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ABSTRACT. The LVR-15 research reactor is operated with a tube type fuel IRT-4M. Due to fuel’s
unique concentric square annular shape with, coolant flow is subject to significant pressure driven
crossflow. Detailed calculation of such flow patterns is beyond capabilities of standard system codes
used for the thermal hydraulic safety analysis. To assess safety of core designs consisting of the IRT-4M
fuel assemblies, a new subchannel code is under development at Research Centre Rez and Czech
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Technical University in Prague.

Computer program SUBSALS is single phase, steady state, subchannel solver in development.
Rigid computational mesh describes IRT-like geometries, and it is also suitable for other specific doubly

connected ducts.

In this contribution, general description of calculation procedure and computational capabilities
is presented along with code-to-code comparison. It could be used as proof of concept for future
improvements in thermal hydraulic calculations of research reactors.

KeEyworDs: SUBSALS, subchannel analysis, thermal-hydraulics, IRT-4M, LVR-15, crossflow.

1. INTRODUCTION

Thermal-hydraulic analysis of nuclear reactors is a
necessary part of safety assessment. To maintain the
integrity of physical barriers during the operation,
appropriate cooling of all fuel assemblies must be
ensured. Various sophisticated computational tools
have been developed for the simulation of water cooled
reactors behaviour.

Over the past decades increasing computational
power of the computers allowed for a great develop-
ment of one-dimensional system codes. Nuclear re-
actor core thermal-hydraulic safety assessment based
on a hot channel theory, adopted to use in system
codes, may be unnecessarily conservative. A more
realistic approach to evaluate a core performance is ac-
complished using the subchannel analysis techniques.
Computational models can be used to represent either
an entire core or an individual sub-assembly.

The subchannel approach has been used extensively
in light water reactor applications. It provides a higher
degree of resolution than traditional system code ap-
proach and allows for a fast calculation of the flow,
temperature, and void distributions with a reasonable
accuracy.

Main domain of application of the traditional sub-
channel codes like SubChanFlow are core designs con-
sisting of the rod bundles. Moreover, the efforts are
made to develop advanced computational tools for the
thermal-hydraulic analysis of the reactors operated
with plate type fuel. For the utilization in reactors us-
ing tube type fuel, especially with significant pressure

driven crossflow, however, modelling capabilities of
the standard thermal-hydraulic simulation tools are
limited.

2. GENERAL DESCRIPTION OF THE
SUBCHANNEL SOLVER SUBSALS

Computer program SUBSALS (Subchannel Square
Annular Layout Solver) is a single phase, steady state
subchannel solver under development at Research Cen-
tre Rez and Czech Technical University in Prague. Its
main purpose is the thermal-hydraulic analysis of the
LVR-15 research reactor, which main goal is to deter-
mine cladding temperature distribution in the IRT-4M
fuel assemblies under the normal operation.

2.1. IRT TyYPE FUEL AND COMPUTATIONAL
MESH

The IRT type fuel is a series of sandwich, tube-type
fuel assemblies with a square cross section, originally
designed in 1963 as the IRT-M consisting of three fuel
tubes. Later, further improvements in the fabrication
process were achieved which led to four tube design
IRT-2M. In 1979 a new generation, the IRT-3M was
developed with an enhanced heat transfer area. Fi-
nally in 2004, the IRT-4M (Figure design motivated
by the RERTR program was completed [1].
Currently the IRT type fuel is used in two research
reactors in Czech Republic (LVR-15 and VR-1), two
research reactors in Russia (IR-8 and IRT-T) and one
research reactor in Uzbekistan (VVR-SM) [2].
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FI1GURE 1. Geometry of the IRT-4M fuel assemblies:
standard 8-tube fuel assembly (top) and control 6-tube
fuel assembly (bottom) [3].

Ficure 2. Radially-azimuthal view of the computa-
tional mesh.

In it’s current state of development, for the sake
of modularity, SUBSALS is designed to analyse one
coolant channel between the fuel tubes. The in-
teraction between multiple coolant channels will be
achieved by the external iterator module in later stages
of development.

The computational mesh (Figure [2)) is rigid in ra-
dial and azimuthal direction and user defined in axial
direction. Radially one coolant channel azimuthally
divided into 16 unique subchannels is presented sur-
rounded from both sides by fuel tubes, both az-
imuthally divided into 24 unique fuel elements.

2.2. BAsic CONSERVATION EQUATIONS

Due to multiple simplifications in presented problem
and lack of experimental data for precise validation
on various specific phenomena, SUBSALS code uses a
simple marching procedure as described in [4]. Combi-
nation of the rigid radially-azimuthal computational
mesh and the marching procedure makes it possible to

use a third-party numerical solver. GNU Scientific Li-
brary (GSL) [5] is implemented in the program to solve
a non-linear systems of the conservation equations,
hence no linearization of the equations is needed.

For an axial node n for the subchannel 7 the basic
conservation equations in finite difference form are
the following.

Mass Conservation:

:Si n _ n—1,n-1

+W~>(z 1) (1)
+ Wi (1)

where S is subchannel flow area, Az is length of axial
node, p is water density, w is water velocity, W;_,, is
diversion crossflow from subchannel x to subchannel

Y.

Energy Conservation:
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where h is specific enthalpy of water, |;, ¢ is linear heat
rate transferred to subchannel, w',_,, is turbulent
crossflow from subchannel x to subchannel y, h* is
specific enthalpy of water in donor subchannel.

Axial Momentum Conservation:

S
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where F is correction factor to help account for the
difference between energy and momentum turbulent
transport, g is acceleration due to gravity, p is water
pressure, f is Darcy-Weisbach friction factor, dj, is
hydraulic diameter of subchannel, w* is water velocity
in donor subchannel.
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Transverse Momentum Conservation:
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where s,y is effective width of control volume for
transversal flow from subchannel x to subchannel y,
lp—y is effective length of control volume for transver-
sal flow from subchannel z to subchannel y, p* is
density of water in donor subchannel, Ky .y, is trans-
verse flow pressure loss coefficient.

2.3. CONSTITUTIVE EQUATIONS

To solve the conservation equations, a state equation is
needed to obtain thermophysical properties of water.
For this purpose the external CoolProp [6] library
for calculation of the thermodynamic properties of
water and steam in form of TAPWS-IF97 formulation
is used.

Beside the physical properties,a power distribution,
constitutive relations and boundary conditions are
needed to avoid underdetermination of the system of
equations.

Boundary conditions, as well as power profile, are
implemented via user’s inputs. The power distribution
is assumed to be spatially separable, hence total heat
P; transferred to coolant from fuel element 7 is

Py = oo™ 61" 670, (5)

where P is total power generated in fuel assembly. Co-
efficients ¢12d, $2% $2*% are normalized relative pow-
ers of fuel element ¢ in radial, azimuthal and axial
direction. Coefficient ¥ denotes fraction of the heat
transferred to the coolant from whole fuel tube, al-
lowing not only to use adiabatic boundary condition
©# = 1, but also the simple approximation of the uni-
form power split boundary condition ¥ = 0.5.

In the program SUBSALS, various correlations for
the friction factor and the heat transfer coefficient cal-
culation are implemented. Frictional pressure drop in
turbulent regime is calculated using Darcy-Weisbach
friction factor. Widely used formula proposed by
Blasius [7] for calculation of the friction factor in
hydraulically smooth pipes reads:

f =0.3164Re %>, (6)

where Re is Reynolds number. To include a surface
roughness € in the calculation, Zigrang-Sylvester’s
approximation [8] to Colebrook-White correlation, is
implemented as:

L e, 25
I T®1037d, T Re

e 21,25
{1,14210&0 <dh+Rew>”, (7)

which is the same form as implemented in the stan-
dard thermal-hydraulic codes, e.g. system code RE-
LAP5/MOD3 [9] or subchannel code CTF [10].

Due to lack of experimental data, simplified models
of various parameters from the conservation equations
are used. Turbulent transport correction factor F is
set to be zero, similarly as in an input example in [IT].
This assumption makes turbulent mass transport ef-
fect on pressure equalization between subchannels
negligible. Transverse flow pressure loss coefficient
is set to be 0.5, as suggested in various textbooks
similarly as in an input example in [I1].

In the rod bundles, particular attention is paid to
describe a turbulent crossflow mixing. Great review
of the experimental studies and correlations on this
topic is available in the study [I2]. For a turbulent
crossflow the simplest formula was implemented:

Wy = BsG, (8)

where G is an average mass flux of neighbouring sub-
channels x and y, 8 is turbulent factor. One of the
most common formulae suggested in [12] for turbulent
factor proposed by Beus reads:

d
B = 0.0035Re_0‘1?h, (9)

where dj, is average hydraulic diameter of neighbouring
subchannels = and y.

Cladding temperature of given fuel element is cal-
culated using Newton’s law:

surf.d = & (Tclad. - Too) 5 (10)

where (¢ g is heat flux from given fuel element to
adjacent subchannel, T¢1.q. is cladding temperature,
T is bulk water temperature in adjacent subchannel
and « is heat transfer coefficient defined as:

Nu>\f
a= g (11)
where Nu is Nusselt number and A¢ is water conduc-
tivity. Heat transfer coefficient is function of Nus-
selt number, hence another constitutive relation is
required.

Great review and validation of Nusselt number cor-
relations for high aspect ratio rectangular geometry is
available in the thesis [I3]. Four different correlations
for Nusselt number calculation are implemented in
the program SUBSALS. One of the most commonly
used correlations proposed by Dittus and Boelter [I4]
reads:

Nu = 0.023Re” P14, (12)

where Pr is Prandtl number.

Another implemented correlation proposed by
Popov and Petukhov [I5] with Siman-Tov’s correc-
tion for rectangular geometry as suggested in [I3]:
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%fRePr
Nu =
K (N Ea(Pr)y/ £ (Prf —1)
Ki(f) = (1+34f) (13)

Ka(Pr) = (11.7+ 18P ),

where friction factor f is calculated using Filonenko:

1.0875 — 11.25A4
1.821og;, Re — 1.642’

where A is subchannel aspect ratio.

From Popov-Petukhov correlation, Gnielinski [13]
obtained another formula, which is often regarded as
one of the most accurate:

f=

(14)

0.5f (Re — 1000) Pr
Nu = 2
1+ 12.7,/05f (Pr§ - )

where friction factor is calculated according to for-
mula:

; (15)

f=(1.58InRe —3.28) 2. (16)

Finally, correlation proposed by Sieder and Tate [13]
is adopted:

Nu = 0.027Re*Pr5. (17)

To account for the wall temperature effect on bound-
ary layer, Nusselt number is multiplied by cladding
temperature dependent correction factor throughout
the iterative procedure. Different correction factors
are used for individual correlations as listed below:

e Dittus-Boelter correlation is corrected by factor

0.11
(“%"’) as suggested by [15].

Helad.

e Popov-Petukhov correlation is corrected by factor
0.11
(“%"’) as suggested by [15].

Helad.

e Gnielinski correlation is corrected by factor

0.11
(“%"’) as suggested by [15].

Helad.

e Sieder-Tate correlation is corrected by factor

0.14
(“%"’) as suggested by [13].

Helad.

0.1
Similar correction of value (%) is used for
oo

friction factor [15].

3. CoDE-TO-CODE COMPARISON

According to the IAEA Safety Standards series [16]
code validation should be performed on all computer
codes that are used for the deterministic safety anal-
ysis of nuclear reactors. The purpose of code assess-
ment is to provide confidence in the ability of a code
to predict the values of parameters of interest and
quantify the accuracy of prediction. The code quali-
fication process should be based on the information

12.36 mm 24.60 mm
f 9.10 mm
e 1
12.30 mm
24.60 mm

FIGURE 3. Radially-azimuthal view of the one-eighth
of the pin type square annular geometry geometry
(with adjacent subchannels).

from analytical solutions, experimental data, nuclear
and benchmark calculations (code-to-code compar-
isons).

To address basic verification, reference pin type
square annular geometry (Figure [3) was proposed
as the compromise between a standard subchannel
code problem and limited modelling capabilities of
the code SUBSALS. Geometry consists of 16 subchan-
nels arranged to square annular shape and 32 fuel
pins. Each subchannel is neighbouring with exactly
two other subchannels. Using this geometry, a flow
and temperature distribution in coolant can be com-
pared using various boundary conditions described
below. Throughout all test cases turbulent mixing
was disabled.

3.1. FricTION FLOW SPLIT

Using the geometry from Figure [3] basic flow split
problem can be addressed. Due to the symmetry,
only two subchannels, e.g. 0 and 1, are essentially
needed to be examined. The inlet velocity is uniform
in all subchannels, power is set to be zero, and water
is highly subcooled. This initial conditions create
a difference in frictional pressure drops in the two
subchannels, which create a lateral pressure gradient.
Flow is driven from the higher resistance subchannel
to the lower resistance subchannel, hence the name
diversion or pressure driven crossflow.

Flow distribution changes along the axial direction.
Velocity increases in the low-resistance subchannel,
which increases frictional pressure drop in that sub-
channel and vice versa. Flow exchange continues
until the frictional pressure losses are equal in both
subchannels and subchannels are in mechanical equi-
librium. An analytical solution can be calculated for
mechanical equilibrium point.

For friction flow split comparison, following bound-
ary conditions were used:

e Inlet temperature is set to 50 °C.
e Outlet pressure is set to 1-1.8-10° Pa.
e Inlet velocity is set to be 2, 3, 4 and 5m-s~!.

Typical axial velocity distribution comparison is
shown in Figure[d] Results for the inlet velocities 2, 3,
4 and 5 m/s are presented in Table[1] These results
demonstrate that SUBSALS predicts expected flow
split in the PTSA-VER-1 geometry and axial velocity
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FIGURE 4. Comparison of axial velocity distribution
calculation with analytical solution.

Inlet Maximal Analytical

Velocity Error Equilibrium Error
[m-s™] (%] (%]

Ch.0 Ch.1 Ch. O Ch. 1

2 0.149 0.245 0.01 0.04

3 0.170  0.270  0.03 0.06

4 0.170 0.282  0.03 0.07

5 0.175 0.279  0.05 0.09

TABLE 1. Friction flow split comparison results.

distribution is in great agreement with SubChanFlow
calculation.

3.2. PRESSURE Lo0OSs

Friction flow split calculations were also used to eval-
uate frictional pressure drops using both SUBSALS
and SubChanFlow, see Figure [4] Comparison demon-
strates that SUBSALS predicts frictional pressure loss
in PTSA-VER-1 geometry consistently with SubChan-
Flow calculation.

3.3. AXIAL TEMPERATURE PROFILE AND
CLADDING TEMPERATURE

One of the main tasks of each thermal-hydraulic code
is to predict coolant enthalpy profile, and thus the
temperature profile, under different power distribution
boundary conditions. To compare cladding and water
temperature profile computed using SUBSALS and
SubChanFlow, four test cases were defined, all with
uniform radially-azimuthal power profile:

Uniform axial power profile.

)

) Linearly increasing axial power profile.
) Linearly decreasing axial power profile.
)

(1.
(2.
(3.
(4.) Sine axial power profile.

Throughout all test cases turbulent mixing was
disabled.

Results of water velocity, water temperature and
cladding temperature distributions calculations were
compared from both codes with uniform radially-
azimuthal power profile, hence total heat-flux to each
subchannel in individual axial nodes was the same.

70 T T T T T 5

60 -

50 -

g SubChanFlow - —
SUBSALS ——
Relative Difference

40

Pressure Drop (kPa)

30

Relative Difference (%)

20

2 25 3 3.5 4 4.5 5
Inlet Velocity (m/s)

FI1GURE 5. Comparison of pressure drop calculations.

Other boundary conditions were unchanged from pre-
vious tests. Overall power transferred to coolant was
set to 0.7 MW. A typical axial velocity distribution,
axial cladding and water temperature distributions
comparisons are shown in Figures[6] [7] [f] and [0} Cal-
culations results are summarised in Table Pl Maximal
pressure drop difference between corresponding calcu-
lations is 2.1 % with average error only 0.8 %.

3.4. MAXIMUM CLADDING TEMPERATURE

Maximum cladding temperature is one of the most
important safety parameters, thus capability of sub-
channel code to correctly predict this value is of great
importance. Furthermore, being independent on the
axial nodalization inconsistency, peak cladding tem-
perature is a valuable parameter for code-to-code com-
parison.

Maximal peak cladding temperature difference be-
tween both calculations is 1.02 °C, see Figure
which is significantly less than maximal cladding tem-
perature error 2.23 °C. Almost all predictions of peak
cladding temperature calculated using code SUBSALS
are conservative, maximal non-conservative error be-
ing only 0.36 °C.

4. CONCLUSIONS AND OUTLOOK

In this work new subchannel thermal-hydraulic com-
puter code for analysis of the light water research
reactors operated with the IRT type fuel assemblies
is presented. The main objective of this study is code-
to-code comparison of the program SUBSALS against
the standard validated subchannel code SubChanFlow
using the reference test geometry.

Overall 19 different calculations divided into five
groups of tests were performed with and without
power, with different inlet velocities and different ax-
ial power profiles. It is shown, that SUBSALS code
provides reasonable predictions of the coolant flow
and enthalpy distribution, consistent with reference
calculations provided by SubChanFlow. SUBSALS
can predict pressure drop within £2.5 % error from
SubChanFlow calculations. Maximal coolant temper-
ature and velocity RMSE is 0.54 °C and 0.020 m-s—!
respectively. Maximal cladding temperature RMSE
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Inlet Velocity Water Temperature Cladding Temperature
Velocity Max. Error RMSE Max. Error RMSE Max. Error RMSE
Case  [ms™'] [m-s~"] [m-s~"] °Cl [°C [°C] °Cl
1 2 0.009 0.007 0.90 0.50 1.51 0.83
1 3 0.016 0.013 0.57 0.33 0.63 0.33
1 4 0.021 0.016 0.43 0.25 0.41 0.21
1 5 0.026 0.016 0.35 0.20 0.29 0.14
2 3 0.015 0.011 1.24 0.43 1.71 0.61
2 4 0.022 0.015 0.92 0.32 0.92 0.30
2 5 0.030 0.018 0.74 0.26 0.50 0.18
3 2 0.010 0.008 0.67 0.46 0.99 0.53
3 3 0.013 0.012 0.48 0.30 1.18 0.68
3 4 0.020 0.017 0.33 0.22 1.27 0.61
3 5 0.022 0.019 0.27 0.17 0.97 0.46
4 2 0.012 0.009 1.00 0.54 2.21 0.80
4 3 0.014 0.011 0.67 0.35 1.66 0.75
4 4 0.023 0.017 0.51 0.26 2.23 1.51
4 5 0.028 0.020 0.41 0.21 1.15 0.51
TABLE 2. Code-to-code comparison for different power profiles.
1o o h* Specific enthalpy in donor subchannel [J-kg™"]
2 ol /,:;Z:" | Kirans. Transverse flow pressure loss coefficient
% -~ [ effective length of control volume for transversal flow
% 100 - 4 [m]
% wl 4 | P Power [W]
o p = Py Total power generated in fuel assembly [W]
g 80 o2 1 p Water pressure [Pa]
5 Ll L | lin.@ Linear heat rate transferred to subchannel [W-m™!]
3 A wuet ¢ Heat flux to subchannel [W-m™?2]
o - " " o0 o 20 S Subchannel flow area [m?]

Maximum Cladding Temperature (SubChanFlow)

F1cUrRe 10. Comparison of maximum cladding tem-
perature calculations.

is 1.51 °C and maximal peak cladding temperature
error is 1.02 °C. Temperature RMSE decrease as the
inlet velocity grows larger.

One of the most important steps in the qualifica-
tion process of a new the thermal-hydraulic code is
code-to-code comparison, especially when very few
experimental data are available. Applicability of pre-
sented conclusions to the IRT type geometry, however,
must be further investigated.

Attention needs to be paid to closure relations as-
sessment, mainly turbulent mixing model. Further-
more, efforts are underway to develop experimental
infrastructure for the thermal-hydraulic measurements
and code validation at Research Centre Rez.

LIST OF SYMBOLS

Subchannel aspect ratio

hydraulic diameter of subchannel [m)]
Darcy-Weisbach friction factor
Turbulent transport correction factor
Mass flux [kg-m™2-s7!]

Acceleration due to gravity [m-s™?]

Te QYA

Specific enthalpy of water [Jkg™]

o]

s Effective width of control volume for transversal flow
[m]

Teaa. Cladding temperature [K]

T~ Bulk water temperature [K]

W Diversion crossflow [kgm™'-s™"]

w  Water velocity [m-s™!]

w*  Water velocity in donor subchannel [m-s™!]

w’  Turbulent crossflow [kg-m™!-s7*]

Az Length of axial node [m]

a Heat transfer coefficient [W-m™>-K™!]
B Turbulent factor
¢ Surface roughness [m]

¥ Fraction of heat transferred to coolant from whole fuel
tube

Ar  Water conductivity [W-m™-K™]

1 Water dynamic viscosity [Pa-s]

p Water density [kg-m™?)
p* Water density in donor subchannel [kg-m™?]
¢ Normalized relative power

ax. Referring to axial nodalization.

az. Referring to azimuthal nodalization.
i Subchannel ¢

n  Axial node n

rad. Referring to radial nodalization.

Nu Nusselt number
Pr Prandtl number
Re Reynolds number
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