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ABSTRACT

An advanced system analysis tool is being developed for advanced reactor safety analysis. This paper
describes the underlying physics and numerical models used in the code, including the governing
equations, the high-order spatial discretization schemes, the high-order temporal discretization scheme,
and the Jacobian Free Newton Krylov solution method. The effects of the spatial and temporal
discretization schemes are investigated. Additionally, a series of verification test problems are presented
to confirm the high-order schemes. It is demonstrated that the developed system thermal-hydraulics
model can be strictly verified, and that it performs very well for a wide range of flow problems with high
accuracy, efficiency, and minimal numerical diffusions.

KEYWORDS
high-order, JFNK, FEM, system thermal-hydraulics

1. INTRODUCTION

System thermal-hydraulics (STH) remains as one of the major disciplines essential for the design and
operation of nuclear systems [1]. Many system analysis codes, such as RELAPS5, CATHARE and
SAS4A/SASSYS-1, have been developed since the early 1970s and successfully applied for the design,
license, and operational analysis of the nuclear power plants. Although these codes have achieved a high
level maturity, they have not taken full advantage of the rapid expansion in computing power and
advances in numerical methods over the past two decades.

With advances in numerical techniques and software engineering, there has been a renewed interest in
advanced STH code developments such as RELAP-7 [2] and CATHARE-3 [3] for advanced physical and
numerical modeling of two-phase flows. Research in high-order numerical schemes for system simulation
of two-phase flow is also of increasing interest [4,5]. Under the U.S. Department of Energy (DOE)
Nuclear Energy Advanced Modeling and Simulation (NEAMS) program, a system analysis module
(SAM) [6,7] is being developed at Argonne National Laboratory for advanced reactor system analysis. It
focuses on the modeling of the components and systems that represent typical features of advanced
reactor concepts such as SFRs (sodium fast reactors), LFRs (lead-cooled fast reactors), and FHRs
(fluoride-salt-cooled high temperature reactors). These advanced concepts are distinguished from light-
water reactors in their use of single-phase, low-pressure, high-temperature, and low Prandtl number
(sodium and lead) coolants. This simple yet fundamental change has significant impacts on core and plant
design, the types of materials used, component design and operation, fuel behavior, and the significance
of the fundamental physics in play during transient plant simulations.
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SAM is built on the MOOSE (Multi-physics Object-Oriented Simulation Environment) framework [8],
which interfaces with libMesh [9] and PETSc [10] to provide the underlying geometry (mesh I/O) and
numerical capabilities (finite element library and solvers). It is aimed to solve the tightly-coupled physical
phenomena including fission reaction, heat transfer, fluid dynamics, and thermal-mechanical response in
the SFR structures, systems and components in a fully-coupled fashion but with reduced-order modeling
approaches to facilitate rapid turn-around for design and safety optimization studies. As a new code
development, the initial effort focused on developing modeling and simulation capabilities of the heat
transfer and single-phase fluid dynamics responses in the SFR systems.

The discussion of the underlying one-dimensional finite-element flow formulation for incompressible but
thermally expandable flow and the stabilization schemes can be found in Ref. [11]. This paper presents
the high-order spatial discretization schemes, the high-order temporal discretization scheme, and the
Jacobian Free Newton Krylov (JFNK) solution method. The effects of the spatial and temporal
discretization schemes are examined by series of verification tests. Additionally, verification test
problems are presented to confirm the high-order numerical convergence rates.

2. SAM PHYSICS AND NUMERICAL MODELS
2.1. Governing Equations

Fluid dynamics is the main physical model of the SAM code. SAM employs a one-dimensional transient
model for single-phase incompressible but thermally expandable flow. The governing equations consist of
the continuity equation, momentum equation, and energy equation. A three dimensional module is also
under development to model the multi-dimensional flow and thermal stratification in the upper plenum or
the cold pool of the SFR reactor vessel. Additionally, a subchannel module is being developed for fuel
assembly modeling. Both the 3-D module and the sub-channel module will require additional momentum
conservation equations. However, they are not the essential modeling capabilities for a system code and
are still under development, thus will not be further discussed in this paper.

The transport equations for one-dimensional, single-phase flow can be described by the following set of
PDEs. The mass, momentum, and energy conservation equations are closed by the equation of state of the
fluid and the other constitutive equations for friction and heat transfer models. After the simplifications
and applying the continuity equation into the momentum and energy equations, the set of governing
equations can be written in the conservative form (Eq.-1) or in the non-conservative form (Eq.-2).

dp d(pu)
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In which f; the friction coefficient; D,: equivalent hydraulic diameter. When considering the convection
heat flux from solid surface qg’, ¢"' = q4' Py / A., where P, and A, respectively denote heated perimeter
and cross-sectional area of the coolant channel.
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In which Cp: the specific heat, C,, = g—:.

To solve the above sets of PDEs, two out of three variables of density, pressure, and temperature (or total
energy) must be selected as the state variables, along with the velocity (or mass flux) to compose the three
state variables for the system of equations. The primitive variable (or pressure) based formulation, in
which the state variables are pressure (p), velocity (u), and temperature (T), is developed in SAM.
Although the conservative variable (or density) based formulation has the advantages in the applications
of compressible flow such as the capability to capture shock waves, the primitive variable based FEM
formulation is more suitable for incompressible or nearly incompressible flows, such as the fluid flow in
SFRs, LFRs, or FHRs. With the primitive variable approach, using the integral equations in the
conservative form (Eq.-1) will still ensure the conservation laws of the fluid equations.

Finite element analysis of incompressible flows requires stabilization to avoid the potential numerical
instabilities. The Streamline-Upwind/Petrov-Galerkin (SUPG) and the Pressure-Stabilizing/Petrov-
Galerkin (PSPG) scheme are implemented in SAM to obtain satisfactory results. The weak forms of the
stabilization schemes for incompressible flow can be derived as:

dp | d(pw) ap du  dp f pulu| _
(e + %2 )+ (Gr+puSs + 50 +pg + 2257, Tospg + V) = 0
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+ (PE*'PUE"';"'PQ +o. % Tsupe *Vlli) =0
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in which ¥ is the test function; Tpsp; and Tgype are the stabilization parameters that weights the

perturbations; and (f, ) = fﬂ Y * f dQ, is an expression of the volume integral. Note that the regular
residuals of all conservation equations are calculated based on the conservative form while the
stabilization terms are calculated based on the non-conservative form. This formulation not only ensures
the conservation laws, but also is easy to be implemented. The details of the single-phase flow model for
incompressible thermally expandable flow can be found in Reference [11]. A review of stabilized finite
element formulations for incompressible flow, including the SUPG and PSPG schemes, can be found in
Ref. [12].

In SAM, heat structures model the heat conduction inside the solids and permit the modeling of heat

transfer at the interfaces between solid and fluid components. Heat structures are represented by one-
dimensional or two-dimensional heat conduction in Cartesian or cylindrical coordinates. Temperature-
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dependent thermal conductivities and volumetric heat capacities can be provided in tabular or functional
form either from built-in or user-supplied data. The modeling capabilities of heat structures can be used to
predict the temperature distributions in solid components such as fuel pins or plates, heat exchanger tubes,
and pipe and vessel walls, as well as to calculate the heat flux conditions for fluid components.

The thermal conduction inside the solid structures is governed by a diffusion equation:

aT nr
pCy—r = V(KVT) = Q" =0 @)

Where k is the solid thermal conductivity, and Q""’ is the volumetric internal heat source in the solid. It
can be discretized in both Cartesian and cylindrical coordinates. The types of boundary conditions (BC)
include: (1) Dirichlet BC, T = Ty; (2) Neumann BC, kVT = q,"; or (3) convective BC: —kVT = h -
(T — Tfiyia)- A more in-depth discussion of the conjugate heat transfer modeling in SAM can be found in
Ref. [13].

2.2. Spatial Discretization Algorithm — Finite Element Method

The general residual form of the governing equations discussed above can be written as:
R(U):(;—Z+VF—S:O (5)

and the weak form (in FEM) can be derived by multiplying a vector of test functions W, integrating over
the domain (), and applying the Gaussian divergence theorem,

fo (B W—F-YyW-5-W)do+ [ (F-W)-fdl =0 (6)

in which the first term represents the volume integral and the second term represents the boundary surface
integral. The approximate problem then proceeds by selecting test functions, which is spanned by the
basis {¢p;}. In SAM, the continuous Galerkin formulation is used (through MOOSE and LibMesh);
therefore the same shape functions are used for both the trial and test functions, and the unknowns can be
expressed in the same basis used for the test functions, i.e.

U=Uh=3; U, (7)
VU =~ VUM =3, U;Vg; (8)

SAM uses Lagrange polynomials for both the test functions and the shape functions (sometimes called
trial functions). Therefore, these coefficients U; actually comprise the solution vector U at each node.

Substituting the expansions (Eq.-7 and Eq.-8) back into the weak form, we get:
auh o
Jo (Ge W= F V=S ) d+ [ (F ) 7idl =0 (9)

The left-hand side of the equation above is generally referred as the i*" component of the “Residual
Vector” and writes as R; (U").

In SAM, both linear 1-D elements (EDGE2) and the second-order elements (EDGE3) are available for
use in the 1-D finite-element discretization of a reactor system. For first-order elements using piece-wise
linear Language shape functions, the trapezoidal rule is recommended for the numerical integration; while
the Gaussian quadrature rule is recommended for second-order elements (with second-order Language
shape functions) in SAM. In one-D analysis,

Trapezoidal rule: [ f(x)dx = (b — a) L (10)

Gaussian quadrature rule: f; Fdx = Ygp f(xgp)Wap (11)
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In which x4, is the quadrature point, and w,, is the weight. In SAM, the Gauss-Legendre quadrature is
used (through MOOSE and LibMesh); and the quadrature points and weights are well defined.

In One-Dimension, Trapezoid formula with an interval h gives error of the order O(h?). On the other
hand, the Gaussian quadrature rule can exactly integrate polynomials of order 2n — 1 with n quadrature
points. However, the error can be difficult to estimate as it depends on the 2n order derivative. The error
bound is [14],

_ (b_a)2n+1(n!)4-

Error = [} f(x)dx = Yy f (Xgp)Wap —mf(zn)(f)' a<{<b. (12)

It is can be concluded that SAM spatial discretization scheme is at least second-order accurate with the
first-order elements, and could have exponential convergence rates with the second-order elements for
continuous problems.

2.3. Temporal Discretization Scheme

SAM, through MOOSE, supports a number of standard time integration methods such as the explicit
Euler, implicit Euler (or backward Euler), and BDF2 (backward differentiation formula — 2" order)
method, Crank-Nicolson, and Runge-Kutta methods. For most reactor applications, we recommend to use
the implicit Euler or BDF2 methods with SAM.

The backward differentiation formula (BDF) is a family of implicit methods for the numerical integration
of ordinary differential equations. They are linear multistep methods that, for a given function and time,
approximate the derivative of that function using information from already computed times, thereby
increasing the accuracy of the approximation. Note that the first order method of this family, BDF1, is
equivalent to the backward Euler method. For a time-step-size At, applying the BDF methods to the

ordinary differential equation:
ou

=@t (13)
would result in:

n+i_,n
funtt gty = & = “_ + 0(At), Backward Euler or BDF1;

Eun+1_2un+lun—1 (14)

f(un+1,tn+1) —2 = 2 + O(Atz), BDF2.

It can be conclude that SAM temporal discretization can be second-order accurate when using the BDF2
scheme.

24. Solution Methods

The Jacobian-Free Newton Krylov (JFNK) solution method is used to the above equation system. The
JFNK method is a multi-level approach, the outer Newton’s iterations (nonlinear solver) and inner Krylov
subspace methods (linear solver), in solving large nonlinear systems. The concept of ‘Jacobian-free’ is
proposed, because deriving and assembling large Jacobian matrices could be difficult and expensive. The
JFNK method has become an increasingly popular option for solving large nonlinear equation systems
and multi-physics problems, as observed in a number of different disciplines [15]. One great feature of
JFNK is that all the unknowns are solved simultaneously in a fully coupled fashion. This solution scheme
avoids the errors from operator splitting and is especially suitable for conjugate heat transfer problems in
which the heat conduction in the solid is tightly coupled with the fluid flow.
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Assuming that the FEM discretized equations form a system of discretized nonlinear equations:
F(uw) =0 (15)

Where F represents the nonlinear equation system and u is the solution vector. Newton’s method will be
like solving:

J(uF)ouk = —F@uh) (16)
given u®, In which, u¥*? = uk + uk, J is the associated Jacobian matrix and J(u*) = F'(u¥) =
dl;—sl)| . - The Newton iteration is terminated if the nonlinear residual drop is sufficiently small:

u

e
F(u%)

< tolerance; (17)

or a sufficient small Newton update:

suk
”F” < tolerance; (18)

For a scalar problem with n equations and n unknowns, we have F(u) = {F;,F,, ... F;} and u =

{uq, uy, ... uy}, the (i, j)th element of the Jacobian matrix is
]. L dF;(u)
y 6u]- ’

(19)

In JFNK approach, a Krylov method is used to solve the linear system of equations given by Eq. (16). An
initial linear residual, 1y, is defined, given an initial guess, du, for the Newton correction,
o = —F() — J(w)du (20)

Note that the nonlinear iteration index k£ has been dropped since the Krylov iteration is performed at a
fixed k. Let j be the Krylov iteration index, the jth iteration du; is drawn from the subspace spanned by

the Krylov vectors, {rq, J7o,J*To, .., ]' ~115}, and can be written as
Su; = Sug + {2y Bi(D'mo (21)

where the scalars §; minimize the residuals.

The JFNK method does not require the formation of the Jacobian matrix, instead it only needs the result

vector that approximates this matrix multiplied by a vector:
N [F(utev)—F(u)]

Jv——FT"> (22)

€

where € is a small perturbation.

However, in most applications, the Krylov subspace methods require preconditioning to be efficient.
Using right preconditioning, Eq. (16) becomes
JW)P~PSu= —F(u), (23)

in which P represents the precondition matrix (or process) and P~! the inverse of preconditioning matrix.
In the solution methods currently used in SAM, an analytical Jacobian matrix is computed according to
Eq. (9), and passed to the underlying numerical solver library (PETSc) as the matrix P for the
preconditioning purpose. A very good review of the JFNK method can be found in Ref. [15].
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3. DEMONSTRATION TESTS
3.1. The Effects of Spatial Discretization Scheme

As discussed above, the 2™ order FE shape functions and mesh are supported for high efficiency and high
code performance in SAM. Here, a core channel problem (coolant flow and solid conduction in fuel
assembly) with uniform power distribution inside the fuel pin is presented to confirm its efficiency.

The schematic of the spatial discretization of the core channel problem is shown in Figure 1. The different
lines of colors on the left represent different heat structures in an SFR fuel pin (i.e., fuel, sodium gap, and
clad). Note that each element between two nodes represents a first-order 1-D finite element. If an extra
node is added in the center of the element, it becomes a second-order element. The fluid and solid
domains exchange energy at the fluid-structure interface nodes. A more detailed discussion of the
conjugate heat transfer modeling in SAM can be found in Ref. [13]. The inlet of the core channel flow is
fixed at constant temperature and flow rate. Constant material thermophysical properties are assumed for
this verification test. Therefore, the analytical solutions of this test problem can be easily derived, with
coolant temperature:

Teootant (Z) =T, + mq_cpz (24)

and the fuel centerline temperature:

oD =To g (2 p — +11(Rco)+ . (25)
f—ClZ T q Tf’lcp zﬂRcohc ancn RCi ZT[thg 4nkf

Both 1% order element and 2™ order element schemes were applied for this test problem. The errors
between the code predictions and the analytical solutions are shown in Figure 2 and Figure 3 for fuel
centerline temperatures and coolant temperatures, respectively. It is clearly seen that the errors from 2™
order elements simulation are essentially zero, even though only two radial elements were used for the
fuel pellet region. However, the errors from 1% order element simulation remained notable when using 20
radial elements to model the fuel pellet.

1D or 2D structure
PN

L] ] . L] L] L] ] .

P—— 1D flow

Figure 1: The schematic of the spatial discretization of the core channel problem
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Another test problem is also examined to verify the efficiency of using 2™ finite-elements. A solid
cylinder (2cm diameter) is heated with uniform volumetric power density inside. A constant temperature
is assumed on the outer surface. The analytical radial temperature distribution can be easily derived as a
quadratic function since constant material thermophysical properties are assumed.

T(r) = T, + 220810 26)

In which Ty is the outer surface temperature, and 7, is the radius of the cylinder. Again, both 1% order
elements and 2™ order elements were applied for this test problem. The radial temperature distributions
from various spatial discretizations are shown in Figure 4. It is seen that errors still exists with 40 radial
elements if using 1* order shape function, while no errors were observed even with a single radial element
if using 2™ order shape function.
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Figure 4: Radial temperature distributions of a heated pin rod

3.2. The Effects of Temporal Discretization Scheme

One challenging problem for traditional system codes, such as TRACE and RELAP-5, is to accurately
model the wave oscillation or the sudden disturbance of the system without any numerical instability and
numerical diffusion concerns due to their first-order approximations of the differential equations in both
time and space. An example of the density wave propagation is presented here in a pipe flow problem.
The inlet temperature of a one-meter pipe oscillates following a sinusoidal distribution, T;, (t) = 628 +
100 * sin(mt); the inlet velocity is fixed, u;, (t) = 0.5 m/s; and the initial pipe temperate is at 628 K.
The transient responses of the wave propagation are shown in Figure 5, where the code predictions agreed
very well with the analytical solutions. This is because of the high-order accuracy in both spatial and
temporal (BDF2) discretizations in SAM. If the first-order time integration scheme (backward Euler)
were used, numerical damping or diffusion would occur, as shown in Figure 6.

Another challenging problem, generally true for all types of numerical analyses, is the modeling of the
non-continuity (steep gradient). A steep gradient problem is tested again in a simple pipe flow. The inlet
temperature of the pipe follows a step function, and the inlet velocity is fixed u;, (t) = 1 m/s.
T (t) = {6281(, ift<o0
in(t) = {728 K, ift>0 (27)

The transient responses of the temperature step change are shown in Figure 7, in which results from both
backward Euler (BDF1) and BDF2 schemes are included. The smoothing of the temperature gradient over
time is clearly observed in both schemes. The overshooting of temperature predictions was resulted at the
jump with the BDF2 scheme. This is a known issue for the BDF2 scheme to model the steep gradient
problems. One the other hand, the Backward Euler scheme requires much smaller time step sizes (dt =
0.0015s) to achieve similar diffusion comparing to the BDF2 scheme (dt = 0.01s) for this test problem.
Therefore, the BDF2 seems to be the better choice if efficiency is more important, while the backward
Euler would be better if accuracy is more important for steep gradient problems. It should be also noted
that the smoothing could be acceptable since: (1) some physical diffusions (molecule diffusion,
turbulence, conduction) are real, but commonly neglected in the 1-D flow formulation; and 2) further
refining the mesh and reducing the time-step size would reduce the smoothing or damping.
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Figure 7: Smoothing of steep gradient during a temperature step change transient

3.3. Convergence Verification Tests

Verification of the numerical convergence rates is an essential part of the modern software verification
and validation process [16]. To verify the accuracy of the SAM code on spatial discretization, a series of
tests are presented here on the natural convection cooling of a used fuel assembly. In this test problem, the
used SFR fuel assembly sits in a large sodium pool, and the decay heat level is assumed to be 0.4% (~48
hours after reactor shutdown) of the peak fuel assembly in ABTR [17]. Equal pressure boundary
conditions (P, = 1e5 Pa) are assumed at the inside and outside of the top of the fuel assembly, as seen in
Figure 8.

Both 1 order elements and 2™ order elements were applied for this test problem. The errors in the
predicted steady-state natural circulation flow rates from various spatial discretizations are shown in
Figure 9. Since the analytical solution is very difficult to obtain, the result of the case using 40 2™ order
elements for each fluid component was used as the reference solution. The second order accuracy in
spatial discretization is clearly demonstrated from the error trendline for the cases using 1% order
elements. The accuracy of 2™ order elements is more difficult to obtain, since the results is already very
accurate with the coarsest spatial representations (5 elements per fluid component), and the errors due to
the settings of convergence criteria would interfere the errors due to spatial discretization.

To verify the accuracy of the SAM code on temporal discretization, the above test problem was slightly
modified. The inlet pressure of the downward flow outside the assembly was assumed at a slightly higher
pressure (like a pressure head provided by a pump) at steady state, P; = 1.1e5 Pa. Att = 1s, the pressure
is suddenly reduced to the assembly outlet pressure (10> Pa). This transient simulates the transition from
forced flow to natural circulation flow in cooling the used fuel assembly. In this study of temporal
convergence, the spatial discretization scheme of 40 2™ order elements for each fluid component is used.
The transient responses of core flow rates and peak clad temperatures (PCT) are shown in Figure 10. It is
seen that the system approached the final steady state of natural circulation cooling after 200 seconds. The
errors in the predicted PCTs from various time step sizes using the BDF2 scheme are shown in Figure 11.
The result of the case using the smallest time step size (0.2s) was used as the reference solution since the
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analytical solution is not available. The convergence rate of the time step size is seen about 2™ order from
the trendline.
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Figure 8: Schematic model of the used fuel assembly cooling test problem
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4. CONCLUSIONS

An advanced system thermal-hydraulics analysis tool is currently under development for advanced reactor
systems. A 1-D FEM flow model with stabilization schemes has been developed for incompressible but
thermally expandable flows. High order spatial and high-order time discretization schemes have been
applied to solve the one-dimensional fluid flow and heat transfer. Combined with the use of the JFNK
solution method and high-order discretization schemes, this STH model enables the high efficiency and
code performance, accuracy, as well as assuring the conservation of conserved quantities in the system
analysis of advanced reactors.

The effects of different spatial and temporal discretization schemes are investigated. It is found that the
use of 2™ order finite elements would significantly increase the efficiency and accuracy of the
simulations. The BDF2 scheme is generally preferred for its second-order accuracy and minimal
numerical diffusion for continuous problems; however, backward Euler scheme could be preferred to
avoid potential overshooting and undershooting for steep gradient (or discontinuous) problems.
Additionally, the convergence rates of the high-order spatial and temporal discretization schemes have
been confirmed by a series of verification tests. It can be concluded that the developed system thermal-
hydraulics model can be strictly verified, and that it performs very well for a wide range of flow problems
with high accuracy, efficiency, and minimal numerical diffusions.
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