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Abstract

Schemes for the incompressible Navier-Stokes and Boussinesq equations are formulated
and derived combining the novel Hybridizable Discontinuous Galerkin (HDG) method,
a projection method, and Implicit-Explicit Runge-Kutta (IMEX-RK) time-integration
schemes. We employ an incremental pressure correction and develop the corresponding
HDG finite element discretization including consistent edge-space fluxes for the velocity
predictor and pressure correction. We then derive the proper forms of the element-local
and HDG edge-space final corrections for both velocity and pressure, including the HDG
rotational correction. We also find and explain a consistency relation between the HDG
stability parameters of the pressure correction and velocity predictor. We discuss and
illustrate the effects of the time-splitting error. We then detail how to incorporate the
HDG projection method time-split within standard IMEX-RK time-stepping schemes.
Our high-order HDG projection schemes are implemented for arbitrary, mixed—element
unstructured grids, with both straight-sided and curved meshes. In particular, we provide
a quadrature-free integration method for a nodal basis that is consistent with the HDG
method. To prevent numerical oscillations, we develop a selective nodal limiting approach.
Its applications show that it can stabilize high-order schemes while retaining high-order
accuracy in regions where the solution is sufficiently smooth. We perform spatial and
temporal convergence studies to evaluate the properties of our integration and selective
limiting schemes and to verify that our solvers are properly formulated and implemented.
To complete these studies and to illustrate a range of properties for our new schemes, we
employ an unsteady tracer advection benchmark, a manufactured solution for the steady
diffusion and Stokes equations, and a standard lock-exchange Boussinesq problem.

Keywords: Hybridizable DG, Projection Methods, IMEX-RK, High-Order, Selective

Limiter, Quadrature-free, Navier-Stokes, Boussinesq, Ocean Modeling

1. Introduction

Solving systems of equations that govern fluid flows is required for a
vast number of applications, from designing microfluid devices to predicting
ocean dynamics, the weather, and climate on Earth. These equations are
challenging to solve accurately and quickly. A common trend is to attempt
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larger, more complex, and increasingly important problems that require more
accurate answers. Since solutions of multi-scale nonlinear equations are sen-
sitive to small errors, their simulations require accurate numerical schemes.
Schemes should be capable of phase-resolved predictions up to predictability
limits, which can be relatively long durations for certain waves and coher-
ent structures. Schemes should also limit numerical dissipation and other
truncation errors that can insidiously alter the system dynamics: for exam-
ple, global properties of discretized solutions can then differ from those of
analytical solutions [59]. Schemes should also be optimized for modern com-
putational architectures. Presently, our focus is on incompressible fluid and
ocean flow simulations, for ocean engineering and regional ocean dynamics
applications. Our aim is to develop a new class of numerical schemes which
combines the recently developed hybridizable discontinuous Galerkin method
with the well-studied projection method to obtain new high-order accurate
schemes with excellent efficiency for ocean applications.

Projection methods, pioneered by Chorin [7] and Témam [55], decouple
the solution of the velocity and pressure. Herein we consider a class of pro-
jection methods where the diffusion terms are treated implicitly, while the
remaining terms (such as non-linear advection) are treated explicitly, and the
pressure is handled through the particular projection scheme. With projec-
tion methods, smaller systems can be solved for each velocity component and
the pressure separately, instead of a globally coupled solution. The drawback
is the splitting errors (e.g. [I8]). While many different projection methods
exist (e.g. [23]), we focus here on the scheme by Timmermans et al. [56].

Because the solutions of implicit diffusion and pressure Poisson equations
often dominate the cost, it is critical to solve them efficiently. Discontinuous
Galerkin (DG) methods [27] are attractive because they can be high-order ac-
curate on arbitrary meshes. High-order accurate schemes reach a smaller er-
ror tolerance with fewer degrees of freedom than low-order accurate schemes.
They also promise to be more efficient on new computational architectures
because the computation to memory ratio is higher, and present computa-
tions are often limited by the memory bandwidth. Additionally, the DG
method is well suited to advection-dominated problems because upwinding
can be used to stabilize the scheme. However, Continuous Galerkin (CG)
methods [54] are deemed to be less expensive for Poisson equations [32].
All of this, as well as conservative and consistency considerations, led us to
the Hybridizable Discontinuous Galerkin (HDG) [40), 14] method, aiming for
optimal combination of accuracy with cost, hence efficiency.



Figure 1: Discontinuos Galerkin have more degrees of freedom compared to continuous
Galerkin on the same mesh.

The development of HDG methods [40, 14] was motivated by the desire
to improve the computational efficiency of DG compared to CG for elliptic
problems. DG has at times been deemed too expensive compared to CG by
counting the number of degrees of freedom (DOF) required for DG and CG
on the same mesh. The DG discretization duplicates DOF's on the edges of
elements (Fig. [1]), which means that a larger matrix needs to be inverted
compared to the CG case. This comparison is not necessarily fair, since
the DG scheme may reach the same level of accuracy with a coarser mesh
(or same number of DOFs). To address these issues, HDG parameterizes
element-local solutions using a new global edge space, ensuring conservation
of normal fluxes. This reduces the effective number of globally coupled DOFs
and renders HDG competitive with CG for elliptic problems [62, [32].

The HDG method was derived for second order elliptic [14, [I5] and
convection-diffusion equations [40], 41]. Next, schemes for Stokes flows were
derived [§], applied [42] and analyzed [16]. HDG was then extended to incom-
pressible [43] [44] and compressible Navier-Stokes flows [48], [49] 45| 53]. Addi-
tionally, HDG was used for elliptic interface problems [30] and [57, 47] applied
HDG for curved domains using elliptic and convection-diffusion equations.
Computational aspects of HDG, such as its implementation and efficiency
compared to existing methods, has been explored [59, [62], 32, [1]. While it is
still too early to judge whether HDG will be adopted for CFD, results so far
show that HDG is competitive with both CG and FV approaches.

A challenge facing the wide-spread adoption of high-order schemes in-
volves shock-capturing or slope limiting [61]. Without stabilizing a high-order
numerical scheme, numerical oscillations can lead to instabilities. There is
an abundance of literature on slope limiting, and here we do not provide an
exhaustive list. For linear elements, critical contributions deal with Total



Variation Bounded (TVB) limiters [9] [12] [13| 10, [IT]. More recently, higher
order limiters have received much attention with WENO-type approaches
[51, 63] and higher-order limiting [28), B33, 37, 29]. Alternatively, stabiliza-
tion can be added using filtering [26], 59] or artificial dissipation [50, [4, [5].
Efforts to retain the full order of accuracy of the scheme away from the dis-
continuities have also been pursued [6]. However, there is not yet a standard
approach that retains high-order accuracy while capturing sub-cell shocks,
and research in this area is active, e.g. [58].

Our goals are to combine Projection methods with HDG Finite Elements,
derive consistent projections for the HDG schemes, formulate an efficient
numerical implementation using quadrature-free integration, and develop a
selective nodal slope limiter to stabilize the method. We start by presenting
the particular form of the Projection method we employ We then derive
the discrete finite element formulation (§3), obtaining the consistent correc-
tion steps from the discrete HDG predictions. We prove the consistency of
our velocity correction on the HDG edge-space and derive a consistent HDG
stability parameter for the pressure correction. Then, we explain the modifi-
cations needed in order to use a Implicit-Explicit Runge Kutta time integra-
tor ( Next we address implementation issues concerning quadrature-free

integration and slope limiting ( The implementation issues are verified
in §0, and the overall scheme is evaluated in §7]

2. Governing Equations and Projection Methods

In this section, we provide the equations we solve and the particular
form of the projection method that we employ, specifically the rotational
incremental pressure correction scheme [56].

We solve the non-dimensionalized unsteady incompressible Navier-Stokes
equations on a simply connected domain €2 within a finite time interval [0, T

o _g. L

BT Rer—i—Vp:—V-vv—l—f in Qx[0,T7,

V-v=0 in Qx][0,T], (1)
V|aQ = 8D in 00 x [O,T],
V‘t:() =Vy in Q,

where v = [u, v, w] is the velocity, p = piOP, P is the dynamic pressure, f

are external body forces and pg is the mean density. The initial velocity con-
ditions are vy and we assume for now Dirichlet velocity boundary conditions
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(BCs) gp. We will also consider Boussinesq flows using the Boussinesq ap-
proximation. The only body forcing is then due to density, i.e. f = gp where
p is the density (temperature) perturbation. We then solve an additional
equation for p, which is obtained from internal energy conservation,

dp 1

Y \Y% RechP =—-V-vp in Qx|[0,T], :
plog = gp, in 0Q x [0,T], (2)
P‘t:o = pP; in Qa

v

where Sc = £ is the Schmidt number (ratio of kinematic viscosity v to
molecular diffusivity ), gp, are Dirichlet density BCs and p; is the initial
condition for density. Alternatively, for ocean applications we can solve tracer
equations for temperature and salinity, then calculate density through a state
equation. However, if that equation is linear in salinity and temperature and
the Schmidt number is the same for both, we can use above. For the
remainder of this section, we focus on momentum and continuity.

Now, since the non-linear term will be treated explicitly, we group it with
the right-hand-side forcing term and it will not affect the splitting error. As
such, we will only consider the Stokes equations henceforth.
g—Z—V-éVV—I—Vp:Fat in Q x[0,T],

V.v=0 in Qx][0,T], (3)
VlaQ = 8D in 082 x [O,T],

V|—o = vo in £,

where Fy; = —V - vv +f.
The un-split time-discretization of the coupled egs. is given by

Vi 1 k+1 k+1 k, k+1
aAt—V~§VV + Vp" =F5
V.vitl = (@)
V’Z‘;gl = 8D;
V|t:0 = Vo,

where a single stage in time is considered, a is some constant associated with
it, and F&*+1 contains the explicitly integrated terms (including old values
of v) and the possibly implicit right-hand-side forcing terms Fg, (see .
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The time-split discretization corresponding to (4f), with the rotational
incremental pressure correction scheme [56] 23], starts by solving for the
predictor velocity ¥**! using an old or guessed value for the pressure gradient:

vht 1 kb1 k kb1

aAt—V'§VV++Vp = Forr (5)
V5o =en, (6)
V|t:0 = Vo, (7)
Pli=o = Py - (8)

Note, here we only considered Dirichlet velocity BCs, for simplicity, but the
method extends to other BCs [58]. Next, a Poisson equation is solved for
the pressure corrector dp*! (note, negative signs are added so that this
derivation matches our numerical implementation in :

V . ‘—,kJrl
o2kl YV
k+1
9op" = 0. (10)
on |

Finally, the velocities and pressure need to be corrected

vt = $R g ALV ophT (11)
1

k+1 _ k 5 k+1 vV - vE Tl 192

p p* +dp RV Y (12)

We first note that the BC for the pressure-correction comes from
and a normal Dirichlet BC on both v and v. Hence, the v velocity satisfies
the normal Dirichlet BCs (v-fi|54" = gp 1), and is divergence free (V-v = 0),
while v satisfies both the normal and tangential Dirichlet BCs (v|55' = gp)
but is not divergence free (V - v # 0). We then note that the final term in
is known as the rotational-correction term. Eqs. f can be derived
by taking the difference between the un-split (implicit pressure) eqgs. and
split egs. —. Analogous differences of HDG discretizations will be used

to obtain the final corrections for the HDG predictor schemes (§3.2.4}-43.2.6)).

3. Spatial Discretization of Time-Split equations using HDG

In this section we spatially discretize eqs. —. We first define our
notation and describe the premise behind HDG methods. Then we complete
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Figure 2: Notation for domain discretization.

the basic derivations of the scheme. Later, we obtain and justify the final
HDG velocity and pressure corrections, the HDG rotational correction, and
a consistent HDG stability parameter for the pressure Poisson equation.

3.1. Finite Element Definitions and Notation

We let 7, = UK, be a finite collection of non-overlapping elements, K;
that discretizes the entire computational domain Q (Fig. [2]). Also, let
07, = {0K : K € T} be the set of interfaces of all elements, where 0K is the
boundary of element K. For two elements sharing an edge K™ and K, we
define e = 0K T NOK ™~ # () as the unique interior interface between elements
K* and K. For a single element K belonging to 7;,, if e = 0K NON # ()
it is a boundary interface. Let €° and £? denote the set of unique interior
and boundary interfaces, respectively, such that e = e°U&?. We note that in
the interior 97, contains two interfaces, 0K and 0K ~, at the same location
(one for each element sharing the edge), whereas the set € only contains a
single interface, e, at the same location.

KT and K~ have outward pointing normals n™ and n~, respectively.
We then let vector and scalar quantities [a®,c*] be the traces (i.e. the
projections) of [a, c] on the interface e from the interior of K*. The “mean”
value {{e}} and “jumps” [e] on the interior interfaces e € €° for scalar and
vector quantities are then defined as

{{a}} = (a" +a7)/2, {chh = (c"+c7)/2,
J[a-n] =a"-a"+a -, [en] =ctat +cn.

On the set of boundary interfaces e € €7 (with outward facing normal fi on
0€)) we set these mean and jump quantities as

{aly =&, {chh =¢

[a-n] =a-n, [en] = en.



since here a and c¢ are single-valued. Note that the jump will be zero for a
continuous function.

A main difference between CG and DG lies in the approximation sub-
spaces used. DG uses bases that are in L?(2) while CG uses bases that are
in H'(2), that is, the function has to be continuous across elements.

Let PP(D) denote the set of polynomials of maximum degree p existing
on a domain D. For example, we will be using p = 2 to denote a second
degree polynomial basis, which will result in a 3" order accurate scheme.
We define the discontinuous finite element bases we use on the element for
scalars, vectors, and tensors, respectively, as

{6 €L*Q):0|xe PP(K),VK € T}
{0 (L*(): 0 |xe (PP(K)) VK € Tp}
{© € (L*(Q)™*: © |ge (PP(K))™ VK € Tp,} .

To use the HDG method, we will also require the traced finite element
spaces existing on the unique interfaces ¢

{6. € L*(Q) : 0. |.€ P"(e),Ve € e},

{6- € (L*())": 6. |.€ (P*(e))?, Ve € e},

{©. € (L*(Q)™*: O, |.€ (PP(e))™ ", Ve € £} .
We also set {0. = Pgp on 90}, where P is the L? projection of the BC gp
into the same space as 6.. Note that 6. is continuous on the interface, e,
shared by K+ and K, but discontinuous at the borders between different
interfaces (that is, for a 1D-line-interface, discontinuities are the end-points

of the line, see Fig. [3]).

Finally we define the inner products over continuous domains D € R?
and 9D € R¥1 as

(a,b)p — /D a-bdD (c;d)p = /D cddD (13)

(a,b)aD:/ a-bdoD (c,d)aD:/ cddoD (14)
oD oD

for vector functions a,b and scalar functions ¢,d. Over discontinuous do-
mains we also define

(a,b)g, = Z (a,b)k, (¢, d)or, = Z (¢, d)ox, (15)

KeTy, KeTy,



Element local ,*." "
solves

Global

solve
Figure 3: The HDG method splits the solution of the element local equations from the
solution of the globally coupled problem for the boundary conditions.

for vector functions a, b defined on 7}, and scalar functions ¢, d defined on
07,. We also utilize the additional inner product on the HDG edge space

(a,0.). = > (a,0.). (0 =Y (c,02)e (16)

ece ece

for vector or scalar functions a, ¢ defined on €.

To understand how HDG fluxes are specified over the interfaces ¢, it is
useful to grasp an underlying premise of HDG methods. The premise is
that one can solve the equations of interest locally on an element as long as
the initial and boundary conditions are properly specified. While the initial
conditions for an element are specified as part of the problem, the BCs on
every element edge are not given a priori. The HDG method provides a
global system of equations for these unknown BCs, rendering them single-
valued in the HDG edge-spaces. To do so, the fluxes across element interfaces
are first parameterized and made a function of single-valued A/ variables
(see that live on the HDG edge-spaces. These A/ variables are part
of the numerical scheme and are critical to its consistency, stability, and
efficiency. In some equations, they are the numerical fluxes or trace functions
that connect discontinuous elements, and in others, they are part of the
stabilization terms of such fluxes. Since the fluxes belong to the space of
continuous edge-space functions (e.g. 6., 6. or ©.), one can enforce their
conservation across elements, which leads to global flux conservation (i.e.
the fluxes on the interior £° balance the fluxes at the boundary 7). The
numerical traces are then conservative in the sense of [2]. To obtain the
global system of equations for the HDG edge-space variables, the solution on
the interior of an element is expressed in terms of these new variables that
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represent the BCs for that element. The globally-coupled equations are then
found by solving for BCs that give conservative fluxes (that is, the same flux
for both elements on either side of an edge). As such, the solutions of the
element-local equations are split from those of the globally-coupled equations
for the edge degrees of freedom (Fig. [3]). The HDG method thus benefits
from new implementations, e.g. see [40] and [57, 58].

For our set of equations f(@ and @D,’ we need two new variables,
A for and \s, for @, which live in the same spaces as 6, and 6., respec-
tively. That is, XA and A, only exist on the new HDG edge-space, and do not
have a value inside the element (i.e. no interior support).

Additionally, we note that the original Stokes system only required knowl-
edge of the velocity initial conditions, average pressure, and velocity BCs to
be solvable. However, for the time-split system using projection methods
f we need to specify the initial velocity and pressure, and BCs for
the velocity and pressure-correction. While this may appear to be an over-
specification due to the additional BCs for the pressure-correction, the BCs
for velocity and pressure are intimately related, and require careful treatment
to be numerically consistent. The proper specification of these HDG edge
fluxes using Projection methods is one of our contributions.

3.2. Discrete HDG projection-method equations and their derivations

We first introduce the additional DG unknown variables Q = éVv and
qsp = Vop. We then rewrite as

ReQ""' — vvitl =0, (17)
‘;IZ; — V- Q" 4 vpF = PR (18)
@ as
qst — Vepttt =0, (19)
~V i 2—%7 (20)

and expect that final corrections and will remain close to

Vil = ghtl aAtql(;;l, (21)
1 _
pk-i-l — pk + 5pk+1 o EV . Vk—f—l. (22)

10



The time-discretized split equations — are the starting point of one
of our main results, the new HDG projection-method discretization.

Next, we obtain these equations with consistent HDG edge-space updates
(§3-2.1)) and express fluxes in terms of element interior variables (§3.2.2)). To
complete derivations, we first state an HDG discretization for the un-split
case ( _ We then use its differences with the HDG discretization of the
split egs. . to derive the HDG forms of eqs. and formally
justify these element local velocity and pressure correctlons and their con-
sistent edge-space updates (§3.2.4-§3.2.5)). In §3.2.6, we derive a consistency
relation between stability parameters for the split scheme. All equations,
including HDG fluxes, are recapped in Fig. [4], in the order in which the sys-
tems of equations are solved. The solid boxes give the discretized equations
that need to be solved while the dashed boxes give additional information
about the fluxes that are not explicitly a part of the numerical discretization.
Steps 1 and 2 require the numerical solution of a system of global/local HDG
equations. For the solutions steps of HDG systems, we refer to [40], 58].

3.2.1. HDG Spatial Discretization Equations

We first multiply eqgs. . by their test functions, and integrate over
the domain. Following [27] the terms that correspond to fluxes (divergence
terms for the conservative form of eqgs. 7) are integrated by parts
twice, substituting non-local and local fluxes sequentially. This leads to
edge integrals that contain differences between single-valued HDG edge-space
fluxes (denoted by e) and element interior fluxes. Hence, we utilize the strong
form [27], in part for implementation considerations (see §5.1). We then
enforce global flux-conservation, i.e. continuity of the normal component of
the total fluxes on the interior edge-space (inter-element boundaries) and
at domain boundaries (boundary conditions). For our velocity (17 . (IE)
and pressure corrector f predictions, this implies that, on the edge-
space, the total normal stress and pressure corrector are conserved and single-
valued functions of A and \s,. The edge integrals are indeed parameterized
in terms of HDG stabilization functions (see §3.2.2). Since advection fluxes
depend on velocity only, they can be made single-valued on the edge-space
by construction: element-local fluxes are then set equal to edge fluxes and
they cancel out in the normal flux conservation equations. If the advection
term is evaluated explicitly (as we do, see ), its strong-form still needs
to be utilized to ensure continuity of normal advection fluxes. We give some
guidance on different choices of advective fluxes in §3.2.2) but for stability
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of advection schemes with the HDG framework see for example [41]. With
all of the above, we obtain the new element-local equations (with the HDG

fluxes substituted) along with their global flux-conservation equations.
The strong-form HDG discretization of f provides the element-

local equations for vF*1,

((Re)QkH, @)K — (V9F1,@) . + (v 4. ©) <5\’““, A @> , (23)

oK 9K

VkJrl ~k+1 —k+1
<aAt,0>K(V~Q ,0)K+<rv 6), .

(24)

where QkH, vF*1 and p” live in the spaces ©, 0, and 0, respectively; FFF+!
1)1) we defined the single-valued

~k41 Lk+1

v

= A and substituted an HDG stabilization vector-valued function
for the total normal edge-space flux

lives in 6; and N lives in 6.. In

(@7 QA - ae) = (e

where 7 is the stability parameter, of O(1/Re) for our non-dimensional equa-
tions (§3.2.6). The flux defined via (25)) is key to reducing the number of
global degrees of freedom of the problem (and therefore the computational
effort), as well as securing stabilization via the 7 parameter. This flux defi-

nition leads to the global flux-conservation equations for N

([ ], =

= <[[Qk+1 N -7 (\‘;k+1 _ ;\k+1)ﬂ ’ 05>8 _ <[[pkﬁ]] 7 9€>E + (g, 6€>5’ (26)
5\|§%1 =8p (27)

where gp and gy are the provided Dirichlet and Neumann BCs for the mo-

mentum equations, respectively (other BCs can also be used, e.g. [44] 58]).
The strong-form HDG discretization of — provides the element-

local equations for dp*+1,

(qlg;rl»e);( — (Voph*',0) . + (0p"* ' n-0), . = <>‘§;1’ n- 9>6K ’ 2%)

S (NHFL _ ght)
" il k+1
_ (V.qé; ,9)K+<Tp5p 0) o5 = <Tp)‘6;_ ’9>3K( alAt ,9>K< alt
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where 1, opF*!, and A’g; Uive in 0, 6, and 6., respectively. In —, we

op
~k+1
defined the single-valued ép = A’g;r ! and substituted an HDG stabilization
scalar function for the total normal edge-space flux

(~@" =) b)) == (0% - at0) (30)
where 7, = ﬁ is the HDG stability parameter for the pressure-correction

(derivation in §3.2.6)). In , we also used 35“ =\ by consistency with

~k . : :
P used in (24). The global flux-conservation equations for /\f;; I are thus

<[[®k+1 . “H , 9€>€ = (gn,, 0.).
= ([las; " -0 =7 (3" = N 0:) = (9w, 0:). . (31)
Aol = g, (32)

where ¢gp, and gy, are the provided Dirichlet and Neumann BCs for the
pressure-correction (and these are normally all zero Neumann, see eq. )

We will show in that the final correction for the element-local ve-
locity remains as (21)) (except that spatially discrete HDG variables are used)

VI = 9 —aAbgftt (33)

Logically, a final correction on the velocity edge-space is also required. To

be consistent with the HDG pressure-correction —, we find that this

. . ~k+1 —~k+1 ~
new correction is Vo' = —aAtqs," " = —aAt (qft — 7,(0pF = A hn),

~ k1
where dp g )\lgz'f Ustill. The final corrected edge-space velocity is thus

)‘k;—H _ 6,’f“ i vi;j: _ j‘kJrl _ aAt@k—&-l (34)
=\ alAtqs," ! + aAtr, (pFH — /\lg;l) n, (35)

k 3 : : :
B a O , the final discretized pressure correction

where again v,

will be shown to be as a standard DG on but with updated HDG fluxes,

1 _ 1 .
(" 0) = (" + o™, 0) — Re (V. v, 0) — Re (A — v '(n7)9>8K '
36

We note that this final pressure (36]) with the HDG rotational correction is
only needed for the next stage in the local pressure gradient in and jump
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terms in (26)). The final corrected pressure on the edge-space is not needed
in the present scheme: it is within the stabilization term in . Variations
on the above are provided in [58, 35]. All of the HDG fluxes are given next.

3.2.2. HDG Spatial Discretization: Fluzes

To obtain the above HDG discretization, we needed to define the HDG
~ ~ ~k+l 2kl _
edge-space fluxes (numerical traces) \7k+1, \75“, op ,Q 7P and q(;pkﬂ.

In §3.2.1] these single-valued e fluxes arose in the edge integral terms of the
strong-form HDG equations. For the equations added to define HDG gradi-
ents, the fluxes are simply edge variables and they were set to their A’s. For
the momentum and pressure equations proper, the differences between the
single-valued edge fluxes and interior fluxes were set to stabilization func-
tions, 7'(/_\]erl — v and Tp(A]g;l — §pktL), respectively. In other words, the
total single-valued HDG fluxes were set equal to the corresponding element
interior flux plus the stabilization term. These expressions are now given.

R ~k+1 N
Our flux definitions for ¥ and total stress Q  —7"I that appeared

in f at time k + 1 are:

N o
Shtl _ { AT, on 58 (37)
Pgp, on €f

=~k+1 — =
T =Q"M —pr1— 7 (\7’““ - \_fk+1> n, on¢°
~k+1 (38)
Q = Pgy, on 5‘?\,

where Pgp /Pgy is the L? projection of gp/gy into the space of 6./0, (e.g.

tangential stresses), I is the d x d identity tensor, and (vF+1 — \_fk+1)ﬁ is a

d x d tensor. Substitution of these fluxes led to (23])—(24).
Similarly, the fluxes for p  and qs, '~ that appeared in l'{ are:

~ k1 AL on g°
p = P5p 15) (39>
9gp,, onep
o~ k41 s k+1 ~ °
Gy =yt - <5pk+1 —op ) foone (40)
Qsp = FIn,, on £y

where Pgp, /Pgn, is the L? projection of gp,/gn, into the space of 0./6.
(normally all zero Neumann, see eq. ) Substitutions of these fluxes lead
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1. Velocity predictor (momentum equations)
e

~
Element-Local equations:
(ReQ".0) — (V¥5.0), + (vn @), = (X"n-e) (22)
k+1 —k . ok
(Eﬂ)K —(v-Q""he) (), = (FATE) - (Vih6), + (FMFL0), (23)
Edge-space global flux conservation equations:
([@n—r (v =X 6.) =[] 6.), + (v 6.). (25)
A = gp (26)
! ‘Flux definitions: H
okl _ N o e (36)
E Pgp, on ﬁ% E
Dokl [ — k1 ok o E
QT =Q o ( JENEL!
- T i /
2. Pressure corrector (to enforce continuity)
e N
Element-Local equations:
(q:;rl.H) (V{)p“rl 9) + <<Yp’”+ n- 0>0K <)\§;1.h Hk o (27)
. V. gkt (O Y
7<v-q§l’+l‘ﬂ)k’+<7po]} " Do < /\’3:1‘ >()K7 ( alt ‘H>K7< alt 0) (28)
K
Edge-space global flux conservation equations:
(et 7 (T = )6 = (o, 60). 0
Asplta = g, (31)
‘Flux definions: ;
b sk ML on e® (38):
0p = ! 9 '
: Pgp,, onep, :
o . L ~kA1N :
@ 1 a1, (Opl.,+1 —op >n (39)E
:\ efﬁ»l _ Xk+1 (40)5
. T y,
3. Velocity and pressure corrections
4 )
Element-Local correction'
Vil = gkl nAz‘qg;rl (32)
1 1
A+1 l\+1 ok+1 k+1 k+1 -
P0) = (" + 0" 0), — e (Vv 1), — Re (W =y 0. g). (35)
Edge-space correction:  \"'= N _ alAtqs ' + aAtr, (op™ ™! )\ip“) n (34)
(Consistent HDG Implicit flux deflnmon
stablllty parameter £ e bl 1 P T K H
Ct= i (6D = {1 -2 [[ 8] + o= [[p#8]) +art 2 [op 2] (60),
et N o )

Figure 4: New HDG — projection method scheme. Plain boxes denote the main equations,
while dashed boxes give flux definitions. Element-local equations are arranged such that
locally-calculated quantities are on the left of the equal sign, while globally calculated (i.e.
N’s) and known (or given) quantities are on the right.
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to f. Finally, the velocity fluxes 35“ stem from continuity on the
right-hand-side of and thus ensue from the advective edge-space flux
used in . A consistent HDG flux is thus to select the same as in (24)),

~k+1 k1
A

AR (41)

and in our experience, this choice (41 gives accurate results. However, a
central flux or, for improved stability, an upwind flux in the interior yields

v = (42)
= [ et R) [FA] (43)

respectively. Each of these choices then replaces N in and . Since
they originate from , they then also need to be used in (24)) and thus

(37, for consistency.

3.2.3. HDG Spatial Discretization: Un-split equations

We now state the element-local and globally-coupled HDG discretization
for the un-split egs. (for a single time-stage). They are utilized in the
proofs that follow. The element-local equations for the un-split system are:

(Re)Q*",©) —(VWF*,0), + (V1 4-0), = (A" a-0) |

v o) - (V,Qk+1 0) +(rvETLe) 4 (VP e) = <7')\k+1 0> + (FRHTL g)
alt’ K ’ K T IOK p U)K ’ oK U)o

k k ~ k+1 A
(V-vh10)  — (v +1.n,9>6K:f<)\+ .n’9>8K’
1) k1
k1 okt
P =p"".
( K1)k

Note that these eqgs. are solvable once the velocity BCs and average
pressure are specified. The globally coupled equations for A and the average
pressure |p| = |_11(\ [ pAK on the element (with volume |K| = [, dK) are:

(44)

([Q"" a+pa+r (v =X 6.) = (g, 62). .

1
Ak—l—l A =0
< ™ 9K >;m / (45)

k+1
A |£% = gD-
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3.2.4. Final HDG wvelocity corrections: derivation

In this section we derive the element-local, , and edge-space, ,
final corrections of the predictor velocity. The goal of these final corrections
is to obtain velocity fields v¥*! that are numerically divergence-free in the
HDG sense, i.e. as in the third equation of the un-split system (44]). For the
split HDG system, it is the pressure-correction eqs. f that play that
role. Hence, by taking the difference of these equations with their un-split

counterpart, we can derive the final velocity corrections and .

We begin by re-arranging ([29)), where the goal is to combine terms to
make the final element-local and edge-space velocities appear as they are in
the continuity equation of the un-split system . Multiplying by the
scalar aAt and assembling terms, we obtain,

) SEHL N
B (V ) (aAtqlg;l _ Vk+1)’9>K T <aAtTp(5pk+1 _ )\’6“]—)0—1),0>8K + <()\ gkt -n,9>aK =0

= - (V : (aAth(;;l - ‘7k+1)79)K + <(5\k+1 — VM) Ch 4 aAtT, (Sph T — A§;1)’9>8K =0.

Subtracting this result from the target un-split HDG continuity equation,
(Vv 0) 4 (AR = v on, 0)) =0 in (44), we obtain

(v. (Vk+1 _ (@ aAtq’(;;rl)) ’9)K
(W= AT (R R ) el (A ), 9>8K —0.  (46)

i S, Sk+1 S Ek+1
Defining vE! = vA+1 - gh+1 and 981 = AEH1L = \KHL_

flux definition (as stated in '), we Tewrite as

, and using the

k+1 k+1 k+1 k4+1y  » —k+1 k+1y  »~ _
(V : (vcor + G’Atqép )70)1{ + <(Acor — Veor ) ‘n+ CLAt(qu - q5p ) - n, 9>8K - 07
= (v (Ve + aAtqsT), Q)K + <(>\’§0t1 + aAtqs, ) o — (vEE altqj™) - n, 9>8K =0.
(47)

This eq. (47) holds for all ~ and p discretizations and parameter 7,. In
theory, as long as vit! and AF+! satisfy , the final corrected velocities

cor cor
vF+land A**! are divergence-free in the discrete HDG sense. However, a
logical choice that leads to consistent corrections is to set both interior and

edge terms to zero in (and thus also in (4€])). Hence, in (7)), if we set

Vil 4 aAtqlg};F ! = 0, both the element interior term and last edge-space term

ktl 4 aAt@kH = 0, the first edge-space term cancels and

cancel, while if AZ
A4l is then also consistent with vF+!. Summarizing, we derived the final

cor cor °
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consistent corrections and corresponding vF*! and A1, respectively,

V]ﬁLl = —aAtqk+1 and >\k+1 = 7&At@k+1 . (48)

cor op cor
=yFtl = gkl aAtqlg;'l and AR = X aAtqlg;l — aAtTp()\]g;'l —op"hHn.
(49)

This completes the justification of and (35). A few remarks:

1. As mentioned above, other acceptable choices for vE+l and A5l are
possible, in part because the edge-terms in (46 and only constrain
the normal flux (the normal was in essence dropped in (48)—[(49)).
However, our corrections are logical and consistent with each other
and with other relations, including the final HDG pressure correction
(§3.2.5) and the T, relation (§3.2.6)).

2. From (35)) (and the above justification), the edge-space pressure-gradient
correction leads to a continuous change of the edge-space velocity in the

normal direction. Indeed, this change is equal to &' . = Akl . h =

—aAt@,kH = —aAtqs,"™ -0 — aAtr, (0pFF! — /\’g;rl), and is continu-

ous because we solved . However, the corresponding change in the

tangential direction, ijrl = At = —aAt@;\pkH -t, is not con-
~k+1

strained to be continuous. Hence, even though v = Nt is a unique
vector on the edge by construction, the final corrected edge velocity
A1 can be discontinuous in the tangential direction. This property is
common in projection methods, e.g. see [23].

3. Finally, combining and , and using 7 aAt7, = 1 (to be justified
in , we obtain the following relation between HDG stabilization
functions for the final velocity correction and pressure-correction,

k+1 k+1 _ k+1 k+1\a
(T(vEs! = N1, 0) 5y = (T altr, 04 — 5 Hn6)

— <(5p’<f+1 — A, 9>8K . (50)

This relation will be used next in §3.2.5|

3.2.5. Final HDG pressure correction: derivation

We now derive the final HDG pressure correction ([36)). For a rotational
correction [56, 23], the goal is to obtain an equation for the final corrected
pressure (gradient) such that the discrete un-split momentum equations are
satisfied. Hence, just as in We used the third equation of to obtain
velocities that are HDG divergence-free, here, we employ the second equation
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of to correct the pressure gradient in (24)) such that, at the end of a time-
stage, momentum balance is satisfied in the HDG sense. Thus, taking the

difference of this equation with the predictor , using , we obtain

Voor k+1 E+1 AFtL k+1\  a o (kD kH1ya _
( al\t ’G)K - (v : Qcor ’0)]( + (vPcor ’O)K + <_(Qcor - Qcor ) ‘n+ (pcor — Pcor )n79>aK =0

k+1
N <Vcor 0) o (v . (Q/chl;l7 0)K 4 (vpl&;‘;l’ B)K —+ <T(V§$l _ A§$1)7 0>8K = 07 (51)
K

alAt’
_ ~k+1 ~k+1 ~k+1
k+1 _ k+1 k+1 _ k41 _
where we defined Q7" = Q -Q ', Q. =Q - Q and pitt =
pFtt —pkand where vEfL and AEfL are as in §3.2.41 Next, we insert in (51))

the velocity correction (33 and utilize the HDG pressure gradient corrector
and relation between final velocity and pressure corrections, to get

(V1. 0) . = (Vp*.0), + (Vop*™'.6), + (V- QL. 0), . (52)
To obtain (36)), we need to express the diffusion term in in terms

of a gradient. To do so, we can first start back from (51)) and consider the
NS
strong form (V- Q' 0), + <(Qc;rr — Q). n, 0> . We integrate this

cor cor

oK
sum back to the weak form, utilize (33) and then return to the strong form
by integration by parts. We then complete the same manipulations as those

made to go from to , which yields a re-written ,
k41 k k+1 alt k+1
(VP",0) = (VD" 0) o + (VOp'™,0)  — 1= (V- Va5, 0)
Realizing that qlgz;F !is a gradient, in the element-local space, numerical op-

erators can be defined such that (V - Vghtt H)K = (VV it O)K i.e. the

op dp
numerical curl of q'gj !is null. With this, we obtain
VpEL0) = (Vph8), + (Vop8), — Y (vv .t e 53
(Vp 7)K_(p’)K+( D 7)1{_@( 'qép’>K‘(>

This relation holds for all element-local numerical gradient operator.
Thus, up to a constant,
alAt

(karl’ H)K _ (pk + 5pk+179)1< - e

Equation can be utilized for computations. A first alternate form is
obtained by inserting the velocity correction into to obtain:
1

(.6) e = 0" + 3" 0) e+ g0 (VoVI = Vv 6)

(V-as5;".0), - (54)

(55)

K

19



which is the HDG element-local version of the classic . A second alternate
form is obtained by utilizing in the third equation of which, as
derived in §3.2.4] is also satisfied by the split HDG scheme. This yields

(pk—l-l,e)K — (pk + 5pk+179)K o é (v . {’k+1,8)K o i <<Ak+1 o Vk-l-l) . ﬁ, 6)>8K )

Re
(56)

To confirm this, one can also proceed using the results of §3.2.4] inserting
in and using the edge-space corrections and to yield again
(56). We note that this final is as a standard DG on but with the
final updated HDG fluxes. Finally, the three forms , and can
be derived from each other and are thus theoretically equivalent, but they
lead to different implementations, efficiency and round-off errors.

3.2.6. Consistent HDG stability parameter for the pressure-correction: jus-
tification

We now justify the magnitudes of the HDG stability parameters 7 and 7,,.
For diffusive fluxes, the effect of varying the magnitude of 7 has been studied
[40;, 14], 15], 16l [44] and 7 = O(v/¢) was found to yield accurate fluxes and
stable solutions (for our non-dimensional equations, 7 = O(1/Re)). Hence,
what remains is to justify the consistent expression for 7,, 7, = ﬁ, used in
33.2.5 To do so, we compare the fluxes of the split equations to these of the
un-split equations, through their respective edge-space variables. We first
solve for the un-split A in terms of its element-local quantities. To compare
the un-split fluxes to the split ones, we then express the split edge-space
variables A and Asp in terms of their element-local quantities, and then form
the final edge-space velocity using .

To solve for A*™ in the interior of the domain (note gy = 0 on the inte-
rior), we use the first equation in , then we expand the “jump” operator
in terms of element-local quantities on either side of the edge, and finally we
recombine terms using the “jump” and “mean” operators:

0=[[~Q" a+pt a7 (Vi - XM

0=—-Q"* 1. at 4 QM. At 4 pTFtiat — poktigt 4 (vl 4y = bl gk
1 1
B s N R Py &

Now, we want to compare this to the A**! obtained from the split equa-
tions. From the flux-conservation equation for S\kﬂ, (that is, using our
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flux definition (38]), which includes the explicit pressure contribution), we
proceed similarly

0= H—Qk“ A+ pFa+T (v’““ - X’““)ﬂ

' . ~— k+1 . . N _ __ <k+1
0=-Q"* . ++Q AT 4 pthat — pokat (el gkt ok

= o - o @8] + 5 [l (58)

Note that the time-level of the jump in the pressure is different between the
split flux (58]) and the un-split flux (57) . To correct the velocity, we need
to know the form of the flux qukﬂ 1) Starting from we can find the
form for A ;r ! (similar to before)

0= [[_q5pk+1 N+ 7, (5pk+1 - >‘5pk+1>ﬂ

0= —q:;';kH nt+ q(;plﬁrl At 4 7, (6p TR gp A 2)\15;1)

=X = {1} - [[qf?;fl af] . (59)

Now, substituting into (40)) we find:

(ié\pkH ht = 015p+’k+1 .t — Ty (5p+,k+1 B /\k+1)
=q 0T -, <5p+ Mot - [[q’ggf ! Aﬂ)
R 5p+,k+1 _}_5p77k+1 1
=ap" AT - <5p+’k+1 N 2 a Q_Tp<q(5+p’k+1
= {{as,"*'}} -0 + 2 [[op 1)) - A (60)

Finally, we construct the final edge-velocity for the split equations by sub-

stituting for and into (35):

Nt = N At/\k“

_ quk+1) . ﬁ+)

= (o - o [[@a]) + o [t - ade {{al ) + ant 2 ot a])
= (v - amq';“}} Q] + o 0]+ an [[w Al
— v - Z :_QkH . n + % [p*0]] + aAt% [spF+a]] . (61)
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We can now equate these split edge-space variables with the un-split
ones . The result links the split diffusive flux and pressures to the un-split
ones:

alt 1

o @)+ o 1] + U5 ot al) = o Q) + - [ta]).

If we multiply both sides by 27 and re-arrange, we have
H_Qk—f—l B (pk + (aAtr)T, 5pk+1) ﬁﬂ _ [[_Qk—i-l h +pk+1ﬁﬂ . (62)

This is the split vs. un-split “consistency of jumps” equation, with the sta-
bilization term (edge-space variables) eliminated. This equation holds
for all time-discretization aAt, space-discretization h and order p. Hence, for

consistency, 7, = ﬁ, which is the sought-after expression. A few remarks:

1. We can also obtain (aAt7)7, = 1 by decomposing the un-split pressure
p**1into p* + 6pFHF 1 where 6pFF ! is the total un-split pressure cor-
rection. This yields the following relation between split and un-split
pressure-correction jumps, (aAtr)7, [6pFTa]] = [6p***'a]]. Hence,
we retrieve: (aAtT)7, = 1.

2. Without the rotational correction, eq. equates the new split pres-
sure p* + (aAt7)7, dpFtt = pF 4+ 6p* ! to the un-split p** and Q" . a
approximates Q! - n.

3. With the rotational correction, e.g. using the form , the left-hand-
side of 1} yields p¥+ (aAtr), 6pFt! = pF4opht! = phtl 428l 7. gt
Equating the new split pressure p**! with its un-split version, eq.
then shows that the rotational correction updates Qkﬂ.

4. The split and un-split fluxes are thus close, but can differ because the
diffusive fluxes are not exactly the same; the split equation’s diffusive
flux still contains a contribution due to the non-divergence of v**1.
This contribution is partly removed by the rotational correction, but
there are additional terms present in the normal vector (Q — Q) -n. As
with any projection method scheme, this splitting error is expected to
be small, particularly for large Reynolds numbers (as we will show in
§7.2). Additional considerations are provided in [53].

5. Finally, the explicit pressure flux present in leads to the constant
expression for 7,. However, that expression for 7, is also consistent in
other cases. For example, if in , the edge-continuous (q’; , 0) 5 had
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been utilized instead of (Vpk, 0) - the pressure difference would not
be part of nor in and the pressure jump in , and
would be replaced by zero. In that case, if we decompose the un-split
pressure p**1 into the edge-continuous pressure field at time k and its
departure from it, we still obtain (aAt7)7, = 1 (for details, see [35]).

3.3. Discussion on the effect of varying 7,

As we have shown in §3.2] to ensure overall consistency and global flux-
conservation in the HDG sense, it is important to treat the time-split equa-
tions as a single system. Failure to do so can lead to relatively poor numerical
results, even when each discrete equation is on its own consistent and stable.

For example, using a value such as 7, = O(1) could be thought as ade-
quate if the second step @[} in the split scheme was treated in isolation of the
first (that is, not treating the time-split equations as a single system). How-
ever, we now show that the consistent value for 7, derived in §3.2.6/improves
solutions, using simple numerical experiments. For the first experiment we
use a first order upwind time discretization scheme to calculate one time-step
of a lock-exchange flow (described in §7). When 7, = 1 is used, we see that
the solution is discontinuous across the elements bordering the top/bottom
boundary when the solution is not well-resolved (Fig. [F]-top). The consis-
tent 7, = ﬁ does not have this issue (Fig. —middle). When resolution
is increased (Fig. -bottom), we find that both choices of 7, give approx-
imately the same solution. Finally, as 7, — oo, the solution approaches a
continuous Galerkin discretization [14) [32].

Overall, this situation arises because the dominant velocity is aligned with
the grid. The tangential portion of the velocity-correction is not directly
penalized by the numerical scheme. That is, qs), -t is free to vary. Increasing
Tp, then, removes the discontinuity in the pressure field, which indirectly
also removes the discontinuity in qg, - t across edges. If we used a mesh
of triangles instead of squares (see Fig. [@]), the discontinuity is not nearly
as severe, since in this case the u-velocity component is not tangent to the
diagonal edge of the triangles, and does get penalized.

We now use a second numerical experiment to highlight additional reper-
cussions of using an inconsistent 7,, particularly at low-resolution. We show
in Fig. [7] the result of another lock-exchange simulation using our scheme
from With the consistent 7, = ﬁ (see . If we employ another
value of 7, the proper vortices are not formed (not shown): e.g. with 7, = 1,
Kelvin-Helmbholtz instabilities don’t develop, while with 7, = spurious

_1
alAt27)
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Pressure u-velocity

Sr———

High-resolution
T, = 1

-0.5 0.5 -0.0225 0.0225

Figure 5: Pressure and u-velocity after 1 time-step At = 0.01 of the lock-exchange problem
(see @ using a mesh of square elements at low-resolution (p = 1, Az = 0.04) with 7, = 1
(top), Tp = &= (middle), and at high-resolution (p = 5, Az = 0.01). The 7, = <
case (middle) has a lower u-velocity magnitude and the solution is smooth, while the low
resolution 7, = 1 case (top) does capture the maximum velocity, but the solution has
large discontinuities at the locations indicated with arrows. When the solution is further

resolved, the 7, = 1 and 7, = ﬁ (not shown) cases give essentially the same solution.

vortices form (see [58]). It is only when the spatial resolution is increased,
e.g. to 400 x 100, that all three schemes give a similar answer (not shown).

We have shown that the magnitude of 7, can significantly affect the nu-
merical solution for HDG schemes when the flow is not well-resolved and the
dominant flow is aligned with the element edges. We have derived the con-
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Pressure u-velocity

0.0225

Figure 6: As in Fig. but with triangular elements. The triangular mesh does not have
a large discontinuity for 7, = 1 because the tangential correction velocity is penalized.

Tp = GAtr I |V|1o

0

Figure 7: Density contours over velocity magnitude at time 10 of the lock-exchange prob-
lem (see @ using a time step of At = 0.001, a mesh of 100x25 linear elements and a
first-order accurate incremental pressure-correction scheme derived in

sistent magnitude for this parameter, and we have shown how the solution of
the lock-exchange problem is affected by using different values. In general,
the time-split equations need to be treated as a single system, and consistent
penalty terms have to be used in each case.

4. Time discretization using IMEX-RK schemes

Now that the equations are spatially discretized, various ordinary dif-
ferential equation solvers can be used to advance the equations in time.
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Runge-Kutta (RK) methods are attractive because they are self-starting,
and allow for variable time-step sizes. We thus employ existing Implicit-
Explicit (IMEX) RK methods [3, BI]. However, these existing methods need
to be adapted, due to the nature of projection methods, which already in-
troduce a time-discretization, and HDG methods, which are often implicit.
Questions also arise for the treatment of the explicit and implicit pressure
updates. As a result, we describe next the modifications required to solve our
spatially-discretized equations using IMEX-RK methods. We note that since
splitting errors limit to second-order accuracy in time [23], for higher-order
integration, an iterative approach would be used, e.g. [22].

We are interested in IMEX-RK time-stepping schemes with s stages that
are of the form (using Python/C/C++ indexing):

s—1 s—1
Ot = F + ALY B () + ALY DS (), (63)
i=0 i=0
where the stage variables are solved using

¢ ¢k+AtZazm zm ¢] +Atza6x ex

= (1 — Atal" f™ () di) ¢ ¢k+AtZa“” m(p,) +At2a“ e
(64)

where ¢ is some field satisfying the equation % = fm 4+ £ and ¢y = @F.
IMEX schemes treat one part of the right-hand-side implicitly (usually stiff
terms such as diffusion) and the other part explicitly . As such, we
require two Butcher Tableaus, one for the implicit terms, and one for the
explicit terms. We only consider schemes with Butcher Tableaus of the form:

0 0 e e 0 0 0 0 0
c1 as’ 0 0 c1 at’s a 0 0
0 0

CS—I ?SI 1) “e . a?fil),(572) O CS—I z;n 1) “e . “e . az(;nfl)7(872) a
bo C b5_2 a b() e e bS_Q a

(65)

where these schemes have the following properties:
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1. b = b = bim

2. ¢s_1 = 1 (usually)

3. agi"; =0 Vj>1

4. @it =0 Vj>i

5. aff =a VO <i<s
Item 1 is often-used in IMEX-RK schemes (e.g. [3, 31]). Item 2 provides
a last-stage pressure at end time k + 1 (useful but not required). Item 3
is a necessary condition for an explicit RK scheme. Finally, items 4 and
5 are important for an efficient implicit method, where zero entries above
the diagonal allow different stages to be solved sequentially (as opposed to
simultaneously), and a single diagonal entry allows for the creation of a single
implicit matrix.

We now obtain the IMEX-RK procedure for the time-split projection
method, where the time-splitting happens within every RK stage. For ease of
notation, we focus on the time-split projection of §2} the IMEX-RK procedure
for our time-split HDG projection of is obtained at the end. To start,
we write the momentum equations for the true velocity from as

ov -
- _ Fim Fer —
5 + Vp, (66)

where F™ = V. &=Vv,F* = Fy,. Next, we first consider the un-split
projection and write a typical IMEX-RK stage, using items 1-5 above:

v, — a/TAtFI" = < — aTALV - LV) \z
’ ’ Re

i—1 i—1
=vF+ ALY al"FI 4+ ALY afFY (67)
j=0 j=0

i—1
— At Z aﬁ?ij — Ata%Vpi,
5=0
where F$® and Fi™ contain the explicit and implicit terms calculated at
previous stages, respectively, and pressure is treated implicitly.
Stage-i, split scheme. For the predictor equation, we estimate Vp; at each
stage 7 in (67). For an incremental pressure-correction method, we predict
Vp; using Vp;, where p;, is a function of the previously calculated pressures,
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A typical, time-split, IMEX-RK stage calculation for the predictor velocity
v; can then be written as follows, where we have also divided by At

V5 . 1 . 1 _ G — i <
- A E = (m —ayv- Rev) Vi= xp t O E 4 Y A
j=0 J=0
. (68)
— Z CL%?VPJ' - ag?v])i*‘
=0

Proceeding similarly to , as in @, we perform the stage ¢ projection step

V.-v;
—V%p; = ——L o 69
Pi= A (69)
and, as in ([L1]), we correct the stage i velocity

To derive the final pressure correction, we again proceed as in §2]and §3.2 We
subtract the IMEX-RK split eq. from the IMEX-RK un-split eq. and
substitute the velocity correction at stage ¢ . In doing so, the differences
between the split and un-split terms from previous stages j = 0,7 — 1 cancel,
both for the F{™ terms and Vp; terms (to be discussed later). Hence, since
the explicit F5* and v* terms also cancel out, we obtain:

1 . 1 . . .
A - —V ) (—dm AV, = —a Vs + Vs .
<At Y Rev> (—aii AtVip;) a; Vpi + ai?Vp;

Now we solve for Vp; and then for p; which we obtain after re-using :

- 1
Vi = Vpi + Vop; — aiiV - 2 VAIVp; (71)
1 .
= Vp, =V {pi* +0p; — Vﬁ . aﬁAtV&pi}
1
i = Dix +0pi — ==V - V. 72
= Pi = Din + 0P = oV 0V (72)

Note that this gives the pressure (up to a constant) at the time of stage i.
While this procedure allows us to calculate intermediate divergence-free
stage variables, the flux terms are also needed for the next stage, i.e. Vp; and
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Fi™ are needed for stage i + 1 in . First, the guessed values Vp;, need to
be replaced by the final corrected Vp;. This is assumed in for previous
stages 7 = 0,7 — 1 and was used in the above derivation of the final pressure
correction : up to splitting errors, the difference between the un-split and
split terms Vp; at j = 0,7 — 1 cancelled out since the final corrected pressure
gradients at j = 0,7—1 were used to replace the Vp;,’s. Second, the corrected
velocities v; in ([70) need to be used to replace the implicit predicted diffusion
F;" term by the final implicit corrected diffusion Fi™ term. Again, this is
assumed in for j = 0,7 — 1 and was used to derive : up to splitting
errors, the differences between split and un-split F;m terms then cancelled
out. While we can re-evaluate these implicit diffusion terms using v;, it is
more efficient computationally to solve for Fi™ from as follows

i—1 i—1 i—1
Vi — aﬁ?Athm =vF 4+ At Z az’?F;m + At Z aiZFs* — At Z af?ij — Ataﬁf?Vpi
j=0 j=0 j=0

377
& i—1 i—1 i
_pm_vi—v._ 1 S alnF £ 3 aFE -l
i T gmAL gim ij*j ij* J ij ¥ Pj
(2 ii | j=0 §=0 §=0

(73)

From and , the stage-i velocity in is divergence-free: V-v; = 0.
Hence, V - {Z;:O aiMFim 4 Z;;B aiiF§T — Zé‘:o aﬁ?ij} = 0. However,
the terms in this sum are in general divergent. At each stage, the pressure p;
thus balances the divergence from the previous stages. This has implications
for the final recombination stage. (Note also that if ¢;_; = 1, ps_; is at final
time k 4 1, see item 2 above.)

Final recombination, split scheme. The final recombination of the
IMEX-RK scheme sums implicit and explicit function evaluations. For our
Navier-Stokes equations , this yields

LR S =,
= g+ O BTE Y RS b F — Y b, (T4)
i=0 i=0 .

where we have all the implicit terms F/" Vi € [0, s — 1], but we still need
F¢*, = F..(vs_1), since v,_; is newly calculated after solving for all fi-
nal stage values. This means we have to evaluate the non-linear advection
terms F¢*,, which can be divergent. Critically, the recombination coefficients

(0™, b5*) are not the same as the stage coefficients (a7, ag%) and the RHS of
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is thus divergent. As such, we need to calculate an update to the pres-
sure ps_1, which will balance these divergent terms, leading to an updated

divergence-free velocity v¥*!. Hence, we solve for the last correction,
V —k:+1
—V25pk+1 = ) (75)
_1At
leading to the final corrected v¥*! and final corrected pressure p***
A R VAN A VL (76)
VpF = Vps_i + Vi (77)
= P = pet + Oprar. (78)

In ( . 78)), the rotational correction is null since the only newly computed
term in (74)) is v itself [35].

For the HDG recombination step, we have to define 35“ (see m' for
the consistent HDG flux VkJrl At |.D we have to take additional care.
Since we are not solving for the diffusive terms at the final recombination, we
need to obtain A" by another means. The consistent value can be found
by considering an HDG discretization of . where the diffusive terms are
treated explicitly. In that case we only have to define a ﬂux for —p*I (where

the analogous flux 1) contains the diffusive term Q ), which gives:
P = —pFT — 7(¥F1 = XA, (79)

Solving for N that sets [[—ﬁkI]] = 0 in the interior, we obtain

N ={{v ’““}}+ — [[»"a]. (80)

The main difference between the stage calculatmns and the final recombina-
tion is that we do not solve for implicit diffusive terms, which requires us to
calculate for the intermediate X", After the velocity predictor step, the fi-
nal recombination and stage calculations are nearly the same, except that the
rotational correction is not applied to the pressure at the final recombination.

In summary, to use IMEX-RK schemes with the HDG projection method
discretization, two new modifications are required. First, the projection step
has to be carried out at every stage and at the final recombination. Second,
at the final recombination, the HDG flux for the predictor velocity needs to
be evaluated, and the rotational correction needs to be omitted.
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5. Quadrature Free Integration and Slope Limiting

In this section, we first introduce a new quadrature-free numerical inte-
gration scheme which is consistent with the HDG method. Then, we derive
our new selective nodal slope limiter which aims to suppress numerical oscil-
lations locally, and so improve the stability of the method. Considerations
on nodal and modal HDG implementations are in [58].

5.1. Quadrature Free Integration Consistent With HDG Schemes

In we formulated the scheme for the strong form of the equations.
As we will explain, a reason for this is tied to our quadrature-free implemen-
tation of the HDG method on general curved meshes, where the coordinate
transformation factors are not constant on the element (but treated as poly-
nomials). This extends the work by Hesthaven and Warburton [27] to HDG
implementations where the curved meshes may not be continuous. Next, we
first introduce some new notation, then describe our quadrature-free scheme,
and finally explain the issues with other choices.

We use £ for the coordinates in the reference finite element (Fig. [§]). The
coordinate transformation can then be described through a vector function
x = f(&), which can be discretized using a truncated polynomial expansion,
x(&§) =~ . x;6;(§). In this case, a nodal basis becomes particularly useful
since the coefficients of this polynomial will be equal to the real-space coor-
dinate at the nodal points of the reference element, or x; = x(§;). With this
polynomial representation of the coordinate transformation, we can perform
all needed numerical derivatives, integrals and other operations after having
computed the: entries of the % matrix for every element; determinant of the
% matrix for all elements and edges; and normal vector n for every edge. We
shall refer to individual entries in the first matrix as the “Jacobian factors”
and to the determinant of the second matrix as the “Jacobian.”

x = f(€)
e |7 X

&1 1
o L’Q

Figure 8: Coordinate transformation from the reference coordinate system to the physical
coordinate system.
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It is simple to calculate derivatives a% on the master element, but we are
interested in calculating derivatives in the physical space 88 . Numerically, we

ax
always calculate derivatives on the reference element, and then use the chain

rule to obtain the desired derivative a% — 998 Ty calculate the Jacobian

9€ ox”
factors, then, we use the identity:
&vi 8@
N . 1
€, Dy O (81)
og; [0z ]!
25— J; 82

When using a quadrature-free scheme, it is important to maintain this prop-
erty discretely. As for the derivations in the gradient of a scalar
function ¢ (giving a vector function) could be taken discretely either in the
strong or weak form using vector 8’s as:

(Vo)atrong ~ [(60::0),c] " {(v0.0)), .+ (9-0.0-0;) 1 (83)

oK
—1 5
(Vo)wear = (01,0, {~ (6,V -0+ (.0-0;) | (39)
To discretize (81]) using or , let us define the discrete matrices

Me = (017 ej)a[(ref ’ ME = (08,i7 ea,j)eref 5
S - (07,7 vej)Kref? M - (017 0j>Kref7
D=M"S, L =M'M,,

3 = det [%] , J. = det [a—x] ,
a£ K 85 0K

where K™ is the reference element. Note that M. is a matrix of size
Npe x Ny and M, is a matrix of size N} x (Zziéve Npei), where N, is the
number of bases on the element, N, .; is the number of bases on edge ¢ of
the element, and N, is the number of edges in an element. Also, J and J.
are diagonal matrices, where each element of the diagonal is the Jacobian at
that particular nodal point.

We can now write the discretization of using the strong form (83)) as

Ox; O&; & | 1o1p /o .
55 — D.x] =2 L L% — x)] -5
(agj axk)strong [ ]Xl] 8:Ek; * (Xz XZ) S ik
0&; v /n R
D.x.] [ =L — 80— I (% — x;
D,x;] (axk)strong Oie — J (x; — x;)Jeng,
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where, the Jacobian factor g—i takes a value at each nodal point in the

domain, and 1y, is the k"™ component of the normal. Numerically, D;x; is
a matrix-vector multiplication, while the Jacobian factor is multiplied term-
by-term to the result (i.e. Hadamard/Schur product). We could have also
solved for the Jacobian factors using the discrete analogue of as:

<a—§) = D] [0 = 7L (% — xi)Teie] (85)
axk strong

which simplifies to the form given by Hesthaven and Warburton [27]

9¢; _ 1
(a_xzf>strong a [Din] <86>

for a continuous mesh. Let’s give a few remarks about the form (85)):

1. The Jacobians satisfy the identity analytically in the volume term:
Djx;] 55 = (M) (Sx;)] 5ot

2. The edge-term J'L(%; — x;)J 0y, = I 'M~'M,(%; — x;)J .1y, does not
require a Jacobian factor since n is the real-space normal, and the edge
Jacobian is used.

3. The edge-term calculated here (the element-local equation for the gradi-
ent) matches the discrete form of the HDG edge-conservation equation
([asp - 0], 6:), =~ M- [ds, - 0] J.. The HDG flux-conservation equa-
tion is used to enforce the continuity constraint , and needs to be
consistent with the discrete continuity constraint in the element-local
equations in order to satisfy continuity numerically.

Remark (1) holds analytically for the continuous operators and leads to a
convenient simplification for the numerical scheme without loss of accuracy.
Remark (2) reflects an important choice made for this scheme, and this choice
leads to the result of remark (3). The challenge for the quadrature-free im-
plementation (which remark (3) solves) is maintaining numerically-consistent
edge integration terms. Without consistent edge integrals, the conservative
flux calculated on the HDG space will not be numerically conserved in the
element-local calculations. This often makes the numerical solution of the
Navier-Stokes equations unstable.
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To appreciate the advantages of , consider the same approach but
using the weak form (84)). This leads to the following for the Jacobian factors:

9¢; 1T, 171 1
(axk)weak [ ’ ] [ ( ) k]

While this may appear reasonable, the operator [—Mflsjrxi} can be singu-
lar; requiring a pseudo-inverse. Using this weak form is thus not as direct.
Alternatively, if we evaluate the edge-integrals in the reference space, this
would give:

%
8xk

While this approach works for both weak and strong forms, these edge in-
tegrals are no longer consistent with the HDG integrals. Even though the
form of the edge-integrals in the HDG method could be modified, the above
weak-form approach is less efficient than the strong formulation (85). This
approach requires d* edge integrals, while the strong form (85)) only requires
d calculations, where d is the dimension of the problem.

The calculation of the Jacobians and edge normals follow the usual ap-
proach in quadrature-free methods. As such, the only challenge was deal-
ing with the Jacobian factors and the quadrature-free derivative terms. We
showed that the strong formulation has distinct advantages over the weak
formulation in this case. We verify that this approach works in 6], using a
simple steady diffusion problem.

— [Dx; + L(%; — x;)305

5.2. Dealing with Oscillations: Filtering and Limiting

The non-linear advection terms in the Navier-Stokes equations offer unique
challenges. In particular, high order methods can develop non-physical os-
cillations that can lead to numerical instabilities. As such, robust high-order
solvers deal with these oscillations. Applying a filter or a limiter are two ap-
proaches that can suppress oscillations. A filter damps the modal polynomial
coefficients according to a given spectrum, where higher-frequency modes are
usually damped more. A limiter ensures that the solution remains within
calculated bounds, usually determined from neighboring elements or nodes.
While limiting traditionally focuses on reconstructing completely oscillation-
free solutions, we are primarily interested in enhancing the stability of our
numerical solutions. The selective filters and limiters that we have evaluated
and developed for this purpose are described next.
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Our initial selective filtering approach is described in [59]. We used an
exponential filter [27, 26], where the modal coefficients are modified using a
function o that decays exponentially with the polynomial degree [36]. The
selectivity of the filter was determined by comparing the decay of the modal
coefficient to a reference spectrum. In [59], there was only a filter. Here,
we first present our new nodal limiting procedure and then our improved
selective filter.

(i) Nodal Limiter: Our limiting procedure is based on previous nodal
limiting methods used for second-order accurate methods [28]. We have
modified this method for high-order nodal DG. There are some drawbacks
to our modifications, in particular our procedure is Total Variation Bounded
(TVB) as opposed to TVD, and without the selectivity, it does not remain
high-order accurate. However, it does successfully stabilize the numerical so-
lution by suppressing spurious oscillations, and with the selectivity criterion
the solution does remain high-order accurate.

Our procedure can be understood in 5 steps (Fig. ﬂgﬂ) The first step
is to find the limits, or the initial total variation of the solution. That is,
we determine the allowed maximum and minimum values for each element.
Presently, this is done by finding the maximum and minimum values of the
solution in the present and neighboring elements.

¢max = max(gzﬁ)Ki, ¢min - min(gf))Ki, (87)

where K includes the element K and all its immediate neighbors. Using the
terminology of [2§], this is similar to choosing av = 1. While our present step
1 may cause the nodal limiter to fail the Hoteit et al. [2§] “stair-step” nu-
merical example, a small modification should guarantee the correct solution:
if the maximum and minimum values of the function is determined solely by
the present and upwind neighboring elements, then our nodal limiter should
correctly solve the “stair-step” problem. Another possible modification is to
determine the maximum and minimum values for individual nodes by looking
at the values of neighboring nodes. This reduces the allowed variation for
each node, which could also improve accuracy. Nonetheless, our primary con-
cern is stability, so these questions are left for future research. The present
nodal limiter is efficient, simple to implement, and guarantees that the solu-
tion will remain bounded. For example, if the density is positive everywhere
in the domain, these limits will never be negative. Once the bounds have
been determined, the limiting procedure can continue.
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The first step determined the limits or total variation of the field before
evolving it in time, and this was the only operation that requires information
from neighboring elements. The remaining steps are all element-local.

In the second step of the limiting procedure, the solution is evolved using
the right-hand-side forcing without limiting

P" = oF + ALF,. (88)

The right-hand-side forcing terms, particularly the advection terms, can in-
troduce oscillations. Thus, this new solution may exceed the limits calculated
in step 1.

The third step, limits the nodal values. That is, we find nodes where the
evolved solution exceeds the limits determined in step 1, and we calculate a
forcing Fi™* (which is the first predictor for the limiter forcing) that sets
those nodes equal to the appropriate maximum or minimum values.

P = ¢F + AtF, + ALE™ (89)

In this step, however, the mean of the initial solution in the element could be
modified. As it is important to conserve mass, the mean in the element has
to be re-adjusted. Thus, the change in the value of the mean in the element
K caused by the adjustment is calculated

Amean <¢)K = mean(F}™") . (90)

In other words, we want the final limiter forcing to have: mean(F ;jmit) x = 0.

The fourth step finds weights that determine by how much different nodes
can move to help with the re-adjustment of the mean in the element. While
previous researchers have developed sophisticated ways to minimize the er-
ror of this adjustment, here we use a heuristic approach. If the mean was
lowered or raised, we calculate the maximum upward or downward adjust-
ment allowed for each node, respectively, which we denote Fiax, adjust- For
example, if a node is already at the maximum value, it cannot be adjusted
upwards, and will therefore have a zero effective weight. The nodes furthest
away from the bounds will have the largest weight.

In the fifth and final step, we scale the maximum adjustment weight
calculated in step four by the required amount to correct the mean of the
limiter forcing. That is, we can now calculate the final limiter forcing

mean(F™")

Fé}lmlt — F(;)lmlt _
mean(FmaX, adjust)K

F}nax7 adjust» (91)
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where the sign of the final adjustment depends on the sign of the calculated
maximum adjustment.

1. Find limits

SN T
7/

|_max value

min valie

Typical case Degenerate case

2. Evolve /4\ mean exceeds max
mean~"e (__7/_¥£
°

outside limits
between nodes

Figure 9: Graphical representation of the nodal limiting procedure from our high-order se-
lective nodal limiter. The nodal limiting procedure is sketched for a typical and degenerate
case in the left and right columns, respectively.

In the illustration of these steps Fig. [@ﬂ, we sketch a normal and degen-
erate case. For the normal case, note that while the solution is limited at the
nodes, between nodes the polynomial is allowed to exceed the bounds. The
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issue with the degenerate case is that the initial mean of the solution exceeds
the calculated bounds. As such the final solution is a constant equal to the
original mean; in other words, all oscillations are removed. This situation can
occur for the advection operator if it is treated explicitly and the Courant-
Friedrichs-Lewy (CFL) condition is violated. In this situation, our nodal
limiter can actually stabilize the solution and prevent instability if the CFL
condition is not violated by too large a margin. The forcing due to implicit
diffusion can also create a degenerate situation and this case is discussed in
[58]. In general, different bounds and limiting can be used for different terms
in the governing equations. In particular, some terms introduce new varia-
tion in the solution and this should not be limited. However, these terms
should be well-resolved, or appropriately smoothed to avoid oscillations.

(i) Filter: We have described how to calculate the forcing term Fj™
that will appropriately limit the solution to be within the calculated bounds.
A similar function for the filter can also be calculated, Fglter. For details on
this exponential filter forcing, see Ueckermann and Lermusiaux [59].

(iii) Selective limiting/filtering: At this stage both the nodal limiter and
filter would be fully applied everywhere in the domain. However, our aim is
to selectively restrict this limiting/filtering to only the parts of the domain
where required. What remains is thus an appropriate weighting function,
a(x,t). For this, we use a discontinuity sensor similar to the one used by
Huerta et al. [29], which was proposed in Persson and Peraire [50] and Nguyen
et al. [39]. The difference is that we do not include the coefficient of the zero-
degree polynomial in the denominator of the sensor (see below).

The discontinuity sensor works as follows. First, the coefficients of the
nodal basis are transformed to modal-basis coefficients. To do so, we need
to form the Vandermonde matrix Vj; = 6}/(x;), where 6}' is the j* modal
polynomial, and x; is the i*® nodal point. The modal coefficients can then
be found as ¢M = V~1¢;. We can then compare the decay of the modal
coefficients to the decay of reference spectra. To do so, we follow Huerta
et al. [29], and define the weight as:

> (@)
]. {z@f”é?’p*} _ ﬂbot

= w logy Z(¢M)2 )

Oé*

(92)
>0

a = min(max(a*,0),1) (93)
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Yisold; )2
ficients for the x reference spectrum. What this indicator does is compare
the sum of the coefficients for the highest degree polynomial to the sum of
the coefficients for the polynomials of degree greater than zero. An notable
difference between our indicator and that defined in Huerta et al. [29] is that
we do not include the coefficient of the zero-degree polynomial in the denom-
inator. This is because the constant term can be arbitrarily scaled (based
on non-dimensionalization, for example) and should not have an impact on
the smoothness indicator. Note that « is variable in time and space: it is
a scalar in every element. Two reference spectra and the ranges for « are
sketched in Fig. [10]. Depending on the smoothness of the modal coefficients
of the numerical solution, the weights for a can be anywhere in [0, 1]. Our
approach is different from that of Huerta et al. [29] as we do not use the
Mach number for the discontinuity sensor, and we do not decompose the
high-order element into low-order sub-domains.

where p* > p, /* = logy, and gzﬁZM ™ are the modal coef-

)

M
7

log10(¢.

20 1 2 3 4 5 6 7 8 9
Polynomial Degree

Figure 10: Sketch of the selectivity criterion. The solution is fully limited, partially limited,
or unmodified if the modal-polynomial-coefficient-decay is slower than the top reference
spectrum log;,([p + 1]73), between the two reference spectra, and faster than the bottom
spectrum logyo([p + 1]7°), respectively.

Note that we calculate the selectivity index by examining the field before
the advection term is added (that is, at the start of the IMEX-RK stage).
At each subsequent stage in the IMEX-RK time-stepping procedure, the
selectivity index is updated. Alternatively, we could calculate the selectivity
index after the advection is added (that is, advanced in time due to advection
at that IMEX-RK stage). Another option is calculating the smoothness
index based on the advection term itself, or any combination of the above-
mentioned options. Additionally, to increase efficiency, the selectivity index
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could only be updated at the first or final stage of the IMEX-RK time-
stepping procedure. Here, we do not examine the effect of these choices.

Finally, the selective nodal limiter is applied as a weighted forcing term,
which gives the final evolution of ¢ as:

PF = ¢F + AtF, + Ataf F)™, (94)

where s = ( gives a non-selective nodal limiter, and s = 1 gives a linear
weighting between the reference spectra. For s > 1, the solution is weakly
limited close to the lower spectrum, and for 0 < s < 1 the weight quickly
increases. The same selectivity criterion can also be applied to the forcing
calculated from our filter [59], leading to a new selective filter.

In summary, we derived a new selective nodal-limiting/filtering proce-
dure. It is based on existing nodal-based limiters, but extends to higher-
order polynomials and employs an inexpensive heuristic to ensure mass con-
servation. We combined this nodal limiter with a smoothness indicator to
selectively limit the solution spatially and temporally: the selectivity index
is used to switch off the lower-order limiter and so preserve higher-order ac-
curacy. The resulting selective nodal limiter is tested in §6| and high-order
convergence is indeed observed when the solution is sufficiently resolved.

6. Verification of HDG diffusion and selectively-limited advection

Verification of a new code is necessary to ensure that it solves the intended
equations [46, 52]. To verify that the proposed schemes work, we perform
convergence studies on simple equations. To show that our quadrature-free
scheme works for HDG schemes, we perform a convergence study on straight
and curved meshes. Then we verify that the selective nodal limiter recovers
high-order convergence rates when the solution is adequately resolved.

6.1. Verification of quadrature-free hybridizable discontinuous Galerkin scheme

To verify that our HDG implementation works on curved meshes, we
perform a convergence study on a steady diffusion problem

Vi =f on Q, (95)
¢ =gp on Ip, (96)
(Vo) -n=gy on 00y, (97)
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where

f=sin(m(z + o)) sin(7(y + o)), (98)

xo = Yo = 0.3, and the bottom and right boundaries are Dirichlet (9€2p),
while the top and left boundaries are Neumann (0€2y) on the domain 2 €
[—1,1] x [—1,1]. We use both straight and curved meshes. The curved mesh
for Ax = 0.5, p = 4 is shown in Fig. , and it is made up of a mixture of
triangular and rectangular elements. We also perform the convergence study
for two different values of the HDG stability parameter: 7 = 1 and 7 = 1000.

1.0

ol 1 1 N
210 10

Figure 11: Curved mesh for the Az = 0.5, p = 4 simulation. Triangular and rectangular
elements are colored green and blue, respectively.

Both the straight-sided and curved mesh simulations converge near-optimally
for both values of 7 (Fig. [12]). The error level (L?*-norm) is generally lower
for the straight-sided mesh. While the error levels are generally similar for
the different values of 7, the p = 2 result using 7 = 1000 seems to converge
faster for both meshes. However, the p = 5 result using 7 = 1000 suggests
the larger value of 7 reaches machine precision earlier, possibly due to a larger
condition number in the matrix.

These results verify that our scheme works for straight and curved meshes
with mixed element types.

6.2. Verification of selective nodal limiter

In we developed a selective nodal limiter and filter, and here we test
the effect of the selective nodal limiter. To do so, we study a modification
of the swirl problem in chapter 5 of Durran [19]. We do not show results for
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Straight -sided mesh Curved mesh

T=1000] oo 2l T~ T —1000] |-«

10" Ax 10" Ax
Figure 12: Spatial convergence (L2-norm) of diffusion on straight (left) and curved (right)

meshes. Dashed lines give the optimal convergence rates.

the filter, see §5.2)(ii)-(iii), because the nodal limiter is more robust, accurate,
and does not require tuning. We solve the unsteady advection problem

%—I—V-(v@:() on €,

ot
¢=0 on 0Qp,
on the domain Q = [0, 1] x [0, 1] with Dirichlet BCs everywhere, over the

time interval 7' = [0, 10]. The time-varying velocity is specified as

1 1
v = sin (gt) {5 sin(27y) sin? (7 ), —5 sin(27x) sin?(my) | ,

and to have a smooth solution with positive and negative values for the
convergence test, we modified the initial condition for the tracer from [19] to

o(x, t = 0) = sin(27x) sin(27y).
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The specified flow field causes the initial tracer concentration to swirl during
the interval T' = [0,5] (Fig. [13]). In the interval T' = [5,10] the flowfield
reverses direction, causing the tracer to “un-swirl.” Thus, the final tracer
concentration should be the same as the initial tracer concentration. Using
this property, we can compute the error by comparing the initial ¢(x,t = 0)
and final ¢(x,t = 10) fields.

Figure 13: Tracer concentration at T = 0, 5, 10 (left, center, and right, respectively) for
1

the advection benchmark using p =5, Az = ;.

For these simulations, we used a fixed time-step At = 1073, and a second-
order accurate explicit RK time-integrator (with the same coefficients as
the IMEX-RK integrators used later). The mesh is composed of uniform
quadrilateral elements. The selectivity index, (93)), uses (p+1)~% and (p+1)~°
for the top and bottom reference spectra, respectively.

The simulations without the selective nodal limiter converge near-optimally
(Fig. [14]). However, with the selective nodal limiter, for too coarse spatial
discretizations, the higher order (p > 1) simulations reduce to second-order
accuracy. This is because the limiter is fully applied at these resolutions,
causing the tops of the sinusoidal tracer concentrations to be chopped (Fig.
[15]). Once the mesh is sufficiently refined, the effect of the nodal limiter is
reduced by our selectivity criterion, and the higher-order convergence rate is
recovered. If we examine the value of the selectivity index at 7' = 5 for the
p = 3 case (Fig. [16]), we see that with increasing resolution the selectivity
index « takes a smaller value and is localized in space near sharp gradients.
Recall, the nodal limiter is fully applied for « = 1 and not applied at a = 0.
Therefore, at these higher resolutions, the selective nodal limiter is only ac-
tive in localized regions throughout the domain. This allows the higher-order
rates of convergence to be recovered at these resolutions (see Fig. [14]).

Overall, these results verify both that our quadrature-free advection scheme
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Error

Az w0 Az w0

Figure 14: Spatial convergence (L2?-norm) of advection equation without (left) and Wlth
the selective nodal limiter (right). The spatial resolutions used are Az = 1'% 167 33 @
Dashed lines give the optimal convergence rates.

No limiter Limiter
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Figure 15 Errors of the tracer advection test-case for the intermediate resolution, p =

3, Az = 1—6, case in Fig. \M\ without (left) and with the selective nodal limiter (right).

is properly implemented, and that our selective nodal limiter can recover
higher-order accuracy when the solution is sufficiently resolved.

7. Verification and Validation of Stokes/Navier-Stokes HDG Solvers

In this section we verify and validate our new algorithm derived in §3.2]
We perform detailed convergence studies using a manufactured solution. We
then solve a lock-exchange problem, comparing our density contours and
Froude numbers to existing literature.
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7.1. Definition of Analytical Benchmark
To evaluate the implementation of our new scheme, we use a manufac-
tured benchmark of Guermond et al. [23]. For this case, consider a domain
Q x [0, T] where Q = [—1,1] x [—1,1]. The solution [v, p] is defined as
v(z,y,t) = msin(t) [sin(2my) sin®(rz), — sin(27z) sin®(ry)] (99)
p(z,y,t) = sin(t) cos(wz) sin(my). (100)

From these definitions, we can calculate the forcing term Fg;, which is

For = %—V'ivv—i—Vp,
F, = m cos(t) sin(2ry) sin* (wx) — %: sin(t) sin(27y) cos® ()

+ RL: sin(t) sin(2my) sin®(7z) — 7 sin(t) sin(7z) sin(7y), (101)
3, =~ cos(t) sin(2ra) sin? () + S sin(®) sin(2rr) cos? ()

N 6}{7: sin(t) sin(27x) sin® (my) + 7 sin(t) cos(mx) cos(my).

This provides a smooth analytical solution with which we can verify the
spatial and temporal convergence, as well as other numerical results.

7.2. Convergence Studies

For the spatial convergence study using the benchmark given in §7.1] we
find that the velocity and pressure converge near optimally (Fig. [17]). The
convergence of the pressure is slightly lower, but this can be attributed to
the splitting error (Fig. ) Note that if an inconsistent value of 7, is used,
the solution can become unstable at coarse resolutions ([58]).
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Figure 17: Spatial convergence (L?-norm) of pressure (left) and velocity (right) using the
analytical Stokes problem with Re = 1, and 7, = ﬁ = 10°. A second-order accurate
IMEX integrator with time-step fixed at At = 107° is used. Dashed lines give the optimal
convergence rates.

The temporal convergence is more involved due to the additional com-
plexity introduced by the projection method’s time-splitting. As such, we will
test convergence with and without the rotational pressure-correction, and for
various Reynolds numbers. We always use the consistent value 7, = ﬁ in
these studies. The time-rates of convergence for the rotational form and stan-
dard pressure-correction form show that the rotational correction decreases
the error in the pressure field, without as large an impact on the velocity
field (Fig. [18]). The rotational correction removes part of the pressure error
near the boundary of the domain (Fig. [19]), as expected from [23].

As seen on Fig. , the irreducible splitting error from the projection
method can restrict the accuracy to second order in time. Because the split-
ting error is proportional to g- (see [58]), we can verify the correctness of our
time-integration method by considering an infinite Reynolds number. When
we do so, we find that pressure and velocity converge optimally (Fig. [20]).

To test the effect of the Reynolds number on the time integration ac-
curacy, we calculated the velocity and pressure errors for various Re. We
note that the error in the pressure steadily decreases with increasing Re, and
then saturates at Re = 10° (Fig. [21]). The velocity error is not drastically
affected for the second and third-order time-integration schemes, but the
first-order scheme’s error increases for increasing Re before plateauing. For
the pressure, the calculated order of convergence approaches second-order,
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Figure 18: Temporal convergence (L?-norm) of pressure (top) and velocity (bottom) using
the analytical Stokes problem with Re = 1. A 64 x 64 square mesh with p = 6 was used
for space, and first to third order accurate IMEX RK schemes for time. The rotational
correction is applied (right), and not applied (left). The rotational correction lowers the
absolute pressure-error. Dashed lines give the optimal convergence rates.

then decreases as the error plateaus. For the velocity, the calculated order is
mostly unaffected. The transition from Re = 107 to Re = oo is not smooth,
suggesting that the mere presence of the diffusion operator has an effect
numerically. This indicates that to benefit from a time-integration scheme
higher than second-order when the implicit diffusion terms are present, iter-
ative HDG schemes would be needed (e.g. [22]). However, this projection-
method restriction may not be the limiting factor for the solution accuracy
in time. First, since the time-step is restricted by the CFL condition for
advection, the temporal dimension is often more finely discretized than the
spatial one, particularly when the non-dimensional physical advection-speed
exceeds unity. Second, if higher-order temporal accuracy is required, the
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Figure 19: Pressure error for second order IMEX-RK time integration using At = 0.1

for our standard (left) and rotational (right) HDG pressure corrections. The rotational
correction removes errors at the boundary of the domain, but errors at the corners remain.
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Figure 20: Temporal convergence (L?-norm) of pressure (left) and velocity (right) using
the analytical Stokes problem with Re = co. A 64 x 64 square mesh with p = 6 was used
for space, and first to third order accurate IMEX RK schemes for time. Dashed lines give
the optimal convergence rates.

projection method can indeed be used as an iterative scheme, where the
pressure-predictor of the second iteration is the final pressure from one full
execution of the projection method (e.g. [20]). This may still be more com-
putationally efficient than solving a fully coupled system of equations. The
fully coupled HDG system requires the inversion of a matrix that is d + 1
times larger than our smaller HDG matrices. Since matrix inversion often
scales as the square of the number of unknowns, one full execution of the
projection method is expected to be roughly (d + 1)? times more efficient (in
d=3, this is a factor of 16). Thirdly, the results from a full execution of the
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projection method could also be used as a starting guess (or preconditioner)
for the fully uncoupled problem.
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Figure 21: Error (top) of pressure (left) and velocity (right), and order of temporal con-
vergence (bottom) using the analytical Stokes problem with Re = 1 (L?-norm). A 64 x 64
square mesh with p = 6 was used for space, and first to third order accurate IMEX RK
schemes for time. The error is plotted for At = 0.0125 and the order of convergence
was calculated using At = 0.025,0.0125. As Re increases, the pressure error decreases
while the velocity error increases for the first-order IMEX scheme, with less effect for the
higher-order schemes. The order of convergence remains unaffected, but when Re = oo,
near optimal convergence is obtained for velocity.

In this section we evaluated our implementation and convergence rates.
We showed that we can obtain near-optimal spatial and temporal rates of
convergence when using a manufactured solution. Next we validate our code
against a standard benchmark case to ensure that our schemes give the cor-
rect solution for an unforced case.

7.8. Validation

We validate our scheme by using a Lock-exchange problem with the same
non-dimensional parameters as those of Hértel et al. [25] and Fringer et al.
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[21]. Our simulation uses a 2D domain of size [—8, 8] x [0, 2|, discretized
using uniformly sized and distributed quadrilaterals of various resolutions,
and we integrate for " = [0, 10]. We use the no-slip boundary condition
at all boundaries, a Schmidt number of Sc = 1, and a Grashof number of
Gr = «‘g’j—’f = 1.25 x 10%, where ¢’ = % is the reduced gravity and h = 1 is
the half-height of the domain. The initial density profile is defined as

1
=5 tanh(10°x).

We use a second-order accurate time-integration scheme, with a fixed time-
step of At = 0.001.

To compare our results to [25] and [21], we compute the Froude number
Fr = Z—Z, where u; is the speed of the front, defined as the speed at which the

foremost point of the front travels, and u, = /¢’h is the buoyancy velocity.
To estimate uy, we find the foremost point of the front at 7' = 5 and 7" = 10,
then we simply use uy = % = %, which gives an average front speed over
that time period. Finding the foremost point of the front is non-trivial for
cases using higher-order polynomial bases. In those cases we first identify
the element that contains the foremost point of the front. Following this, we
do an iterative root-find and line-search to find the foremost point (see [58]).

Our density contours are similar to those calculated by Hértel et al. [25]
(Fig. [22]). The higher-order simulations also match the second-order accu-
rate simulation. Comparing the Froude numbers, as the spatial resolution is
refined, our answer approaches the value of Hértel et al. [25], and the spread
in our results is on the same order as the difference between Hértel et al. [25]
and Fringer et al. [21] (Fig. [23]). We note that the first-order time inte-
gration scheme performs nearly as well as the second-order time integration
scheme for higher spatial resolutions. This suggests that the temporal dimen-
sion is well-resolved. Also, as the spatial resolution increases, the agreement
among simulations with different spatial order of accuracy increases. For the
low spatial resolution cases, there is a larger spread of values between the
high and low-order runs. In this case, finding the location of the foremost
point of the front may play a role in the error. Nonetheless, our results agree
closely with [25] and [21].

It would be interesting to compare the accuracy level and computational
effort for the various polynomial degrees of freedom shown in Fig. [22]. How-
ever, practical numbers can be highly depended on the implementation and
the architecture (e.g. parallel vs serial). If the implementation is memory-
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Figure 22: Density solution at time 10 of the Lock-Exchange problem (Gr = 1.25 x 10°)
using various orders of accuracy and spatial resolution, all runs with approximately 160,000
degrees of freedom. There are some minor differences in the front propagation speed and
the shape of the Kelvin-Helmholtz instabilities.

bandwidth limited, the computational effort should be roughly correlated
with the total degrees of freedom of a discretization, in which case Fig. [23]
gives an indication of the differences between high— and low—order results.

8. Summary and Conclusions

In this manuscript, we formulated and derived new schemes for the incom-
pressible Navier-Stokes and Boussinesq equations combining the novel HDG
Method, a projection method, and IMEX-RK time-integration schemes. For
the spatial discretization we mathematically derived the proper forms of the
element-local corrections and HDG edge-space corrections for both velocity
and pressure, including the HDG rotational correction. We also found and
explained a consistency relation between the HDG stability parameters for
the velocity predictor and pressure correction. We detailed how to incor-
porate the HDG projection method time-split within standard IMEX-RK
time-stepping schemes. Next, we addressed numerical implementation issues
of our new solution schemes. In particular, we provided a quadrature-free
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Figure 23: Density front propagation speed for various resolutions for the no-slip case (x:
first-order in time; e: second-order in time). Solid and dashed lines indicate the solution
obtained by HARTEL and SUNTANS respectively.

scheme that is consistent with the HDG method. We also developed a se-
lective nodal limiting approach used to stabilize high-order schemes while
retaining high-order accuracy in regions where the solution is smooth.

To verify the quadrature-free approach, we performed a convergence study
on a steady diffusion problem using straight-sided and curved meshes. We
showed that both of these meshes achieve near-optimal convergence. To
verify the selective nodal limiting approach, we completed a convergence
study on an unsteady tracer advection problem. We showed that when the
selective nodal limiter is applied, the rate of convergence is unaffected for
sufficiently resolved solutions: e.g. the rate reduces to second-order for coarse
resolutions but the high-order accuracy is retained for fine resolutions.

We performed spatial and temporal convergence studies to verify that our
full Navier-Stokes solver based on the new HDG projection method scheme
is properly formulated and implemented. We showed that our discretization
of the rotational correction term removes pressure errors at the boundary of
the domain for the analytical benchmark. We also confirmed that while the
splitting error decreases with increasing Reynolds number, it still limits the
time-order of accuracy, indicating the need for iterations to achieve higher-
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order in time. Finally, we evaluated our schemes by comparing our results
for a standard lock-exchange benchmark to published literature. We found
that our solution closely matched the previous results.

Future opportunities abound for refinement and application of our schemes.
We have extended and applied this HDG Projection method to non-hydrostatic
physical-biogeochemical ocean equations with a free-surface [24] 58], 60]. An-
other research direction is to improve the calculation of bounds for the nodal
limiter. Presently the bounds are calculated based on the maximum and
minimum values of immediate neighboring nodes. Two potential improve-
ments are to calculate these bounds based on the upwind direction, or based
on points sampled between nodes. Finally, our implementation can be fur-
ther optimized and parallelized to improve efficiency [38], and allow higher
resolution required for more realistic and multiscale applications [17, [34].
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