0.02281
(50% porous, hydrogen in free volume) [ 2#U: 7.396 X 105 12C: 0.02369
H: 6.94 % 1o~
Inlet plenum 5,6, 11,16 Hydrogen 1.76 % 1073
Inlet cooling channel |21, 22, 23, 24 Hydrogen 1.76 x 1073
Moderator 27 ZrH, 7 7r 3.564 x 107 Cr 3.170 % 107*
H: 6.058X 1072 Ni 233X 10
Fe: 1.213 x 107 Mn: 3.730 X 10°°
Beryllium (.1238
Pressure vessel 54 Stainless steel Fe: 5.651 x 1072 Ni: 1,086 % 1072
Cre 1.477 x 107 M 1738 X 1073
End reflectors 29-48 Carbon 0.08032
Annulus 53 Hydrogen Variable
Radial reflector 25 Beryllium 0.1238 '
__,____———[_______. e E—

ke,cp it = hydrogen thermal conductivity, specific
heat under constant pressure, and mass
flow rate, respectively

Ap, Vo = fuel partiéle surface area and volume,
respeptively

Q.4 = heat transfer rate into the annulus
g(r,z) = core power density at point (7,2)
T.(r,z) = core temperature at point (r,z)

T; = hydrogen temperature at the annulus
inlet (atz =L orz’ = 0 in Fig. 1)
Tr(z) = hydrogen temperature at distance 2
from the core inlet (at 2= Qorz' =L
in Fig. 1)
h = fuel peliet-to-coolant heat transfer
coefficient.

In addition to the assumption of a homogeneous, po-
rous core, Bgs. (1) through (6) assume the following:

- -1. radiatly uniform hydrogen temperature in the
core :

MNUCLEAR TECHNOLOGY VOL. 106 APR. 1594

5. constant ke o1 K7 and ¢y

3. axially uniform heat transfer from the core into
the annulus [Eq. (5]

4. no heat loss from the hydrogen flowing through
the annulus [Eq. (4]

5. no axial heat transfer at the core exit [Eq. ().

Assumptions 1, 2, and 5 are based on preliminary para-
metric investigations using uniform core coolant tem-
peratures between 300 and 1000 K, which showed that:

1. The value T,(r,z) is not too sensitive to the
temperature dependence of either K¢, o OF Cr-

2. Both the radial variation of Ty(r,z) fora given
7 (maximum 20 to 30 K) and also its axial variation near
the exit (~20 K/cm) are small.

3. The difference between Ts,av(2) and Ty(z) for
a given z is small (a maximum of ~100 K near the cen-
ter of the core).

Assumption 4 leads to the overestimation of tempera-
ture feedback from the hydrogen density changes in
the annulus, Assumption 2 is also consistent with the

21
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assumption of a homogeneous, porous core. Assump-
tion 3 affects mainly the boundary condition given by
Eq. (5) and will be justified in Sec. IV.A. For these pre-
liminary parametric investigations and also for the
analyses described in Sec. 1V, the heat transfer coeffi-
cient in Egs. (1) and (2) as stated in Ref. 28 is

) ()"
TPANL :

where :
= specific heat of the fuel particle (J/kg-X)

h = 1.064ch( ®

G = mass velocity (kg/m-$)
dp = particle diameter.

Other variables are as defined before with # in kg/s,
k; in W/m-K, and 4 in W/m?*-K.

For a given ¢{r,z) and T¢(z), Eq. (1) was solved
by the HEATING-5 code,? which is a generalized fi-
nite difference heat conduction code designed to solve
steady-state and/or transient heat conduction problems
in one-, two-, or three-dimensional Cartesian or cylin-
drica! coordinates of one-dimensional spherical coor-
dinates. Since Q4 in Egs. (4) and (5) is an unknown
quantity, the following iterative procedure (inner iter-
ations) was used for the solution of Egs. (1) through (6):

1. Assume uniform T(2).

3 Choose a O, that is less than the total heat gen-
erated in the core since part of the generated heat is
taken up by the hydrogen flowing through the annu-
{us. The total heat generated in core is given by

R A
27rf rdrf dzd(nz) -
1] 0

3. Find T;(z) from Egs. (2), with boundary con-
ditions given by Egs. (3) and (4},

4. Find T,(r,z) from the numerical solution of
Ea. (1) using HEATING-S§ with boundary conditions
as given by Eas. (3) through (6).

5.1f

L air;
abs ZTTch,eff dz| — + 040 <0,
0 ar r=R

where § is some specified small number, then STOP.
Else GOTO step 2.

For the solution of Eq. (1) with the HEATING-3
code, each fuel element (Fig. 3) was divided into 10 parts
axially to obtain the 10 pie-shaped volumes (see Fig. 8)
and each pie-shaped volume was further divided into
eight rings r; < 7' = Figl (i=0,...,7;3r0=0), which
fed to the partitioning of the core into 80 control vol-
umes. The fission encrgy deposition rate in each of
these control volumes was obtained from MCNP sim-
ulations and was assumed to be uniformly generated

22
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Fig. 8. Axialand radial partitioning of PBR core for HEAT-
ING-5 modeling.

within the control volume. Then the power p; (i =1,
...,80) generated in control volume 7 was found from

_bimi_

20 e}
2 Pim;
j=1

pi= P,

where

B; = MCNP result for the energy deposited in con-
trol volume / [in MeV/g(fuel)-n™"]

m; = mass of fuelinthe control volume i (in grams)
P = total reactor power {in megawatts).

To find Ty, q»{(2) for the determination of T¢(z) from
Eq. (2), the T;(r,z) obtained from each HEATING-5
run were averaged over the pie-shaped yolumes shown
in Fig. 8 using Bq. (7), and the results of the averag-
ing process were fitted to a second-order polynomial
in z.

The two moderator materials considered in this
study are beryllium and 7rH, 7 (see Table I). The ef-
fective core conductivity (.., kc,er} iD Eqgs. (1) and (5)
was assumed to be the conductivity of the pure mod-
erator in view of the following considerations:

1. The core is being modeled as a homogeneous me-
dium with uniform properties.

2. The governing equations [i.e., Eqs. (1) and (2)]
do not account for radiative heat transfer. For sysiems
with distributed heat sources at high temperatures {e.g.,
a waste canister containing spent-fuel rods at around
APR. 1994
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600°C), it has been shown that (a) radiative heat trans-
fer can be a very important heat transfer mechanism,’
and (b) pure radiative heat transfer leads to signifi-
cantly higher temperatures in the system than both ra-
diative and conductive heat transfer.3! It has been also
shown that this temperature increase in the system when
the conduction mode is neglected becomes larger for
temperatures expected to oceur in the PBR fuel ele-
ments under operational conditions®! (i.e., around
2000 to 2500 K). In that respect, using k,, (which is
larger in magnitude than ke orr) in Egs. (1) and (5)
jeads to lower moderator iemperatures and hence isa
conservative assumption.

The conductivity for ZrH; ; was determined from>?
k== 0.042 + 17910737, (10

where T is the temperature (in kelvins) and k,, is the
7rH, , conductivity (in calories per centimetre per sec-
ond per kelvin). The yariation in the hydrogen density
with distance in the annulus was calculated from the
p-V-T relationship for compressible gases,> i.e.:

p
! = —— T s ]1
P2 = B2 (1
with
Fay =T+ 25 (12)
me L
where

7' = axial distance from the entrance to
the annulus (see Fig. 1)

p = hydrogen pressure in the annulus
(assumed to be uniform)

7 == compressibility factor for hydrogen
(averaged over the annulus)

R = 8.314 kJ/kmol-K = universal gas
constant

p(z"), T(z') = hydrogen density and temperature
at z’, respectively.

Equation (12) also assumes that heat flux into the an-
nulus is uniform and that there are no heat losses from
the annulus. All the analyses were performed with T;=
100 K and p = 60.8 bars (i.¢., 60 atm). Table IV gives
values of the PBR parameters fixed for the thermal-
hydraulic analyses. Other PBR parameters used in the
implementations in Sec. 1V are given in Table 1L

IV, IMPLEMENTATION AND RESULTS

Table V lists the core configurations used for core
and reflector analysis. As indicated in Sec. I, core analy-
sis is directed toward investigation of the impact of the
change in the core neutron spectrum due to the in-
creased thermal motion of the fuel and moderator nu-
APR, 1994
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TABLE 1V

PBR Parameters for Thermal-Hydraulic Modeling
Pressure (atm) 60 o
Power (MW} 150
Core porosity 0.4
Hydrogen density (at 300 X and 60 atm)

(kg/m?) 5.87
Specific heat of hydrogen (300K) (kI/kg-K) 14,31
Fuel-to-hydrogen heat transfer coefficient

[see Eq. (8)] (W/em®-K) 18720

ZrH, ; conductivity (at 300 K) (W/m-X) 2.28

lEeryilium conductivity (at 300 K) (W/m-K) 200

TABLE V
Core Configurations Considered in the Implementations

(All other materials and dimensions are
as given in Tables I and 11.)

—
Core Reflector
Core Loading Moderator Thickness
Number (kg P¥U) Material {cm)
1 8 ZI'H;_-,J 1
2 8 ZI‘H]J 5
3 8 Zl’H[_-,v 10
4 8 Beryllium 5
5 18 Beryllinm 5
L

clei at operational conditions on kg, the steady-state
core power, and temperature distributions. Reflector
analysis investigates how 2 change in the fraction of
neutrons reflected back to the core due to a change in
the heat input into the annulus and/or hydrogen flow
rate in the annufus affects these core characteristics.
The ZrH, ; moderated cores in Table V have the opti-
murn lattice pitch (taken from Ref. 17) that maximizes
koo The higher core loading of core 5 is achieved by
using larger kernel size and a thinner outer coating
without changing the overall fuel particle dimensions.
Beryllium is chosen to be representative of the possi-
ble nonhydrogenous moderator materials (e.g., carbon,
beryliium, BeO).

IV.A. Core Analysis

Since initial runs of HEATING-5 using the inner
iterations described in Sec. 1ILB showed that Qa in
Eq. (5) is <1% of total reactor power, the boundary
condition given by Eq. (5) was replaced by an adiabatic
boundary condition at R (which also justifies assump-
tion 3 in Sec. II1.B) to save computational time by
avoiding these inner jterations in the implementations.

For the outer iterations, the power distribution ob-
tained from MCNP [i.e., g(r,2)]} was used as input for
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the solution of Eq. (1) and the 7:(7.2) obtained from
the solution of the Eq. (1) with this g(r,z)was used as
input for the next MCNP run until the Kqpr and the
g(nz) obtained from two successive sets of calcula-
tions agreed within the statistical error on the results.
Table VI shows how kg changes during these outer
iterations for cores 2 and 3 (see Table V). One outer
iteration is defined as the determination of one pair of
g(r,z), Ts(ng) distributions. Table VI shows that the
iterations converge very rapidly and that the tempera-
ture effect on kg is quite large (i.c., about 1.6% Ak/k
and 1.2% Ak/k for cores 2 and 3, respectively).

The change in the axial distribution of local power/
average power ratio due to temperature feedback in
cores 2 and 3 is shown in Figs. 9 and 10, respectively.
The vertical bars on the data points in Figs. 9 and 10
indicate the magnitude of the statistical uncertainty on
the results due to the Monte Carlo approach used by
the MCNP code. Local power is the power generated
in each pie-shaped region shown in Fig, 8. Average
power is the total power divided by the number of these
regions (i.e., 10). The figures show that while there is
some change in the axial power profile, the change is
small, The maximum change in local power is 5% (at
z=27cminFig.9) and the maximum shift in the hot
spot location is found to be ~3 cm for both cores. Fig-
ures 9 and 10 also show that most of the changes are
within the statistical uncertainty on the resulis. The
Ty, an(2) corresponding to Figs. 9 and 10 are shown in
Figs. 11 and 12, respectively, which indicate that core
temperature distributions are not significantly affected
by the neutronic/ thermal-hydraulic coupling. The dif-
ference between the radially averaged core temperature
Ty, a0{2) and the hydrogen temperaturc T;(z) is shown
as a function of z in Figs. 13 and 14 for cores 2 and 3,
respectively. T hese figures show that the maximum
temperature difference occurs near the center of the
core and is ~100K.

Since (a) the absorption cross section of hydrogen
is orders of magnitude higher than that for other possi-
ble nonhydrogenous moderators (€.8-5 beryllium, BeO,

TABLE VI

Variation of keff'During Outer Tterations for
Core Analysis: Cores 2 and 3 (sec Table V)

Core Jteration kegr
Number Number (o deviation)
_____—___P_____P_____——

2 1 0.988.(0.35)

2 0.972 (0.38)

3 0.972 (0.46)

3 i 1.014 (0.36)

2 1.008 (0.41)

3 11,002 (0.56)

' 4 1.002 (0.41)
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@ Data Points for the Case with Temperature Feedback
with the Associated Error Bars

$ Data Points for the Case Without Temperature
Feadback with the Agsociated Error Bars
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Fig. 9. Axial distribution of the local power/average power
ratio in core 2.

@ Data Points for the Case with Temperature Feedback
_with the Associated Errot Bars

% Data Points for the Case Without Temperature
Feedback with the Associated Error Bars
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Fig. 10. Axial distribution of the local power/average power
ratio in core 3.

carbon) and also varies fairly rapidly in the electron-
volt energy range, and (b) 23517 has resonances in the
electron-volt to kilo-electron-voit range, another set of
coupled neutronic/ thermal-hydraulic analyses were pei-
formed with two bezylﬁum—moderated cores (i.¢., COIes
4 and 5 in Table V) to investigate whether the temper-
ature effects on kgy were arising from change in the
.APR. 1994
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Fig. 11. Radially averaged core temperature as a function of distance from the point
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of entry of the coolant for core 2.
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Fig. 12. Radially averaged core temperature as a function of

absorption rate in hydrogen or the fission rate with tem-
perature. Table VII shows the variation of kg, with
temperature feedback in cores 4 and 5, and Figs. 15 and
16 show the corresponding changes in the axial distri-
bution of local power/average power ratio. Table V11
and Figs. 15 and 16 indicate that the temperature ef-
fects due to spectral shift are smaller in cores 4 and 5,
with virtually no change in the power distribution

APR. 1994
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distance from the point of entry of the coolant for core 3.

(which is why error bars reflecting the statistical uncer-
tainty in MCNP results are not shown in Figs. 15 and
16). Hence, the change in the absorption rate in hydro-
gen seems to be the major contributor to the tempera-
ture effects observed in cores 2 and 3 and subsequently
PBRs using hydrogenous moderators are expected to
be more strongly affected by the temperature effects
than those using nonhydrogenous moderators.
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Fig. 13. Temperature difference between the solid and the
coolant in core 2.
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Fig. 14, Temperature difference between the solid and the
¢oolant in core 3.

iV.B. Reflector Analysis

While a change in the hydrogen temperature distri-
bution in the annulus, in principle, affects Qa inEq. (5)
and hence the core power distribution, Sec, IV.A shows
that Q4 is a very small fraction of the total core power
and furthermore core power distribution is relatively
insensitive to temperature feedback. In that respect,
neither inner nor outer iterations needed to be used in
reflector analysis and reflector analysis consisted of in-
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TABLE VI

Variation of k. During Outer Jterations for
Core Analysis: Cores 4 and 5 (see Table V)

Core Iteration Kegr

Number Number (% deviation)

4 1 0.826 (0.50)

2 0.820 (0.43)

3 0.820 {0.39)

5 1 0.749 {0.43)

2 0.741 (0.38)

3 0.741 (0.45)

| |

141 .
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\
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.
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0.9 [ i ]
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08— — — %
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0.7k -

-—-- \With Temperature Feedba
i : i i

0.6 ] { ] l i
0 10 20 30 40 50 60

Distance from the Point of Entry of the Coolant {cm}

Fig. 15. Axial distribution of the local power/average power
ratio in core 4.

vestigating only the variation of the ks for cores 1,2,
and 3 (see Table V) as a function of annulus gap width
and hydrogen mass flow rate in the annulus [or rather
0.4/ ratio in Eq. (4)], accounting for both the spec-
trum and density effects, As indicated in Sec. 1, an ¢ar-
lier study that used a beryllium-moderated PBR with
uniform hydrogen temperaturcs in the annulus indi-
cates that the temperature of the hydrogen in the an-
nulus may affect Koy appreciably.!”

For reflector analysis, the annulus was axially di-
vided into 10 regions in a manner similar to the axial
partitioning of the core (see Sec. 1IL.B). The hydrogen
temperature and density in each region were determined
from Egs. (11) and (12), respectively, using a z’ that
corresponded to the midpoint of the region. The results
are shown in Table VIII. The following observations
are made from Table VII:
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Fig. 16. Axial distribution of the local power/average power
ratio in core 5.

1. The kg of all the cores with a 5-cm annulus gap
size slightly increases with an increasing Q. /rh ratio.

2. When the gap size is 10 cm, the ko for cores 1,
2, and 3 exhibits no change, a slight decrease, and a
slight increase, respectively, with an increasing Q4 /m
ratio.

3. The kg decreases substantially in core 1 with in-
creasing annulus gap size both for high and low Q4 /1
ratios.

4. For cores 2 and 3, k. does not change with in-
creasing annulus gap size for the low Q4 /1 ratio, but
a rather large decrease occurs in core 2 for the high
Q. /m case. 7

5. The kg slightly increases with increasing annu-
lus gap size for the high Q4 /m ratio in core 3.

Observations 1 and 3 imply that the hydrogen in the
annulus behaves as an absorber rather than a reflector
for cores 1, 2, and 3. This implication was further ver-

TABLE VII1

Variation of k. with Annulus Gap Size and Q. /H
Ratio for Cores 1, 2, and 3 (see Table V)

Annulus | Kerr (%o deviation) for Q,/1 = 625 kl/kg
Gap ke (%o deviation) for Q4/r = 15000 ki/kg

Size

(cm) Core 1 Core 2 Core 3
5.0 0.942 (0.53) | 0.988 (0.36) | 1.015 (0.42)
) 0.948 (0.43) | 0.994 (0.53) | 1.017 (0.46)
10.0 0.930 (0.46) | 0.988 (0.35) | 1.015¢0.42)

0.930 (0.36) | 0.983 (0.40) | 1.022 (0.45)

NUCLEAR TECHNOLOGY VOL. 106 APR. 19%4

{

NEUTRONIC/THERMAL-HYDRAULIC COUPLING

ified by two additional MCNP runs where the hydro-
gen in the annulus was uniformly maintained at 100 and
at 500 K. It was noted that the &y is greater when the
temperature of hydrogen in the annulus is higher. Ob-
servations 1 and 2 and the statistical uncertainties on
the results imply that, for fixed annulus gap size, Ky
for cores 1, 2, and 3 is not very sensitive to the Q4 /m
ratio. The low and high Q4 /1 ratios considered in the
study (i.e., 625 and 15000 kJ/kg, respectively) corre-
spond to annulus inlet-to-outlet hydrogen density ra-
tios of 1.44 and 11.5, respectively, and hence cover a
broad hydrogen density range. This result is interest-
ing because a finding of Ref. 17, which uses two very
similar PBRs moderated with beryllium instead of
ZrH, 7 and with 30- and 45-cm core diameters (instead
of the 22.5 ¢m used in this study as shown in Table II),
is that while a hydrogen density change in the annulus
corresponding to a uniform temperature change from
100 to 500K (also at 60 atm) leads to a 1.1% Ak/k
decrease in the k. of the smaller core, the decrease
observed in the k. of the larger core is also very small
(0.2% Ak/k).

A possible physical explanation for the & behayv-
ior reported in Ref. 17 and the implications of ob-
servations 1, 2, and 3 can be given in terms of the
specirum of the neuirons entering the annulus. The
small beryllium-moderated core used in Ref. 17 has a
lower moderator-to-fuel ratio and the neutrons enter-
ing the annulus have a harder spectrum. Hence scatter-
ing events dominate in the hydrogen and reflection
from the hydrogen and from the stainless steel pressure
vessel contributes to neutron economy. For the large
beryllivm-moderated core of Ref. 17, neutrons enter-
ing the annulus have a softer spectrum due to the in-
creased moderator-to-fuel ratio. Since hydrogenisa 1/»
absorber, there are fewer neutrons reflected back from
the hydrogen and stainless steel pressure vessel in this
case and hence a smaller decrease in k. results due to
hydrogen density change caused by the temperature
change. For the ZrH, ; core used in this study, the lat-
tice pitch maximizes k.4 as indicated before, and the
neutrons entering the annulus have an even softer spec-
trum, which leads to hydrogen acting as an absorber.
Although density of the hydrogen in the annulus de-
creases with an increasing Q4/# ratio, absorption in
the hydrogen is still strong enough that there is no ap-
preciable change in the number of neuirons reaching
the pressure vessel and subsequently the number of neu-
trons reflected back. However, while these arguments
explain why the hydrogen in the annulus acts as an
absorber and why k. is not sensitive to the Qa/m
ratio for fixed annulus gap size, observations 3, 4,
and 5 could not be explained in a consistent manner
using similar simple physical arguments, These obser-
vations are attributed to a complex energy-space-angle-
temperature relationship in neutron transport between
the beryllium reflector, annulus, and pressure vessel,
and possibly the core,
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V. CONCLUSION

This study uses ZrH; 4 and beryllium-moderated
PBRs to investigate the impact of neutronic/thermal-
hydraulic coupling in the design and performance as-
sessment of solid core, thermal reactors for NTP. The
results of this study show the following:

1. Substantial reduction in k. may occur for re-
actors using hydrogenous moderators in going from
cold to operational temperatures, and hence, a realis-
tic estimation of fuel, core size, and control require-
ments necessitate coupled neutronic/thermal-hydraulic
studies for reactors using such moderators.

2. Due to the possible additional tight energy-space-
angle-temperature coupling in neutron transport be-
tween the reflector, annulus, and pressure vessel,
optimization of the engine design is also expected {o re-
quire fully integrated studies. For example, hydrogen
flow rate in the annulus may influence the optimum re-
flector thickness and annulus gap size (see observa-
tion 4 in Sec. V.B).

3. Since no appreciable distortion was observed
with temperature feedback in the axial power profile
of both the ZrH, ; and beryllium-moderated PBRs, it

may be possible to estimate the thermal safety margins -

and propellant exit temperaturcs based on power dis-
tributions obtained from neutronic calculations at room

temperature.

4. While variation of the hydrogen flow rate in the
annulus has been proposed as a partial control mech-
anism, such a control mechanism may not be feasible
for reactors with high moderator-to-fuel ratios (and
hence soft core spectra). In fatt, for such reactors Ketr
is expected to increase with decreasing hydrogen den-
sity in the annulus, and it may be difficult to mitigate
the consequences of a loss of pressure accident in the
anmutlus.

The study also shows that the radial temperature distri-
bution in solid core material and the coolant/propellant
is fairly uniform (within 20 to 30 K), and the maximum
temperature difference between the solid and the cool-
ant is small (~100 K near the center of the core), as ex-
pected from the large heat transfer area in fuel. It
should be indicated, however, that the impact of tem-
perature feedback on power distribution woultd be more
pronounced in practice than those predicted by this
study in view of the conservative assumptions made in
the study (i.e., no Doppler, thermal expansion, or lat-
tice effects; no radiative heat transfer), For example,
core dimensional changes due to thermal expansion
could impact both kg and the power distribution by
changing the amount of neutrons streaming through the
annulus. Similarly, as indicated in Sec. IIL.B, radiative
heat transfer can be a very important heat transfer
mechanism for the PBR, and it has been shown?® that
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pure radiative heat transfer leads to significantly higher
temperatures in the system than both radiative and con-
ductive heat transfer. In these respects, further work
is needed to generalize the results given here.
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