COUPLING METHODS FOR HEAT-TRANSFER AND HEAT-FLOW:
OPERATOR SPLITTING AND PARAREAL.
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Abstract.

In this paper, we propose an operator splitting method for coupling heat-transfer and heat-flow
equations. The motivation arose of industrial software packages, which have developed independently
heat-transfer solvers (e.g. Aura-Fluid software package) and heat-flow solvers (e.g. Openfoam). Such
packages are often simple coupled by A-B splitting and they simulate the influence of solar heat in car
bodies. One of the main problems is to accelerate the code by iterative operator splitting methods
and with a parallel interfaces.

We propose Parareal as well applicable for parallel method for parabolic problems and also a
speedup to mixed parabolic and hyperbolic problems is possible and delicate. Our idea is to combine
the splitting schemes as a time-splitting method to adapt the time steps with Parareal as a time-
parallelization method. Our analysis of these new splitting techniques provides error estimates which
are validated at certain benchmark problems.

Keywords: Heat transfer, Heat flux, operator splitting, iterative operator splitting,
higher order time-discretization schemes, Parareal.
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1. Mathematical Model. In the following, we have a delicate model of coupled
heat transfer and radiation. While the heat transfer and radiation is solved with the
Aura software package, the flow field of the temperature is computed with a flow-field
solver, e.g. Openfoam or Vectis, see [14]. The idea is to obtain a speedup with fast
coupling schemes and parallel time schemes.

We deal with the following equations.

1. Heat-transfer equation:

8 T=V-(KVT)—V-vT, (1.1)
T(X, to) = TQ(X),

where the unknown temperature is T', A is the diffusion operator and B the convection
operator.
2. Heat-Flow equation:

ov=—(v-V)v—-VpT), (1.2)

v(x,to) = vo(x),

where the unknown flux is v, A is nonlinear flow operator and B is the pressure
operator.

Both equations are solved simultaneously together with an iterative scheme.

REMARK 1.1. For simplifications we assume p is not dependent of T, and we
solve equation 1.2 first and use the result for equation 1.1. Further, we decouple
equation 1.1 with operator splitting schemes.

REMARK 1.2.
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2 2. SPLITTING METHODS

The more delicate case is to couple the two equations, if they are strong coupled
and nonlinear, means Vp(T). Here we apply an iterative splitting scheme, that couples
the two equations via relaxation.

2. Splitting Methods. In the following we briefly discuss the coupling methods
that are used for the heat transfer equation.

2.1. Lie-Trotter or A-B Splitting method. The standard implemented scheme
is the well-known A — B splitting method.
A-B splitting:

v =—(v-V)v, (2.1)
with t" <t <" v(x, t") = v (x),

oT

S =V (KVT) =V .37, (2.2)

with t" <t <"1 9(x,t") = v (%), T(x,t") = T(x,t")

where T™ is the known initial value of the previous solution and 7'(t"*1) = Ty (x, t"+1)
is the approximated solution of the full equation.
We have a global splitting error of O(At), where At is the time step.

2.2. Strang-Splitting Method. Strang Splitting:
OT (x,t)

5 = V - (KVTy) =V -viTy, (2.3)
with t" <t < t"FY2 vi(x,t") = v*(x) , Ti(x,t") = T(x,t")

6,5V2 == —(Vg . V)Vg, (24)
with t" <t <"1 vy(x,t") = v™(x),

0T5(x,t

% =V - (KVT3) -V - v3T5, (2.5)

with ¢" Y2 < <" vy (x, tH2) = vt () Ta(w, tagge) = Tale, tF2)

where T™ is the known initial value of the previous solution and T'(¢"*1) = Ts(x,t"*1)
is the approximated solution of the full equation.

Here we obtain a coupling method of one order higher than the previous one, i.e.,
of order O(A#?).

REMARK 2.1. With such improved methods, we obtain higher accuracy and faster
computations.

2.3. Iterative splitting method.

2.3.1. Linear Case. The following algorithm is based on the iteration with
fixed splitting discretization step-size 7. On the time interval [t",#"*1] we solve the
following subproblems consecutively for i = 0,2, ..., 2m.

The iterative method is given as, see also [3],

6tvi = —(Vi . V)VZ‘, (26)
with t" <t <"1 vy(x,t") = v*(x),

oT;

8t =V - (KVTl) -V- Vi—lTi7 (27)

with t" <t <" v, (x,t") = v"(x), T(x,t") = T(x,t")
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where T, v™ is the well-known split approximation at time level ¢t = ™ [3].
Here we solve the time-discretization with a BDF4 method.

The higher order is obtained by applying recursively the fixed-point iteration to
reconstruct the analytical solution of the coupled operators, see [5].

Generalization to vectorial schemes (systems of ODEs)

We deal with a vectorial iterative scheme, given as an inner and outer iterative
scheme.

While the outer iterative scheme is a Waveform-relaxation scheme and could be
seen as a coarse iterative scheme, while we iterate over the full system in one step.
The inner iterative scheme is a multi-iterative Waveform-relaxation scheme, while it
iterates over each ODE in m-steps.

Outer Tteration (Waveform-Relaxation, iteration over the full system):

dU;
ar = AU; + BU,;_1 + F, (2.8)
Ui(t") = U ("), (2.9)
i=1,...,1, (2.10)
where U; = (U4, ..., Um,;) and m is the number of ODE’s, further
A171 A172 c. Al,m
A271 A272 C. A21m
A= : (2.11)
Am 1 Am.2 Am,m
and
Bl71 BLQ . Bl,m
B271 B272 e B21m
B= : (2.12)
Bmai Bma2 ... Bnm

)

are matrices of the ODE system, for example the diagonal and outer-diagonal matrices
and F is a right hand side (e.g. source term).
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Inner Iteration (iterative splitting, relaxation over each sub-equation):

% =AU j, + A12U1 -1+ o+ AU ji—1

+B1,1U1,j,-1+ B12U1j,-1+ ... + BimUnm ji -1 + [, (2.13)
U (") = Ui(t"), 51 = 1,..., Jh,

% =A21Urj, 1+ A22U1j, + ..o+ A2nUnjo 1 (2.14)

+B21U1 j,—1 + B2 Uy jo—1+ ...+ Bo U jo—1 +
U27j2(tn) = U2(tn)7j2 =1,...,J5,

—~

2.15)

AU
T = A U1+ AU g1+t Amm U, (2.16)

+Bm,1U17jm71 + Bm’QUijfl 4+ ...+ Bm,mUm.,jmfl —+ f,

Ume (tn) = Um(tn)vjm =1,...,Jm,

where U;(#"1) = (Uy s, (" ™),...,Upn.s,, (t"T1)) is the result to the next iterated
step ¢
and U;(t") = (U1 (t"), ..., Uy (t™) is the initial solution.
Uy jy—1 ("), Upnjo—1(t)) = Ui—1(t) is the approximated starting solution to
i — 1 of the outer iterative step.

We can also iterate much more finer, if we also include operator B into the iterative
scheme.

Unifying Analysis:

Application of an alternative waveform-relaxation scheme.

1.) Convergence of the inner iterations

2.) Convergence of the outer iterations

The analysis is based on the convergence results of each inner iteration scheme,
that is equal or one order higher than the outer iteration scheme.

If all inner schemes converge and are at least of the same order than the outer
schemes, then the full iterative scheme is convergent.

THEOREM 2.1. Let us consider the abstract Cauchy problem in a Banach space

X
du
— =AU +BU +F, (2.17)
U(t") = Uy, (2.18)
where U(t" ) = (ug ("), ..., um (t"T1)) is the solution at time t"T1 and m is the

number of ODE’s, further the matrices are given in (2.11) and (2.12) and F is a right
hand side (e.g. source term).

Then the iteration process (2.8) is convergent and the and the rate of the conver-
gence is of higher order, depending of the iterative step i.

Proof.

The outer iterative process is given with the convergence:

IE(D)]] < K| Eia (£)]], (2.19)

while F; is i-th error E;(t) := U(t) — U;(t) and U(t) is the given exact solution of the
ODE.
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The proof is given in [5].
Further the inner iterative process is given with the convergence:

IE: @) < K7 [ E5(8)]]; (2.20)

while E; is i-th error E;(t) := U(t) — U;(t) and U(t) is the given exact solution of the
ODE. j = min{Jy,...,Jn}.
So we need at least the minimum of 1 iterative steps over each single equation to

gain at least one order of accuracy for the full system.
O

2.4. Application to the Heat-transfer and Heat-flow equations. We have
the following equation schemes:

0Ty =V - (KVT;) =V -vi 1T 1, (2.21)
v = —(vi1 - V)v; = Vp(Ti—1), (2.22)
Ti(x,t") = T(x,t"),
vi(x,t") = v(x, t"),
fort € [t",t"",n=0,1,2,...,N, withi =1,2,...,1,

where the initialization (starting condition for ¢ = 0) is To(x,t) = T(x,t") and
vo(x,t) = v(x,t") with ¢ € [t",¢"*1], means the solution at the last time-point.

2.4.1. Nonlinear Case: Modified Jacobian-Newton Methods and Fixpoint-
iteration Methods. We describe the modified Jacobian-Newton methods and Fixpoint-
iteration methods.

We propose for weak nonlinearities, e.g. quadratic nonlinearity, the fixpoint it-
eration method, where our iterative operator splitting method is one, see [7]. For
stronger nonlinearities, e.g. cubic or higher order polynomial nonlinearities, the mod-
ified Jacobian method with embedded iterative-splitting methods is suggested.

The point of embedding the splitting methods into the Newton methods is to
decouple the equation systems into simpler equations. Such simple equation systems
can be solved with scalar Newton methods.

The altered Jacobian-Newton iterative methods with embedded se-
quential splitting methods

We confine our attention to time-dependent partial differential equations of the
form

% — A(c(t))et) + B(e(t))e(t), with c(t™) = ¢, (2.23)
where A(c), B(c) : X — X are linear and densely defined in the real Banach space X,
involving only spatial derivatives of ¢, see [15]. We assume also that we have a weak
nonlinear operator with A(c)c = Ajc and B(c)c = Aac, where A; and A2 are constant
factors.

In the following we discuss the embedding of a sequential splitting method into
the Newton method.

The altered Jacobian-Newton iterative method with an embedded iterative split-
ting method is given as:
Newton’s method:
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F(e) = % — Ale(t))e(t) — B(e(t))e(t) and we can compute ¢F+D = (k) —
D(F(c®)=1F(c®), where D(F(c)) is the Jacobian matrix and k=0, 1,.. ..

We stop the iterations when we obtain : |[c*+1) — ¢(®)| < err, where err is an
error bound, e.g. err = 1074,

We assume the spatial discretization, with spatial grid points, ¢ = 1,...,m and
obtain the differential equation system:

F(Cl)
F(CQ)
F(c) = . : (2.24)
F(em)
where ¢ = (¢1,...,¢,)T and m is the number of spatial grid points.

The Jacobian matrix for the equation system is given as :

aF(Cl) aF(Cl) 6F(C1)

c1 c2 U Cm
8F(02) 8F(02) aF(Cg)

e e

DF(C) = )

OF(¢m)  OF(cm) OF (¢ym)

c1 c2 e Cm

where ¢ = (¢1,...,¢m).

The modified Jacobian is given as:

OF(c1) OF(c1) OF(c1)
Tl + F(Cl) Tl e le
6}1(102) (9FC(202)F(C2) . 31‘;5:132)
DF(C) = )
OF (em) Olem) . 2Elem) 4 p(c,,)
where ¢ = (c1,...,¢p).

By embedding the sequential splitting method we obtain the following algorithm.
We decouple into two equation systems:

Fl (ul) = 8tu1 — A(ul)ul =0 with ul(t") = Cn7 (225)

F2 (u2) = (%ug — B(ug)u2 =0 with ’U,Q(tn) = ul(t"+1), (226)
where the results of the methods are c¢(t"™1) = ua(t" ™). and u; = (ui1,...,u1n),
U9 = (u21, . .,UQn).

Thus we have to solve two Newton methods, each in one equations system. The
contribution is to reduce the Jacobian matrix into a diagonal entry, e.g. with a
weighted Newton method, see [9]. The splitting method with embedded Newton
method is given as:

ALGORITHM 2.1. We assume the spatial operators A and B are discretized, e.q.
finite difference or finite element methods; further all initial conditions and boundary
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conditions are discrete given. Then we can apply the Newton’s method in its discrete
form as:

W = 0% ) @l — AW )ulP), (2.27)
, B} AP
with D(F; () = 2= (@) — Ay - 220y 2.95)
ouy Ouy
W) = andk =0,1,2,.. . K, (2.29)
ué”l) = uél) — D(Fg(uél)))fl(atuél) — B(uél))ug)), (2.30)
, d oB(ul
with D(Fy(uf))) = — = (0 = B(uf) - %ué”), (2:31)
ouy Ous
uP () = uEK () and1=10,1,2,..., L. (2.32)

where k and | are the iteration indices, K and L the maximal iterative steps for each
part of the Newton’s method. The mazimal iterative steps allow us to have at least an
error of: |ugK)(tn+1) — ugK_l)(th” <err,

and - —

|u;L)(t ) _ ugLfl)(t )| < err,

where err is the error bound, e.g. err = 1079,

The approximated solution is given as :

w(tl) = ugL)(th).

For the improvement method, we can apply the weighted Newton method. We
try to skip the delicate outer diagonals in the Jacobian matrix and apply:

uf ™ = u? — (DF W) + 0 W) T EFE @) Feul®), (233

where the function § can be applied as a scalar, e.g. § = 1075, and the same with e.

It is important to ensure that § is small enough to preserve the convergence.
REMARK 2.2. If we assume that we discretize the equation (2.25) and (2.26) with

the backward-FEuler method, e.g.:

Fy(ug (") = wg (") — g (%) — AtA(u (8"T))ug (17T =0 with uq (17) = ¢,

FQ(UQ) = Ug(tn+l) - UQ(tn) - AtB(UQ(tn+1))UQ(tn+l) =0 with UQ(tn) == ul(t"+1),

then we obtain the derivations D(Fy(ui(t"*1))) and D(Fy(ug(t"t1)))
OA(u (t"11))

D(Fy (up (t" 1)) = 1 — At(A(uy (")) + P (T un (171,
U n+1
D(Fy(uz)) = 1= At(Bluz(t™")) + %uw“».

We can apply the equation (2.33) analogously ué”l).

Iterative operator-splitting method as a fixpoint scheme

The iterative operator-splitting method is used as a fixpoint scheme to linearize
the nonlinear operators, see [4] and [7].

We confine our attention to time-dependent partial differential equations of the
form:

% = A(u(t))u(t) + Bu(t))u(t), with u(t") = ", (2:34)
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where A(u), B(u) : X — X are linear and densely defined in the real Banach space X,
involving only spatial derivatives of ¢, see [15]. In the following we discuss the stan-
dard iterative operator-splitting methods as a fixpoint iteration method to linearize
the operators.

We split our nonlinear differential equation (2.23) by applying:

du; (t .

—Udt( ) Al (0)ui(t) + Blui—1())ui—1 (t), with w;(t") = ", (2.35)

duiiq1(t . . .

u:lr;( ) = A(ui—1(¢))ui(t) + Blui—1(t))uip1, with w1 (t") =",  (2.36)
where the time-step is 7 = ¢"*1 —#". The iterations arei = 1,3,...,2m+1. uo(t) = ¢,

is the starting solution, where we assume the solution ¢"*! is near ¢”, or ug(t) = 0.
So we have to solve the local fixpoint problem. ¢™ is the known split approximation
at the time level t = ¢t".
The split approximation at time level ¢t = t"*! is defined as " ! = ug,, 12(t"*1). We
assume the operators A(u;—1), B(u;—1) : X — X to be linear and densely defined on
the real Banach space X, for i =1,3,...,2m + 1.
Here the linearization is done with respect to the iterations, such that A(u;—1), B(u;i—1)
are at least non-dependent operators in the iterative equations, and we can apply the
linear theory.
The linearization is at least in the first equation A(u;—1) ~ A(u;), and in the second
equation B(u;—1) ~ B(u;i1)
We have
A1 (" 1))us(E"F) = A(u Hu ]| < e,

with sufficient iterations i = {1,3,...,2m + 1}.

REMARK 2.3. The linearization with the fixpoint scheme can be used for smooth
or weak nonlinear operators, otherwise we lose the convergence behavior, while we did
not converge to the local fixpoint, see [7].

The second idea is based on the Newton method.

Jacobian-Newton iterative method with embedded operator-splitting
method

The Newton method is used to solve the nonlinear parts of the iterative operator-
splitting method (see the linearization techniques in [7],[8]).
Newton method:
The function is given as:
Fle) = % — Ale(t) elt) — Ble(t))e(t) = 0,

The iteration can be computed as:
cFHD = B) — D(F(cR))~LF (M),
where D(F(c)) is the Jacobian matrix and £ = 0,1,.... and ¢ = (c1,...,¢y) is the
solution vector of the spatial discretized nonlinear equation.
We then have to apply the iterative operator-splitting method and obtain:

Fi(u;) = Opuy — Alug)u; — Blui—1)ui—1 =0,
with  wu,; (") = ",

Fo(uit2) = Opuis1 — A(ui)u; — B(uit1)uipr =0,
with w41 (") = ",
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where the time-step is 7 = t"*1 —¢". The iterations are i = 1,3,...,2m+1. co(t) =0
is the starting solution and ¢” is the known split approximation at the time-level
t = t". The results of the methods are c(t"1) = ugy, 12(t"+1).

Thus we have to solve two Newton methods and the contribution will be to reduce
the Jacobian matrix, e.g. skip the diagonal entries. The splitting method with the
embedded Newton method is given as:

u D = u® — DR W) Ou — AP )l — Bl )ul),

k
DAW™) )
W)
ou,

with D(Fy (u®)) = —(A®) +

and k=0,1,2,..., K,
with  u;(t") = ",

i =)y - D(F(uf)

_ l k k k k l
D10, — AWyl - Bu®)u®))ed),

1+1
!
w ., 0Bl

. l
with D(Fa(u),)) = =(B(ul),) ),
u; 4
and [ =0,1,2,...,L,
with w1 (") = ",
where the time-step is 7 = t"t! — t*. The iterations are: i = 1,3,...,2m + 1.

co(t) = 0 is the starting solution and ¢™ is the known split approximation at the
time-level ¢ = ¢". The results of the methods are c(t"*1) = ugy, 42 (t" ).

For the improvement by skipping the delicate outer diagonals in the Jacobian
D = o — (D W) + 61 ()T (F () + € ), and

matrix, we apply u; i i

analogously uz(-fll).

REMARK 2.4. For the iterative operator-splitting method with the Newton iter-
ation we have two iteration procedures. The first iteration is the Newton method to
compute the solution of the nonlinear equations, and the second iteration is the iter-
atiwe splitting method, which computes the resulting solution of the coupled equation
systems. The embedded method is used for strong nonlinearities.

3. Parallelization : Parareal. To improve the parallel scaling properties of
our algorithm, we employ the so-called parareal algorithm invented by Lions, Maday
& Turincini [10]. This algorithm is a means of time-parallelization and can be viewed
as a multiple shooting method.

We assume to have a partitioning of the time interval Q = [0,T] divided into N
subdomains:

Q= [Th_1,T,], n=1,2,...,N. (3.1)

In parareal one makes use of two solvers, a coarse propagator G(T),, T,—1, x) and a
fine propagator F(T,, T, —1, ), each of which compute coarse and fine approximations
of the solution U, of the equation

dU

— = [(LU®), with U(T,-) = a. (3.2)
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Processor 1 Processor 2 = Processor 3 .
Window 2
Window 1
| | | i | | A N R B | | [ T B B
T T T T T T T T T T T T T T T T T 1
t, thea ther thea theis the1o

Fic. 3.1. Parallelization with Parareal, windowing of the parallel process.

It is crucial that the coarse integrator is computationally much faster than the fine
integrator, the latter of which is more accurate. The first iteration of parareal uses
the coarse integrator in a serial fashion to provide initial conditions to each time slice
O

Ul =G(T,,Tn1,Ul_}), n=1,2,...,N.

After this initialization the fine propagator can be used to integrate independently
(i.e., in parallel) N initial-value problems F(T},,T,_1,U* ;) (n=1,2,..., N), yield-
ing new approximations for the initial conditions on the following time slices. In
each iteration k£ the corrections are then again quickly propagated using the coarse
integrator:

UK = F(T,, Ty, UF_)) + G(Tn, Tne1, UFTY) — G(T, Tom1 , UF ), (3.3)

n—1

ExaMpLE 3.1. We assume to have F as the iterative splitting propagator and G
as the A-B splitting propagator.

Further the iterative splitting scheme include additionally a fizpoint scheme for
nonlinear problems.

So we step by each window to the next time interval, see Figure 3.1.

4. Benchmark Problems. In the following, we deal with simple examples to
test the convergence of parareal with embedded higher order splitting schemes.

4.1. Test 1: One-directional coupling. We start with a scalar test problem
for the coupling between a heat equation with convection term and a fluid flow given
by a convection equation:

OT =V - (KVT)—V - oT, (4.1)
v =—(v-V)v —Vp, (4.2)
T(x,t0) = To(x), (4.3)
v(x,tg) = vo(x), (4.4)

where the unknown temperature is 7', v is the flow field of the temperature and p is a
given pressure. The spacial domain of this problem is the interval [0, 1] with thermal
conductivity K = 0.01, which we discretize by finite differences at n + 1, equidistant
nodesz; =j/n (j =0,1,...,n, n =100). We assume to have homogeneous Neumann
conditions at the interval endpoints. This results in the following system

8tT == DQT—Dl(TOV) +b (45)
Oyv =—voDiv— Dip, (4.6)
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where the matrices Dy, D2 discretize first and second order differential operators and
b is a vector representing the boundary data. In a real-world problem the pressure p
will depend on the temperature vector 7', but in this test we assume that the pressure
is given by the function

p(t,x) = 1jg,1/3)(t) - 33 - t:vﬁ(l — ZC)G,

where 1,1/3)(t) is an indicator function for the time-interval [0,1/3]. This function
creates a transport wave (a flow field) traveling in both directions from the midpoint to
the interval towards the interval endpoints. The initial flow field is taken as vg(x) =0
and for the initial temperature we have taken Tp(z) = 162%(1 — x)2. The whole
problem is integrated over the time domain Q7 = [0, 1], which we have divided into
10 subdomains of equal length.

In order to evaluate the accuracy and performance of the coarse and fine integrator
over one time slice [0,0.1], we compare 3 different integrators for a general initial-value
problem v’ = f(¢t,u), u(0) = up, namely

e the implicit Euler method of order 1 (Eulerl),

e a classical explicit Runge—Kutta method of order 2 (RK2 or midpoint method),

e the backward differentiation formula of order 4 (BDF4).

Note that the equation for the temperature is semi-linear. For semi-linear initial-value
problems v = Au + f(t,u), u(0) = ug we also test

e an exponential Runge-Kutta method of stiff order 2 (expRK2 or exponential
midpoint method),

which treats the stiff linear term Au exactly and hence the stability condition is only
possed by the mildly stiff nonlinear term. This method requires the evaluation of
matrix exponentials exp(tA), or more precisely, the action of these exponentials onto
vectors exp(tA)v. We have used a rational Chebyshev method for these evaluations.

We apply the above integrators to each of the two differential equations for 7" and
v, where we have used three different coupling techniques:

e A-B coupling, which is of order 1 and hence will only be tested in combination
with Eulerl,

e Strang coupling, which is of order 2 and hence will be tested in combination
with the Runge-Kutta methods (RK2 and expRK2),

e iterative coupling in combination with the BDF4 integrator (note that in
this example the coupling is only one-directional and hence there is need for
exactly one splitting iteration).

In Figure 4.1 we show the accuracy of the tested combinations as a function
of the number of time steps (top) and the number of function evaluations (below),
respectively. In the number of function evaluations we have included for the implicit
solvers (Eulerl and BDF4) the evaluations required by the Newton solver. We have
used the m-file nsoli.m, a globally convergent Newton-Krylov solver given in [9],
with an absolute and relative error tolerance tol proportional to tsteps™?, written
tol ~ tsteps™?, where tsteps is the number of time steps and ¢ is the order of the
integrator. For BDF4 (¢ = 4) we have also included the function evaluations for the
higher-accuracy initialization of the 4 initial time steps by expRK2 with a refined
step-size h. Since expRK2 is only of order 2 we have chosen h ~ v/tol. Note that the
number of function evaluations for the second equation (velocity) with the explicit
methods and Strang-splitting is twice as large as the number of function evaluations for
the first equation (temperature), because in each time step we make 2 half-steps with
v and 1 full-step with 7. Note also that the convergence of RK2 for the temperature
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Fic. 4.1. Convergence of combinations of different time-stepping schemes with various coupling
techniques for integration of the model problem over a single time slice [0,0.1]. The coupling of the
two equations is one-directional here. The dashed lines on the left indicate convergence of orders 1,
2, and 4.

equation is subject to stringent stability constraints and the convergence curve comes
reasonable low only for a large number of time steps (or function evaluations). The
expRK2 method does not have this stability constraints and shows order 2 convergence
already for very small numbers of time steps (functions evaluations).

The fact that the favorable stability properties of expRK2 allow for larger step
sizes makes this method in conjunction with Strang-coupling predestined as a coarse
integrator for parareal. In order to achieve a high accuracy with few function evalu-
ations we will use BDF4 with iterative coupling as the fine integrator.

The convergence of parareal is depicted in Figure 4.2. Each convergence curve
corresponds to the error of the computed temperature T' (left) and velocity v (right)
measure at each of the 11 coarse time points Ty, T4, ..., TN, where the abscissae
indicate the parareal iteration index k. Note that after k£ = 11 iterations the algorithm
reaches the accuracy of the fine propagator, the result of which was also used as the
reference solution for computing the error. We also note that the convergence for the
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Fic. 4.2. Convergence of parareal applied to the model problem. The left picture shows the
error of the temperature variable at each of the 11 points of the time grid (the lowest constant curve
corresponds to time t = 0, where the initial value is given) after k = 1,2, ... parareal iterations. On
the right we show the error of the velocity variable.

velocity field is much more rapid than for the temperature, see Figure 4.2.

4.2. Test 2: Bidirectional coupling. We consider the previous test problem
but now with a pressure function depending on the temperature 7',

p(T)=02-T+0.2.

Therefore we now have a bidirectional coupling between the equations (4.1) and (4.2).
For the iterative splitting method this results in the system

OT; = DoT; — Di(T;0vi_1) +b ,Tit" = T(t"), t € [t",¢"], (4.7)
Oyv; = —v;_10Dyv; — Dlp(TZ) , Vit = V(tn) , te [tn,tn+1], (48)
where i = 1,2,...,1 and I € NV is a fixed number. Further we assume the starting

value vo(t) = v(¢™) or an initial guess vg(t) = Vinitiai (t). The approximated solutions
are given as T(t"*1) = Tt *t! v(t" 1) = vt" ! with I iterative steps.

As in the previous test, we have used a Newton iteration nsoli for the implicit
time-stepping methods and we have chosen the stopping tolerance tol depending the
number of time-steps tsteps as tol ~ tsteps™9, as before. The achieved accuracy as a
function of the number of time-steps is shown in the right plot of Figure 4.3.

It turns out that for every time-step only 2—-3 iterative splitting-scheme iterations
are required to satisfy the imposed error criterion. However, each call to the Newton
solver nsoli requires 3-7 function calls for solving the implicit equation for the new
temperature or velocity iterate to prescribed error tolerance. The average number of
function calls per time-step for the temperature equation is therefore above 4, which
results in a worse work-precision curve for the iterative splitting method when the
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Fic. 4.3. Convergence of combinations of different time-stepping schemes with various coupling
techniques for integration of the model problem over a single time slice [0,0.1]. The coupling of the
two equations is bidirectional here. The dashed lines on the left indicate convergence of orders 1, 2,
and 4.

number of function evaluations is taken as measure (see the right plot of Figure 4.3). In
this example, only for very high accuracies (below 107, which is far below our spacial
discretization error) we can expect that the iterative splitting approach outperforms
the expRK2 scheme with Strang coupling.

The convergence of parareal for the temperature and velocity components is il-
lustrated in Figure 4.4. As before we have partitioned the time interval [0, 1] into 10
time-slices of equal length. Note that after about 8 iterations of parareal we reach the
final stagnation level of the error, which means that we can expect a parallel speedup
of 10/8, provided that the cost for the coarse integrator is neglectable. As coarse
integrator we have used 1 time-step per time-slice of the expRK2 method with Strang
coupling. The fine integrator is 200 time-steps of BDF4 with iterative coupling.

5. Conclusion. We have presented a model for the heat transport and flow field
of a technical application in car body heating. We discuss an improvement of existing
coupling methods with higher order splitting schemes. Numerical accerlerations are
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Fic. 4.4. Convergence of parareal applied to the model problem. The left picture shows the
error of the temperature variable at each of the 11 points of the time grid (the lowest constant curve
corresponds to time t = 0, where the initial value is given) after k = 1,2, ... parareal iterations. On
the right we show the error of the velocity variable.

obtained with the time-parallelization with Parareal.

In numerical examples, we could show the efficiency of the higher order schemes
embedded into Parareal, while producing more accurate solutions with larger time
steps. Such accelerations helps to achieve realistic computational times.

6. Appendix. In the following, we present the construction of the BDF (Back-
ward Differentiation Formula) and SBDF (Stiff Backward Differentiation Formula)
methods.

6.1. Construction of the BDF methods. The BDF methods are one class
of very effective methods for solving stiff problem. These methods are refereed to as
Gear’s methods since one of the first software packages for stiff problem is written by
him although Curtis and Hirschfelder [?] first introduced the methods. These methods
are of the form

k+1

Z au" " = B f (u . (6.1)
r=1

where the coefficients o, and [ are obtained based on the Taylor expansion and
difference operator. For example, for k =0, oy = 1,a7 = —1, 8 = 1, this corresponds
to the classical implicit Euler method of order 1. For k = 2, the coefficients are
a1 = 3,90 = —4,a3 = 1,8 = 2. This method is of order 3. We reconstruct the BDF
for iterative splitting method as follows,

k+1
Z au™ " = 1A T+ TR AU (6.2)

r=1
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and the following conditions must satisfy:
e k < 7, otherwise the method is not zero stable,
° Zfii o, = 0, otherwise the method is not consistent.
In the next section, we will construct stiff backward differentiation formulas
(SBDF) with order k.

6.2. Construction of the SBDF methods. The implicit-explicit (IMEx) schemes
have been widely for time integration of spatial discretization of the partial differential
equations of diffusion-convection type. We propose SBDF methods as the one class
of IMEx methods for iterative splitting. These methods are applied to decouple the
implicit and explicit terms. So for example the convection-diffusion equation, one use
the explicit part for the convection term and the implicit part for the diffusion. In
our application we divide between the stiff and nonstiff term, so we apply the implicit
part for the stiff operators and the explicit part for the nonstiff operators. We would
like to design k+1-th order SBDF method as follows: We would like to design k-th
order SBDF method as follows:

k+1 k+1
Z apu "2 = 78 Agu T 4 1 Z BrAjun T2, (6.3)
r=1 r=2

the following conditions must be satisfy:
1. k < 7, otherwise the method is not zero stable,
2. ng a, = 0, otherwise the method is not consistent,

3. b1 = Zfié -, otherwise the method is not consistent.

In the Eq. (6.3), the parameters «,, where r = 1....,k 4+ 1, are the same as
BDFk method. One can rescale the the Eq. (6.3) by taking $; = 1, then unknown
parameters (3,., where r = 2...., k+1, can be found by solving linear system of equation,
obtained by the Taylor expansions of 4"~ "2 around u™.

For each k (order of SBDF method), we have the following k x k equation systems:

For k = 2, after solving the system

) )y (6.9
o (5 )0

k k
we have (B2 = t1 ( A ) andﬁg,:tg( b9 )
For k = 3, after solving the system

k
eo(Wty)
k—2 t 1

Z (<::22>) z’f(k—_l)lz) Z : 1 | .

Wehaveﬁg_h(kﬁl ),63—t2< kﬁ2>and64—t3( kf?) ).Wecansolve

for k = 4,5,6 in the same way.
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These linear systems can be written in a closed form as follows:

Z ( ]; > (=), =1for r=1 (6.6)
s=1
ok
Z < . ) (1)t (s—1)"t=1for r=2,...k (6.7)
s=2
k
where 3, = t,_1 ( r_1

As a result we have general form of SBDFk methods as follows:
For k is even:

k+1 k+1 k
n—r+2 __ n+1 k+r—1 n—r-+2
Zlaru =T1Asu +TZQ(_1) ( r_ 1 ) Aru (6.8)

For k is odd:

k+1 k+1 L
n—r+2 __ n+1 k+r—2 n—r—+2
E,l au =7Au""T 471 272(—1) ( I ) Aju (6.9)

where k is the order of the SBDF method. The coefficients for SBDF method is
presented in Table 1.

order ay g as ay ag Qo ar B P Bz Ba Bs Be D
1 -1 1 1 1
2 1/2 -2 3/2 1 2 -1
3 -1/3 3/2 -3 116 1 3 -3 1
4 1/4  -4/3 3 -4 25/12 1 4 -6 4 -1
5 -1/5 5/4 -10/3 5 -5 137/60 1 5 -10 10 -5 1
6 1/6 -6/5 15/4 -20/3 15/2 -6 49/20 1 6 -15 20 -15 6 1
TABLE 6.1
SBDF coefficients
For example, 2nd order SBDF (SBDF2) reads as
(BumT —4u™ + ") = A7 A" - 27 AT 4 27 Agu T (6.10)
and 3rd order SBDF (SBDF3) reads as
(11u™ = 18u™ 4+ 9u™ ! — 2u"7?) = 187 A ju" — 187 Aju"? (6.11)

+67A1u" 2 4+ 67 Au" .
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