INL/EXT-14-33102

Developing Fully
Coupled Subchannel
Model in RELAP-7

Hongbin Zhang, Ling Zou, Haihua Zhao, Richard
Martineau

September 2014

.

The INL is a U.S. Department of Energy National Laboratory
operated by Battelle Energy Alliance

ldaho National
Laboratory



INL/EXT-14-33102

Developing Fully Coupled Subchannel Model in
RELAP-7

Hongbin Zhang, Ling Zou, Haihua Zhao, Richard Martineau

September 2014

Idaho National Laboratory
Idaho Falls, Idaho 83415

http://www.inl.gov

Prepared for the
U.S. Department of Energy
Office of Nuclear Energy
Under DOE Idaho Operations Office
Contract DE-AC07-051D14517



INL REPORT

INL/EXT-14-33102
Unlimited Release
Printed September 2014

Developing Fully Coupled
Subchannel Model in RELAP-7

Prepared by
Idaho National Laboratory
Idaho Falls, Idaho 83415

The Idaho National Laboratory is a multiprogram laboratory operated by
Battelle Energy Alliance for the United States Department of Energy
under DOE Idaho Operations Office. Contract DE-AC07-05ID14517.

Approved for public release; further dissemination unlimited.

ldaho National Laboratory




Issued by the Idaho National Laboratory, operated for the United States Department of Energy
by Battelle Energy Alliance.

NOTICE: This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government, nor any agency thereof, nor any
of their employees, nor any of their contractors, subcontractors, or their employees, make any
warranty, express or implied, or assume any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or rep-
resent that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government, any agency thereof, or any of their contractors or subcontractors.
The views and opinions expressed herein do not necessarily state or reflect those of the United
States Government, any agency thereof, or any of their contractors.

Printed in the United States of America. This report has been reproduced directly from the best
available copy.




INL/EXT-14-33102
Unlimited Release
Printed September 2014

Developing Fully Coupled Subchannel Model in
RELAP-7

Hongbin Zhang, Ling Zou, Haihua Zhao, Richard Martineau






Contents

SUMMATY . oottt ettt e e e e e et 8
I INtrodUuCtiOn. . . ..o e e e e e e e 9
2 Conservation Equations of the Single Phase Flow Subchannel Model .......... 12
3 Specialized Forms of the Conservation Equations of the Single Phase Flow Sub-
channel Model for RELAP-7 Implementation. ...................cooviiin.... 15
4 Numerical Methods. ... i 17
S Benchmark Results .. ... 19
6 Summary and Future Work ........ ... . 21
Appendix A Residuals and Jacobians of the Source Terms ...................... 22
A.1 Conservation of Mass. . .......... . i 22
A.2 Conservation of Axial Momentum . ........... .. ... .. ... ... ...... 22
A.3 Conservation of Lateral Momentum . .............................. 24
A4 Conservationof Energy ........ .. ... . 27
Appendix B Nomenclature . ...........coiiiiiiiiiii it 29
References . . ... o e 31



Figures

1 Illustration of a reactor core analysis using a system analysis code .......

2 [llustration of the subchannel model

3 Ilustration of the GE nine-rod bundle experiment ....................



Tables

1 Measured versus RELAP-7 Predicted Mass Fluxes for Test Case 1C
2 Measured versus RELAP-7 Predicted Mass Fluxes for Test Case 1D



Summary

The traditional approach of using a system safety analysis code such as RELAP-5 to ana-
lyze a reactor core would normally use one or a few flow channels along with heat struc-
tures to represent a number of fuel assemblies in a region of a reactor core or even the
entire core. This kind of homogenized analysis approach would render large uncertainties
for certain applications with which more detailed analyses of fuel rod bundles are required
such as the minimum DNBR (Departure from Nucleate Boiling Ratio) analysis in a hot
channel. Instead, the subchannel codes such as COBRA, VIPER etc. are widely used for
the hot channel analyses. The subchannel method preserves the geometry of a fuel rod
bundle and the resulting equations contain the geometric features of the rod bundle.

In the traditional safety analysis approach, the system thermal hydraulics analysis and
the hot channel analysis are performed separately by independent codes and the results
from one code are passed to another code as the boundary conditions. Efforts have been
made to couple the system analysis codes and subchannel analysis codes together to re-
move the inconsistent assumptions and models used between different codes associated
with the data transfer approach. However, the operator-splitting approach was normally
used to carry out the coupling.

In the RELAP-7 code development, we have launched an effort to develop the sub-
channel analysis capability in a fully coupled manner with the reactor system analysis
capability. The fully coupled analysis capability would eliminate errors associated with
using the operator-splitting approach. Other advantages of such an approach include: 1).
Consistent models, assumptions and equation sets between the subchannel module and
the system analysis module are used, 2). Consistent numerical solvers are used, 3). Con-
sistent closure models are used. All these would make it easier to perform verification,
validation and uncertainty quantification. In addition, users only need to maintain one
code rather two separate codes. This would reduce the costs of code maintenance for the
users. This document summarizes the single phase flow subchannel model implemented
into the RELAP-7 code.



1 Introduction

The traditional approach of using a system safety analysis code such as RELAP-5 [1] to
analyze a reactor core would normally use one or a few flow channels along with heat
structures to represent a number of fuel assemblies in a region of a reactor core or even the
entire core. This kind of homogenized analysis approach, as illustrated in Figure 1, would
render large uncertainties for certain applications with which more detailed analyses of
fuel rod bundles are required such as the minimum DNBR (Departure from Nucleate Boil-
ing Ratio) analysis in a hot channel. The fully 3-D computational fluid dynamics (CFD)
codes are not generally used for engineering analyses of the hot channel due to their pro-
hibitive computational expenses. Instead, a variety of averaging methods are applied to the
navier-stokes equations so that a more convinent system of equations is obtained. Conse-
quently, the subchannel analysis method [2] has been developed for such purpose and the
subchannel codes such as COBRA [3] etc. are widely used for hot channel analyses. The
subchannel method preserves the geometry of a fuel rod bundle and the resulting equations
contain the geometric features of the rod bundle. Additional to the primary fluids flow in
the axial flow direction, the subchannel method also considers the transverse mass flows
in the description of the flow field in a rod array. The axial coolant flow is parallel to the
rod surfaces. The flow is denoted as positive for vertical up flow in the rod array. The
transverse flows are carried out by the velocity components normal to the primary flow
direction and are responsible for distribution of the coolant between the subchannels. It is
postulated that two mechanisms cause the lateral flows [4]. The first one is the lateral pres-
sure gradients between the adjacent subchannels. This results in the diversion cross flow
with net mass exchange between the involved subchannels. The second mechanism is the
turbulent mixing that results from the eddy transport in the axial flow between adjacent
subchannels. Turbulent mixing results in no net change of mass between the subchan-
nels for single phase flow. However, the turbulent eddies carry with them momentum and
energy whcih are exchanged to the involved subchannels. For two phase flow, turbulent
mixing will result in net change of mass between the adjacent subchannels due to the dis-
parate densities of the liquid and vapor phases. The transverse crossflows are generally
small compared to the axial mass flow rate in the absence of major changes in flow chan-
nel geometry such as that due to flow blockage by debris during normal operations or fuel
rod deformation under severe accident conditions. Geometry variations and non-uniform
changes in fluid density can establish transverse pressure gradients between sub channels.
Geometry variations include fuel rod bowing and swelling and the design features such as
mixing vane spacer grids introduce variations in the subchannel flow area or the axial pres-
sure gradient. The fluid density is most greatly affected by the presence of boiling. The



resulting difference will effect the crossflow between subchannels. The diversion cross-
flow rate is determined by the lateral momentum balance equation. Unlike the diversion
crossflow, the turbulent mixing is not obtained from the basic fluid flow equations. An
empirical description is used instead.

\,\ = 2 N| 3 5
\ I“" N.%
F ¢+ ¥ ¥ 4
J | |
\L/rléeactor Core RELAP-7

Figure 1. Tllustration of a reactor core analysis using a system
analysis code

In the traditional safety analysis approach, the system thermal hydraulics analysis and
the hot channel analysis are performed separately by independent codes and the results
on one code are passed to another code as boundary conditions. Efforts have been made
to couple the system analysis codes and subchannel analysis codes together to remove
the inconsistent assumptions and models used between different codes associated with the
data transfer approach. The MARS code developed at KAERI exemplifies such efforts [5].
The MARS code coupled the RELAP-5 code for 1-D system analysis and the COBRA-TF
code for the 3-D reactor vessel thermal hydraulic analysis and subchannel analysis. How-
ever, the operator-splitting approach was used to carry out the coupling within the MARS
code. In the RELAP-7 code development [6], we have launched an effort to develop the
subchannel analysis capability in a fully coupled manner with the reactor system analysis
capability. The fully coupled analysis capability would eliminate the errors associated with
using the operator-splitting approach. Other advantages of such an approach include: 1).
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Consistent models, assumptions and equation sets between the subchannel module and the
system analysis module are used, 2). Consistent numerical solvers are used, 3). Consistent
closure models are used. All these would make it easier to perform verification, validation
and uncertainty quantification. In addition, users only need to maintain one code rather
two separate codes. This would reduce the costs of code maintenance for the users.

In this document, the subchannel analysis capability for single-phase flow implemented
in a fully coupled manner within the RELAP-7 code is discussed. The implementation of
two-phase flow subchannel model into RELAP-7 is left to future work. The RELAP-
7 code is the next generation reactor system safety analysis code being developed at
the Idaho National Laboratory. RELAP-7 will become the main reactor systems toolkit
for the Risk-Informed Safety Margin Characterization Pathway of the U.S. DOE Light
Water Reactor Sustainability Program and the next generation tool in the RELAP re-
actor safety/systems analysis application series. The code is being developed based on
INL’s modern scientific software development framework - MOOSE (the Multi-Physics
Object-Oriented Simulation Environment) [7]. There are over 20 MOOSE based model-
ing and simulation tools being developed. These include the fuel performance analysis
code BISON and neutron kinetics code RattleSnake. MOOSE allows the easy coupling of
RELAP-7/BISON/RattleSnake and provides the nuclear power plant safety analysis tool
kit.

11



2 Conservation Equations of the Single Phase Flow
Subchannel Model

The conservation equations of the single phase flow subchannel model are presented in
this section. Four fluid flow equations are described. These include: 1). The conservation
of mass in the axial direction, 2). The conservation of momentum in the axial direction,
3). The conservation of energy in the axial direction, 4). The conservation of momentum
in the lateral flow direction. Figure 2 provides a schematic illustration of the subchannel
model.

Figure 2. Illustration of the subchannel model

The conservation of mass for the subchannel : is the following:

(pA)i | I(pud); _
ot e T 2 Wi =0 M
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where 7 is the index of subchannel i. A; is the flow area for subchannel 7. p and u denote
the fluid density and velocity respectively. j is the index of subchannel 7 which is adjacent
to subchannel 7. K (7) is the set of lateral interfaces (gaps) on the boundary of subchannel
. w;; = pw sy is the mass flow rate per unit length in the lateral direction across the gap
k between sub channels ¢ and j. w; is the fluid velocity in the lateral direction and s is the
width of gap k.

The conservation of axial momentum for subchannel : is the following:
Olpud)i | O(pud)iws)  O(PA): fz

—l—wau—i-Z ”uz )=0
JEK (i) JEK (i)

where P is the pressure in subchannel 7 and f; is the wall friction coefficient. Dy, ; is the
subchannel hydraulic diameter. K is the form loss coefficient. u* is the lateral donor
axial velocity at gap face k. If the flow is into the subchannel ¢ from the subchannel 7,
then u* = w;, and conversely, u* = ;. wfd is the turbulent mixing mass flow rate per
unit length in the lateral direction at gap face k. wf’ ; 18 the fluctuating crossflow which is
related to the eddy diffusivity €, by wi; = €p;7*. In RELAP-7 implementation, w; ; is
calculated as:

w); = BspG 3)
where 3 is the turbulent mixing parameter and G is the average mass flux between the
adjacent subchannels i and j, i.e. G = 1((pu); + (pu);).

The conservation of lateral momentum for the cross flow between subchannels 7 and
Jj is the following:

1
SE(p— pyy 4 L I ‘ iy =0 )
21k k‘ ’

8wi,j 8wi7jﬂ

where @ = 3(u; + u;) and p = 3(p; + p;). sy is the width of lateral gap k. [y, is the
distance between centroids of subchannels ¢ and j. K is the lateral loss coefficient which
accounts for the friction and form pressure loss caused by area change.

The conservation of energy for subchannel 7 is the following:

13



NpEA), +a((pg;4>iui) + ) wigH Y wl(H - H)
)

ot = S~
JEK (i) JEK (3 (5)
+(pA)zuzg + Z Cbi,v'Pth,r(E - Tw,’r) =0
reM (i)

where E is the fluid total energy and H = E + £ is the total enthalpy. H* is the donor total

. . P . . . .
enthalpy. Pp is the total heated perimeter and ¢; , is the perimeter fraction associated with
the subchannel i. M (¢) is the set of fuel rods that surround the subchannel i. h,,, is the
convective heat transfer coefficient. 7; is the fluids temperature in subchannel 7 and 7}, ,
is the fuel rod wall temperature which is obtained from the solution of the heat conduction
in fuel rods described in the following:

T
psCaS

\S2 =V (VT — " =0 (©)

where p,, C), and k are the density, specific heat capacity, and thermal conductivity of the
solid materials respectively. T is the temperature distribution whthin the fuel rods and ¢’
is the heat generation rate per unit volume.
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3 Specialized Forms of the Conservation Equations of
the Single Phase Flow Subchannel Model for
RELAP-7 Implementation

Recall that the mass flow rate per unit length in the lateral direction w; ; = pu;s;, and if we
define the mass flux in the lateral direction as G; ; = pu; then

Wi 5 = Gz’,jsk @)
The turbulent mixing mass flow rate is calculated as

wt; = BsiG, ®)
and (3 is the turbulent mixing coefficient. In RELAP-7 implementation, the turbulent mix-
ing flow rate is calculated using the correlation provided by Rogers and Tahir [8],

— 0.005 R0 (k0108 )

d

where (1 1s the liquid viscosity, Re; is the axial Reybolds number in the 7th subchannel,
and d is the fuel rod diameter. In this implementation, it is assumed that the rod geometry
is square only and the flow is limited to turbulent flow only. Hence the turbulent mixing
coefficient (3 is the following:

B = 0.005Re%0(2£)0-106 /(5. &) (10)

d

The mass conservation equation can be written as the following:

opA)i puA
o + ) Gijsi=0 (11)
JEK (1)

The axial momentum equation becomes the following:

Opud); | O((pud)ius)  O(PA): 1 fi
-+ Z Gmsku* + Z ﬁSkG_((Ul — Uj) =0
JEK() JEK()
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The energy equation becomes the following:

O(pEA): | O((pHA)ius

) * ~
at 8[E + Z G@jSkH + Z BSkG(Hz—HJ>

+(pA)zuzg + Z (bi,rPthaw(E - Tw,T)Ai =0

reMi(i)

The conduction term in the fluids has been ignored.

The lateral momentum equation becomes the following:

AP 4 A,
lat ™5y + At

1 Ao K. G ]_G”| _

P - P,

0 (14)

where @ = 0.5(u; + ;) , p = 0.5(p; + p;) and A;,; = s, Ax is the lateral cross flow area.

In RELAP-7, the conservation equations of mass, axial momentum and energy are
solved using CFEM method, however the lateral momentum equation will be solved using
the finite difference method. Writing the above equation in the finite difference form yields
the following:

Gﬁ'!‘lzm — G ﬂnﬂ,man&-Lm . ﬂn+1,m—1G7}+17m—1
2] 2] J v
Alat + Alat
A i (15)
Alat n+1,m n+1,m 1 Alat Gz,j ’Gz,j |
——(F] - P+ s —Ke — =0
I 2 1 prttm

where n indicates the time step, m is the spatial element index for subchannel .
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4 Numerical Methods

The RELAP-7 code solves coupled multi-physics problems using the Jacobian-Free New-
ton Krylov (JFNK) approach via the MOOSE framework. The JFNK method is a fully-
coupled, multi-level method for solving large nonlinear equation systems. In general, it
consists of at least two levels: the outer Newton loop for the nonlinear solve and the inner
Krylov loop for the linear systems of equations associated to Newton iteration. The JFNK
method has become an increasingly popular option for solving large nonlinear equation
systems arising from multi-physics problems over the last 20 years.

In what follows, we give a brief description of the JFNK method as it applies to the
subchannel model in RELAP-7. The field equations (11), (12), (13) and the con-
duction equation (6) are discretized using the continuous finite element method (FEM).
These FEM discretized equations as well as the finite differenced lateral momentum equa-
tion (15) form a system of implicitly discretized nonlinear equations

F(@)=0 (16)

where F represents the nonlinear equation system and # is the solution vector. Newton’s
method requires an initial guess, @°, to start the iteration process. For the transient prob-
lems of interest here, the solution at a previous time step is generally used as the initial
guess for the method. At the k" iteration, we define the residual vector

—

= F(a*) (17)

Clearly if #* satisfies (16) exactly, the k' residual will be zero. To update the solution

vector, the following equation is solved for the update vector, da***:

J(@ )5 = —# (18)
where J(@*) is the Jacobian matrix evaluated at . In index notation, we have

OF;
i = G (19)

After §u" ! is obtained, the (k + 1) solution iterate is computed by
,L—[k-l-l — ﬁk + 51—[](3-0—1 (20)

The Newton iteration is terminated when one of the following conditions is met:

17



1. The residual vector norm, |Fk , 1s sufficiently small.

"
2. The relative residual vector norm % is sufficiently small.

3. The step size norm, |§@* 1| is sufficiently small.

Note that (18) represents a large linear system of equations. In the JENK method, we
need not explicitly form the matrix .J: only its action on a vector (via matrix-vector prod-
uct) is required. Effective preconditioning is generally required for Krylov subspace meth-
ods to be efficient, i.e., for the method to converge in a reasonable number of iterations. A
preconditioned version of equation (18) can be expressed as (using right preconditioning

as an example),
JFpt (Podtt) = —i* (21)

where P is the preconditioning matrix. In our current approach, an analytical Jacobian
matrix is computed according to (19), and passed to the underlying numerical solver li-
brary as the matrix P for preconditioning purposes. Appendix A includes the Jacobian
terms for the source terms in the subchannel model.

18



5 Benchmark Results

The subchannel model in RELAP-7 has been used to simulat the GE nine-rod bundle ex-
periment [9] for the single phase flow test cases. Four tests were made at room temperature
and at 1000 psi (6.895 MPa) for single phase flow. The mass fluxes at the exit of one cor-
ner, one side and one center subchannel were measured. Figure 3 provides a schematic
illustration of the GE nine-rod bundle eperiment.

Corner

Side

Figure 3. Tllustration of the GE nine-rod bundle experiment

Two of the four single phase test cases, 1C and 1D as labelled in Ref. [9], were sim-
ulated with the RELAP-7 code. Tables 1 and 2 show the comparisons of the measured
versus the calculated mass fluxes for these two test cases respectively. The results have
shown that the subchannel model in the RELAP-7 code provided reasonable prediction of
the mass fluxes for these two test cases respectively. However, a relatively large discrep-
ancy between the measured mass flux and the RELAP-7 calculated mass flux is observed
at the corner subchannel. Since the RELAP-7 code does not have the model to account for
the spacer grid loss yet, the wall friction coefficients provided in Ref. [9] were used in the
RELAP-7 calculations to match the pressure drop for the rod bundle. It is expected that
the difference between the measured versus the predicted mass fluxes will decrease once
the appropriate spacer grid loss model is implemented.

19



Table 1. Measured versus RELAP-7 Predicted Mass Fluxes for
Test Case 1C

Test Case 1C Corner (kg/m? - s) Side (kg/m?-s) Center (kg/m? - s)
Measured 950.72 1273.50 1559.66
Predicted 1007.26 1276.24 1540.56
Percent Difference 5.95 0.22 -1.22

Table 2. Measured versus RELAP-7 Predicted Mass Fluxes for
Test Case 1D

Test Case 1D Corner (kg/m?* - s) Side (kg/m?-s) Center (kg/m? - s)
Measured 1485.07 1954.33 2292.03
Predicted 1513.96 1922.26 232411
Percent Difference 1.95 -1.64 1.40

20



6 Summary and Future Work

The single phase flow subchannel model has been implemented into the next generation
reactor system safety analysis code RELAP-7. Numerical benchmark results have shown
that the subchannel model in RELAP-7 gave reasonable results. The future work includes
extending the fully coupled subchannel analysis capability in the RELAP-7 code to two-
phase flow models.

21



A Residuals and Jacobians of the Source Terms

Following are the residuals and their associated Jacobian terms resulted from the source
terms present in the mass, momentum and energy equations of the subchannel model in
RELAP-7. The residuals for the neighbor nodes are the opposite of those for the target
nodes. To facilitate the derivation of the Jacobian tersm, we define Uy = pA, U; = puA,
Uy = puFA and U3 = G, ;. It is noted that in the RELAP-7 code implementation,
Us = G, ; is vector with j = 1, ..., K (1).

A.1 Conservation of Mass

The following is the source term in the conservation of mass residual:

Sos = G js, = Ussy, (22)
Its Jacobian is the following:
0Sos  0Sos
= — 5 23
ou;  0G,; " (23)

A.2 Conservation of Axial Momentum

Lateral Convection Term

Sos = G, jspu” = (pug)spu™ = Usspu” (24)
The Jacobian terms are the following:
if G, ; > Othenu* = u; = % and the residual term becomes:
Ur,i
Sos = G jspu; = Ussy, = 25)
Uo,i
The Jacobian terms are the following:
0Sos 0Sos Ui (puA);
o;  O(pA)i 3k Us; I (pA)? (20



0Sos 0Sos 1 1

= =Ussp— = szsk

oU,;  O(pud); Up,i R (pA);
d0Sos  0Sos . Ui . (puA);
8U3 a 8Gm- - kU()VZ' ok (pz‘l)z
Conversely, if G; ; < 0 then then u* = u; = % and the residual term becomes:
U, .
Sos = G jspuj = UgSki
UO’J
The Jacobian terms are the following:
0Sos dSos Up (puA);
= = —Ussp—=L = =G jSpr—sr
WMoy dpd); U, T )
0Sos 0Sos 1 1
= =Ussp— =G, js
Oy Apud); oy T (pA),
0Sos  0Sos Uy (puA);

:—:Sk_:S

(9U3 8Gi,j U(),j k (pA)]

Turbulent Momentum Exchange Term

Sos = BsxG(us — uy) = wly(u; — uy) = wl

The Jacobian terms are the following:

0Sos  0Sos ot Ui, _ (puA);

Uy, B d(pA); o i’j@ i (PA)Z

8508_ 0Sos . 1

o0~ 0(pud), "I (pA),
0Sos 0Sos . (puA);

g g wi.—
oo,  O(pA); 7 (pA);
dSos  0Sos o 1
oU,;  O(pud); 7 (pA);
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(32)
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A.3 Conservation of Lateral Momentum

The following constraints make up the entire residuals for the conservation of lateral mo-
mentum equation:

Time Varying Term
n+1,m n,m
Gi,j — Gi,j

At

Ajat =0 (38)

Lateral Momentum Spatial Gradient Term

The spatial gradient term is the following:
—n+1, n+1,m —n+1,m—1,n+lm—1
n mGi,j — grtlm Gi,j

i
Ax

Sos = A 39)

where 7 is the index for time, m is the axial element index and u is the average velocity
between subchannels 7 and j. The above equation can also be written as the following:

1 1 1 1,m—1 1,m—1 1,m—1
(un+ m + un+ ,m>GZ]+ mo (u@+ ,m + unJr ,m ) n+1,m

Sos = Aju— : : : = (40)
¢ 2Ax
ot +1 +1 +1,m—1 +1,m—1
s " UL et m " urym n+1,m—1
(Un+1,m + Un+1,m)U3 - (Un+1,m—1 + Un+1,m—1)U3
0,7 0,7 0,i 0,j
Sos = At (41)
Az

This spatial gradient term has additional Jacobians, as it is affected by the previous node’s
density and axial mass flux.

0Sos _ 0Sos _ 1 (puA)rttm crim 4 42)
OUGT™ DA 2ha (pAyTm Y T

(2

dSos 0Sos 1 1
aUﬁj—l,m - a(puA)n-‘rl,m - 2AT (pA)T'H-l,m

7 K3

G Ay (43)

0Sos _ 0Sos _ 1 (pUA);H_Lm GnJrl,mA (44)
aUgf;—l,m a(pA);H-l,m 2AT ((pA);-H_Lm)Q 2y lat
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0Sos 0Sos 1 1

Lm Tm — 1 G?J'rl’mAlat
Uyt O(pu AT 28z (pA)TEm
0Sos 0Sos 1 (puA);H—l’m (puA)?—H’m 4
n m = n m = n m o pooy lat
8U3 +1, 8Gi’;—1, QA.T (pA)Z +1, (pA)]'H’

The Jacobians with respect to the previous node are the following:

0Sos _ 0Sos _ 1 (puA)rtim=t Grrm1 4
8U(7)1;l—1,m—1 a(pA);H-l,m—l 2AT ((pA)ﬁ-i-l,m—l)Q %, lat

7

dSos 0Sos 1 1
6Uin7;|-1,m—1 a(puA>n+1,m—1 - IAx (pA);L+1,m—1

n+1m—1
Gi,j Alat

(]

0Sos _ 0Sos _ 1 (puA)?H’mfl Grrime1
aUgL’;rl,mfl a(pA);l+1,mfl IAT ((pA);LJrl,mfl)Q ,J lat

0Sos _ 0Sos _ 1 1 Grtm g

annj—l,m—l 8(puA)§L+1,m—1 _QAI' (pA);H-l,m—l i,

0Sos 0Sos 1 ((IOU,A)?—H’W_I (puA);H—l’m_l) )
lat

8U§0+17m—1 = an;-l,m—l = _QAZE (pA)?—H’m_l + (pA)@-H,m—l

J

Pressure Gradient per Unit Length

The Jacobian terms are the following:

0Sos o ALat aPz o Alatiaf)i
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(49)
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dSos Alati 0P,
O(puA); I, A; Opu;

dSos A 1 OF

0Sos Ae 1 OP;

dpA); I A;Op;

dSos _Alat 1 OP;
J(puA); i A;Opu,

dSos _Alati OP;

Lateral Form Loss per Unit Length

Sos =

1 A K, GijlGisl _ Atat K, GijlGisl _ At Ke. GijlGiyl
2 I, pm Iy pi + pj i (pA)i/Ai + (pA);/A;

The Jacobian terms are the following:

0Sos _ A . GiglGigl 1
d(pA); e Cpi+ p)? A

0505 At . GiglGigl 1
d(pA); e C(pitpi)? A

8803 Alat 2|G2,]’
— K¢
G, ; bk pi + Pj
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A.4 Conservation of Energy

The following are the source terms in the conservation of energy residuals:

Lateral Convection
Sos = G, ;s H* (63)

In finding these Jacobians, it is important to consider that the total enthalpy is defined as
H=FE+P/p=pEA/pA+ PA/pA. Hence

. .. U, PA
) = Ugsk(UO + UO

EA PA
Sos = GL]'SkH* = Gm’Sk(p— +

A oA )t (64)

The Jacobian terms are the following:

If Gi,j > ( then

4 A); 25— (PA);
0Sos _ 0So0s G _(pEA2)Z (pA) Ops 2( ) 65)
Uy I(pA); (pA); (pA);
0Sos  0Sos N 0P, 1 66)
oU, B J0(puA); o d(pu); (pA);
dSos  0Sos . ( 1 N 0P, 1 ) 67)
OUs; — A(pEA); — 7\ (pA) " 9(pE); (pA);
0Sos  0Sos (pEA); (PA)Z)
0Us; Gy " (o o ©
If Gi,j < 0 then
0Sos  0Sos (pEA); (PA%?;_? — (PA);
= = Gi,jsk — 2 + - ) (69)
Olo;  O(pA); (pA); (pA);
dSos  0Sos ( op; 1 ) (70)
oUy,;  O(pud); 7\ 0(pu); (pA),
0Sos 0Sos

_ :G-s( Lo oh 1 ) 1)
oUy;  O(pEA); Bk (pA);  O(pE); (pA);
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0Sos  0Sos (pEA); (PA>3‘)
= = + 72
8U3,j 8Gm ¥ ( (pA)J (pA)J ( )

Turbulent Energy Exchange Term
SOS = wf’](Hz — H]> = Bské(Hz — H]) = wfj(HZ — HJ) (73)
Since H=E + P/p = ”;E—AA + ];—ﬁ, the turbulent energy exchange term can be written as

(pEA); | (PA) _ (pEA);  (PA);
GA)  (pA)  (pA);  (pA),

Sos = wj ;(

) (74)

or
Up, (PA), Us, (PA),

Sos = w} (== + — =L : 75

’J(Uo,z Uo,i Uo,j U, ) 7>

the Jacobian terms are the following:

(pEA);  (pA)i5E — (PA);

0Sos  0Sos :

80 ~ OpA)y o (pape (012 e
dSos  0Sos Wt or, 1 77
Ui O(pud); VO (pu); (pA),
dSos  dSos Wl 1 . op; 1 ) (78)
Os;  O(pEA); 7 (pA);  O(pE)i (pA)i
dSos  0Sos (= (pEA); N (PA)jg_]:j - (PA)J') (79)
8U07j a(pA)] “ (pA>32 <pA>J2
0Sos 0Sos . 0P 1
oUy;  O(puA); 70(pu); (pA); :
0S 0S 1 P; 1
0s 0s . OP; ) 1)

0, ~ 0pEA), ~ Gy, T 80w, (pA),
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B Nomenclature

density

energy density
axial mass flux
lateral mass flux

specific energy
axial velocity
lateral velocity

index of axial elements

index of subchannel

index of adjacent subchannel

index of lateral interface between subchannels ; and ;
the set of gaps on the boundary of subchannel ;

unit direction vector

specific total enthalpy

lateral donor specific total enthalpy

lateral donor axial velocity

turbulent lateral mass flow rate
average density

Temperature

Pressure

length of axial interval

width of lateral interface

diameter of fuel pins

distance between centroids of adjacent subchannels
interface area between laterally neighboring subchannels
cross sectional area of ith subchannel
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H;, ifGy; <0
. Ju ifGi; >0
Ty Gy <0

O.OO5MR@?'9(%€)O.106
ﬁi = %(pz + pj)

A= Axx s



~ T

hydraulic diameter

dynamic viscosity
thermal conductivity
friction loss coefficient
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