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Abstract

This study investigates the stability and convergence properties of solution
methods for the steady and unsteady Euler equations. A central scheme
with artificial dissipation is used for spatial discretization. A Runge-Kutta
scheme is used for the pseudo-time integration. The implicit residual
smoothing for steady and harmonic balance solutions is achieved using the
Lower-Upper Symmetric Gauss-Seidel(LU-SGS) method and the Lower-
Upper Symmetric Gauss-Seidel/Block Jacobi(LU-SGS/BJ) method, respect-
ively. Both the von Neumann and matrix methods are used to analyze the
stability of the involved solution methods. The stability of these schemes
obtained by the two stability analysis methods is identical for periodic
boundary conditions as expected. However, only the matrix method can
analyze the stability of solutions involving inlet, outlet, and slip wall bound-
ary conditions. It is found that these boundary conditions enhance the sta-
bility of solution methods. Furthermore, the matrix method can also allow
for the analysis of the impacts of non-uniformity in grids and flow fields on
solution stability. For the harmonic balance equation system, the stability
analysis demonstrates that the time spectral source term must be integrated
implicitly to avoid instability for analysis with a large maximum grid-reduced
frequency. The conclusions can be readily extended to the Reynolds aver-
aged Navier-Stokes equations and verified using a Laval nozzle and the
NASA rotor 37.

Introduction

Modern turbomachinery design highly relies on computational fluid
dynamics(CFD) for analyzing its performance by solving the steady and
unsteady Euler equations or Reynolds-averaged Navier-Stokes(RANS)
equations. In numerical analysis, the robustness and the convergence
rate of involved solution methods are vitally important for design engi-
neers, as they largely dictate the accomplishment of a design task.
Typically, there are two kinds of numerical methods for pseudo-time
integration: explicit methods and implicit methods. The representative
explicit methods are the multi-stage Runge-Kutta methods (Jameson
et al., 1981). Their advantages lie in the low memory consumption, low
CPU cost per iteration, and easy implementation. Because of this, they
have been very popular in the CFD community. The biggest disadvan-
tage of the explicit methods is their conditional stability. To achieve a
stable solution, the time step is limited by the Courant-Fredrichs-Levy
(CFL) stability condition. This time step limit is manifested by flow
field analysis at off-design conditions and harmonic balance analysis
with a large maximum grid-reduced frequency (Hall et al., 2013).
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The implicit methods, on the other hand, often have higher memory consumption and higher CPU cost per
iteration, and are much more difficult to implement, when compared with the explicit methods. The biggest
advantage of the implicit methods is better stability. Thus a much bigger time step can be allowed in an analysis
leading to reduced overall time cost. The extended stability of an implicit method depends on the approximation
of the system Jacobian matrix. A better approximation generally leads to higher stability but incurs more imple-
mentation complexity and computing resources.

The Lower-Upper Symmetric Gauss-Seidel(LU-SGS) method is a popular implicit method, as it represents a
good compromise between the advantages and the disadvantages of implicit methods. In a steady analysis, its
maximum allowable Courant number is theoretically infinite, though anything more than 1,000 does not make
any meaningful difference to the convergence rate of a solution. The LU-SGS method can also be used as a pre-
conditioner for the Runge-Kutta schemes to achieve a better convergence rate and stability (Rossow, 2000).

When it comes to the harmonic balance equation system, the implementation of the LU-SGS method is quite
difficult because solutions at different time instants are coupled. To reduce the programming complexity, the
Jacobian matrix of the time spectral source term is excluded from the LU-SGS method and it is implicitly inte-
grated using a block Jacobi(BJ) method (Wang and Huang, 2017). Although numerical experiments demonstrate
that this decoupled implicit treatment of the time spectral source term can increase solution stability, a thorough
stability analysis of this numerical method has not yet been reported in the open literature.

There are two main methods for assessing the stability and the convergence properties of a given numerical
scheme. One is well known as the von Neumann method developed by Charney et al. (1950), which has been
widely used to analyze the stability of a linear equation system with constant coefficients and periodic boundary
conditions. A von Neumann analysis shows that the first-order forward temporal integration scheme is uncondi-
tionally unstable for the linearized Burger’s equation in the harmonic balance form when a first-order upwind
scheme is used for the spatial discretization (Hall et al., 2013). However, the stability of an equation system can
be impacted by inlet, outlet, slip wall boundary conditions, and so on. The effect of these boundary conditions
on the stability of an equation system can only be analyzed by using the matrix or eigen-analysis method. The
Laplace equation and a two-equation model hyperbolic system were examined using the matrix method with
various boundary conditions and stretched grids (Roberts and Swanson, 2005). Eriksson and Rizzi (1985) inves-
tigated the solution behaviour of a center scheme for two-dimensional Euler equations. The beneficial effects of
local time-step scaling and artificial dissipations were studied using an eigen-analysis.

This paper presents the stability analysis results of solution methods for steady and harmonic balance form
Euler equations. The solution methods involve a central scheme with blended second- and fourth-order artificial
dissipations for the spatial discretization and a Runge-Kutta scheme for pseudo-time integration. The LU-SGS
method and LU-SGS/B] method are used as the implicit residual smoothing for the steady and harmonic
balance solutions, respectively. Both the von Neumann and the matrix methods are used to analyze the stability
of the involved solution methods. Based on the stability analysis results, the impact of the boundary conditions
and the block Jacobi method on solution stability and convergence rate can be analyzed, providing insights on
how to obtain a solution fast and robustly. Though the stability analysis is carried out based on the two-
dimensional Euler equations, the conclusions can be readily extended to the three-dimensional RANS equations
as demonstrated by using a Laval nozzle and the NASA rotor 37.

Methodology

Flow governing equations

The unsteady Euler equations for an ideal gas in a two-dimensional Cartesian coordinate system have been used
in the investigation. They are written in a conservative and differential form as

where
p pu pv
o[ o) o= [rir] o= om
pe; phu ph
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Q is the conservative variable vector and F, G are convective flux vectors in x and y directions, respectively.
ps Ps u, v, ¢, by denote pressure, density, velocity components, total energy, and total enthalpy. For a perfect gas

?
(r—1Dp

v

€ — -
14
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+ 0+ 00 b= e+

where y is the ratio of specific heat. The solution of Equation (1) is obtained by using a cell-centered finite
volume scheme. The spatial discretization of the equations is achieved using the well-known Jameson—Schmide—
Turkel (JST) scheme (Jameson et al., 1981) together with spectral radius scaled numerical dissipation (Arnone,
1994).

To simplify the following presentation, Equation (1) is rewritten as the following semi-discrete form

oQ B
QE+M®—O 2)

where Q denotes the cell volume and R(Q) is the lumped sum of the spatial residual vector, containing the con-
vective contribution R,(Q) and the artificial dissipative contribution R;(Q).

Harmonic balance method

The harmonic balance method is a computationally efficient reduced-order technique for time-periodic flows
within turbomachinery (Hall et al., 2002). Its analysis time cost can be 1-2 orders of magnitude lower compared
with the dual time-stepping method using a whole annulus computational domain for turbomachinery applica-
tions. With the harmonic balance method, the time-dependent flow variables are approximated using a truncated
temporal Fourier series

N
Q)= Q+ Y [Qusin(@,?) + Qg ncos(w,r)] 3)
n=1

where Q is the vector of time-averaged conservative variables, Q4,,, and Qp,, denote the corresponding vectors of
Fourier coefficients for the #th harmonic, V is the number of frequency components to be retained in an ana-
lysis, and @, = nw is the angular frequency of the nth frequency component. For implementation, Equation (3)
can be written in a discrete matrix form as

Q=DQ (4)

where Q is a column vector containing the conservative variable vectors at 2V + 1 different time instants, Q is
the corresponding Fourier coefficient vector. Their definitions are given as follows

Q

Qa1

Q(#) :
@é _ Qs
. , Q= :

Q(fz;\/+1) 8’;2’/

and D is given by D = D ® I, where D is the inverse discrete Fourier transform matrix, @ is the Kronecker
product, and 7 is an identity matrix with the size of 7y, X 7y,,. For two-dimensional Euler equations, the
number of conservative variables 7,,, = 4. The inverse discrete Fourier transform matrix D is given as

1 sin(w1 ) cos(w 1) . sin(wyt) cos(wnty)
1 sin(w1 1) cos(w1 ) - sin(wyt) cos(wytr)

D= (5)
1 sin(@ibyi1) cos(wiony1) ... sin(@ntny1)  coslwoytvin)
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Accordingly the time derivative term of the conservative variable vectors at 2N + 1 time instants can be
approximated by

0 ~ _
a_?Zquzau 'Q=EQ ©)
where D, = D, ® I and D; is given by
0 w1 cos (w117) —wy sin (w1#) o wpycos(wpyty) —wy sin (on 1)
0 w1 cos (w11) —w sin (w11) o wpycos(@pty) —wy sin (on1)
Dy = : : : : : : @
0 wicos(@inny) —wisin(@ibyg) ... oycos@ytyg1) —onsin(@ytoyg)

The matrix E is defined as the time spectral operator, which turns the physic-time derivative term into the
time spectral source term. Substituting Equation (6) into Equation (2), the harmonic balance equation system
with a pseudo-time derivative term is given by

Q%—?JFQEQJFR(Q) =0 @®)

The pseudo-time derivative term is introduced to facilitate the use of time-marching methods to solve the har-
monic balance equations.

Runge-Kutta scheme and LU-SGS method

The time integration is accomplished through a classic four-stage Runge-Kutta scheme together with the
LU-SGS method. The LU-SGS method was first proposed by Yoon and Jameson (1988) as a time integration
method. It was later used as a residual smoother at each stage of a Runge-Kutta scheme to improve stability and
convergence rate (Rossow, 2006). The solution update at the 4th stage of a Runge-Kutta scheme is defined as

Q¥ =Q9 +AQ, k=1,...,K ©))

where Q¥ = Q"!, Q" = Q%), and AQ is a column vector containing the solution increment at 2V + 1 time
instants. For the explicit scheme, the solution increment can be obtained directly as follows

AQ = —am% [RIQ*™V) + QEQ¥*™ ] (10)

While the explicit scheme is conditionally stable, the stability and convergence rate of the solution can be
further improved by employing the implicit method, the LU-SGS method, as a preconditioner of the
Runge-Kutta method. Subsequently, the solution increment is obtained by solving the following equations

I+ M_—] AQ= —aw% [RQ"V) +QEQ“ ] (1)

where OR/0Q = Ly+1 ® OR/IQ is a block diagonal matrix and I = L+ ® [ is an identity matrix. Ly is
the identity matrix of size (2N + 1) X (2N + 1) and OR/0Q is the Jacobian matrix of the residual vector R(Q),
which only contains the contribution of the convective flux for simplification. The pseudo-time step A7 is calcu-
lated by the ratio of a cell volume to the sum of spectral radii of flux Jacobian matrices. In Equation (11), €
denotes the relaxation factor, @; denotes the kth Runge-Kutta coefficient and ¢ is the Courant number. The
combination of €, ay, and ¢ plays a significant role in determining the stability and damping behavior of a given
scheme. Ideally, these coefficients should be optimized by using stability analysis. To solve Equation (11), an
approximate LU decomposition is used to replace the left-hand side of the equation, given as follows

BLUAQ = —aw% [RQ“™V) + QEQ*™] (12)
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here B=Lyy1 ® B, L= Ly ® L, and U = Ly ® U, where B is a scalar, L is the lower operator, and U
is the upper operator, given by

—1+86 (n+r])

_ AT to-l | gtpo-l
L=1I—eo o (A& +476N)/B

_ AT o — o+l
U—[—l—eaﬁ(Al, & +A4°6)/B

where matrices A and A, with m being i or j are defined as follows

A+:Am+7m’A, :Am_rm
” 2 ” 2

where 4, is the Jacobian matrix of convective flux through a cell face, given as

OF . 0G
An =505+ 505

in which §, and S, are the bounding surface projections in the x and y coordmate directions, respectively. 7, is
the spectral radius of the Jacobian matrix 4,,. The shift operators £/ and 5 " are defined as

! !
EMQy = Qrijp E' Qi = Qija

More details about the derivation of the operators BLU can be found in Wang and Huang (2017).

So far the Jacobian matrix of the time spectral source term is not included on the left-hand side of Equation
(11), implying that the time spectral source term is integrated explicitly. As the maximum grid-reduced frequency
becomes high, the maximum allowable Courant number will be limited or even solution instability can occur in
the harmonic balance equation system.

Block Jacobi method

To mitigate the impaired solution stability caused by the time spectral source term, it needs to be integrated
implicitly together with other terms as follows

[I reo'y (g_g+ QE)} AQ = —aw C[RQ*Y) + QEQH Y] (13)

However, the exact inversion of the system Jacobian matrix of [I + e6A7/Q(OR/0Q + QE)] is quite compli-
cated, as E is a dense matrix. To avoid this complexity, the block Jacobi(B]) method was proposed by Sicot
et al. (2008) to approximately invert the Jacobian matrix of the time spectral source term through iterations.
Wang and Huang (2017) combined the block Jacobi method with the LU-SGS method, leading to the
LU-SGS/BJ method:

A
BLUAQ" = —akaé [RQ*Y) + QEQ¥ V] — ecAtEAQ™™ m=1,2, ..., M (14)

where M is the number of block Jacobi iterations and the initial solution increment AQ° is set to 0. At least two
Jacobi iterations are required to have the time spectral source term integrated implicitly. The advantage of the
block Jacobi method is its easy implementation and minimal alterations to existing codes with a baseline
LU-SGS method.

When using the LU-SGS/B] method to solve the harmonic balance equation system, it is crucial to consider
the influence of the time spectral source term in scalar B. Otherwise, the full potential of the LU-SGS/B]
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method cannot be exploited. The scalar B can be modified as follows
A
B=1 —l—eaé(;’,’—i—rj—{—NQw)
where NQu is the spectral radius of the time spectral source term.

Boundary conditions

In general, there are four kinds of boundary conditions used in this numerical analysis: subsonic inlet, subsonic
outlet, slip wall, and periodic boundary conditions. At a subsonic inlet, the total pressure, total temperature, and
flow angle are specified, while the static pressure is extrapolated from the interior domain to the boundary.
Additionally, one can also extrapolate the one-dimensional Riemann invariant to the inlet boundary. The
Riemann invariant R~ is defined as follows

2c
y—1

R =V-

(15)

where Vis the velocity magnitude and ¢ is the speed of sound.

The well-posedness of a boundary condition is important for a numerical analysis as it can affect solution con-
vergence characteristics and even solution accuracy. Extrapolating the Riemann invariation at an inlet boundary
has been found to offer better convergence properties for nozzle flows (Jameson and Caughey, 2001).
Nevertheless, there is currently a lack of stability analysis supporting this conclusion. This paper will examine the
better convergence characteristics of extrapolating the Riemann invariant through stability analysis.

At a subsonic outlet boundary, the static pressure is specified, while the density and momentum in the x and
y directions are extrapolated from the interior domain to the boundary. To obtain a meaningful unsteady solu-
tion for a Laval nozzle and the NASA rotor 37, a sinusoidal static pressure at the outlet is prescribed

p = p+ Apsin(wr) (16)

where p is the time-averaged static pressure, Ap is the amplitude of static pressure perturbation with the value of
Ap = 0.1p, and @ is the angular frequency of unsteadiness.

von Neumann method

Though Swanson et al. (2007) performed a stability analysis of the RK/LU-SGS methods for two-dimensional
steady Euler equations, there has been no such effort of the RK/LU-SGS methods for solving the harmonic
balance equation system in the open literature. The stability and damping behaviours of the RK/LU-SGS
methods will change dramatically due to the time spectral source term in the harmonic balance equation system.
To improve the solution stability of a harmonic balance equation system, the block Jacobi method is often used.
Therefore, there is also a need to perform a stability analysis of the RK/LU-SGS/B] method for solving the har-
monic balance equation system.

In the von Neumann analysis, we assume the Euler equations are solved in a finite domain with periodic
boundary conditions. Let us define a Cartesian grid consisting of i,, X j, cells, where the length and width of
each cell are denoted by Ax and Ay, respectively. Q';; denotes the numerical error at the cell (7, j) and can be
approximated using a truncated spatial Fourier series as follows

i Jm
Q= Z Z Q,,,e/ -t 17)
N=—1y, Mm=—jp,,
where / = v/—1 is the imaginary unit and Qnm is the amplitude of a spatial harmonic. ¢, and ¢, are the phase

angles in the x and y directions of the spatial harmonic, covering the range of [—7, 7] respectively.
The numerical error Q'; ; satisfies the linear form of Equation (14), given as

A

n) )
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where £ = L1 ® L is the block diagonal matrix and L is the linearized discrete residual operator, consisting
of the convective part £, and dissipative part L, as follows

L=LA~+Ly (19)
As the Cartesian grid is uniform, £, and £, can be given by
A A
Lo =S 1AREN = €0+ 5 (AalE — €7
Ly=NeDE? — 46 + 6487+ 721
+ NEVE? — 48T v 6 -4 + &7

where Ap = (0F /0Q) and Ag = (0G/0Q) are the Jacobian matrices of the convective fluxes in the x and y dir-
ection. e is the linear dissipative coefficient. A; and A; are the modified spectral radii

in which Az and Ag are the spectral radii of the Jacobian matrices Ar and Ag.
Substitute a single spatial harmonic QeV <7} from Equation (17) into Equation (18), we can obtain

BLUAQ" = —aw% 12+ QEIQ" " — contEAQ™! (20)
where L is the transformed linear residual operator, given by
L=L.+Ly 1)
where
L. =% [Ar(e? —e71P)] + % [AG(e?r — /)]

Ly = NeP[¥0 — 4e/P 16— 470 4 Y04

+ Aj5(4) [62]% — 4P 4 6 — 47/ + €—2j(py]
and L and U are the transformed lower and upper operators, given by
] — Az +,7/¢ + .7/
L=1-— 86§(AyAF€ “+ AxALe ") /B
) Az — ¢ —= ¢
U= ]—l—eaﬁ(AyAF “+ AxA;e ") /B

Through M Jacobian iterations, the transformed increment of the solution can be simplified as

)

N AT ~ ~ ~ (e
AQ = —a/eoél’[ﬁ +oE1 Q" 22)

where P is the transformed preconditioner. For the LU-SGS/BJ method,

p=p"

J. Glob. Power Propuls. Soc. | 2025 | 9: 1-18 | https://doi.org/10.33737/jgpps/193865 7



https://doi.org/10.33737/jgpps/193865
https://www.journalssystem.com/jgpps/,193865,0,2.html

Zhang and Wang | Numerical stability analysis of solution methods https://www journalssystem.com/jgpps/,193865,0,2.ntml

which can be obtained as follows
P =Py — eoAQEP" ), m=1,2, ..., M
in which the initial value 2" s set to 0. Py is the transformed preconditioner of the LU-SGS method, given by
Py = BLU)™!

When M =1, the preconditioner P = Py, meaning that only the LU-SGS method is applied. When
M > 2 the block Jacobi method is applied to deal with the time spectral source term implicitly. As the K-stage
Runge-Kutta method is used for pseudo-time integration, the updated numerical error in the next pseudo-time
step can be written as

~ 7 ~ n—1

Q =Gk Q (23)

where the amplification matrix Gy is given by

K
Gre =1+ ag...ax 4 Z" (24)
k=1

in which Z is the Fourier symbol of the spatial operator, defined by

Z = —a%ﬁ[Z 1 QEF] 25)

Typically, the Fourier symbol Z is complex. When the phase angles ¢, and ¢, vary from —x to x, the
Fourier symbol forms a locus on the complex plane. The locus will scale up with an increase in the Courant
number or a decrease in the relaxation factor. The magnitude contour of the amplification factor can also be
plotted on the complex plane according to Equation (24) with the contour level ranging from 0 to 1. The
contour lines, often referred to as the stability region, depend on Runge-Kutta coefficients. The amplification
factor measures the growth of the numerical error over iteration. For a stable scheme, the numerical error must
not grow with iteration. So the maximum modulus of the amplification factor must be less than or equal to one
for all phase angles ¢, and ¢, varying from [z, z]. In other words, the locus of the Fourier symbol Z in the
complex plane should be inside the stability region of the Runge-Kutta scheme. The maximum allowable
Courant number and the minimum allowable relaxation factor thus depend on the interval between the locus of
the Fourier symbol and stability domain along the imaginary axis as well as the negative real axis.

Matrix method

The matrix method, also known as the eigenvalue analysis, is a more general approach to stability analysis. It
allows for considering various boundary conditions, grid nonuniformities and flow field nonuniformities. In the
case of a non-uniform mesh, the total residual function R(Q) for each control volume consists of two parts: the
convective part R.(Q) and the artificial dissipative part R;(Q). They are expressed as follows

RA(Q) =[Feoniv1/2; — Feoni—1/20j] T Feonijr1/2) — Feonij—(1/2))
Ry(Q) =[Diya/2,; — Di—/241 + [Dijras2 — Dij—a/2)]

(26)

where the convective fluxes through a bounding surface with the index i + (1/2), omitting the index j, are
defined by
Fooniva/py = [F X 8+ G X §lira 27)

Fluxes at a bounding surface are calculated by simply averaging their values on two sides of the bounding
surface. For example, F;; (12 = 1/2(F; 4 Fiy1). The artificial dissipative fluxes are given by

Di a2 =Aivayn [851)(1/2)(@“ - Q) - 851)(1/2)(Qi+2 = 3Qi41 +3Q; — Q1)) (28)
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where A; 1/ = (1/2)(A; + Aiy1), and e?, e® are the coefficients of the nonlinear and linear dissipative terms,
respectively. The nonlinear dissipative term is designed to provide dissipation at discontinuities such as a shock
wave. The linear one is used to suppress spurious solutions, leading to a fast convergence to a steady state. The
coefficients £? and e depend on the distribution of static pressure from a solution and the constant parameters
£ and £ (Jameson et al., 1981).

In the stability analysis based on the matrix method, the solution iteration needs to be written in a matrix
form. For an explicit scheme, the solution increment is given by

AT,‘J'

AQZ’] = —Op0 Q.. [RlJ(Q(k_l)) + QZJEQ£§71)] (29)
2
where the index i =1,2, ...,i, and j=1,2, ..., j,. The matrix form of Equation (29) can be written as
follows
4Q,,
AQZ,] ATl,I I
Q1
AQim,l = —a;0 .
AQ,, ) Az
‘ nn]mI
: 2.,
aQ; .
[/ R, (Q*Y) Qi \]
R, (Q*Y) Q,,
. Q. E .
|| Ri1(Q*Y) | + : Q.. || (30)
Ri2(Q"") - Q
12 Q oy '1,2
|\ R, Q") Q,;. /|
and here is the short form of Equation (30)
* At . *\(k—1) * *\(k—1)
AQ" = —a0 o [(R) + (QE) (Q")" ] (31)

where (Q*)*V is the solution vector, AQ* represents the solution increment vector, and (R)*V is the residual
vector containing the convective fluxes and dissipative fluxes at each cell under various boundary conditions.
(A7/Q)" is a diagonal matrix that contains the ratios of pseudo-time step to volume and (QE)" is a block diag-
onal matrix containing the time spectral source terms at each cell. Let us define the column vector Q™ contain-
ing the numerical errors at each cell. The numerical error Q" satisfies the linear equation system, given by

AQ" = —ao <%> (£ + (QE)"|(Q™)* Y (32)

where L* = (OR*/0Q") is the system Jacobian matrix of the total residual R, which has been derived manually.
In the matrix method, the impact of various boundary conditions on the stability of the solution can be consid-
ered as follows.

Firstly, the periodic boundary conditions in the x and y directions are applied in the matrix method, as illu-
strated in Figure 1a. The use of periodic boundary conditions in the y direction introduces non-zero off-diagonal
elements to the system Jacobian matrix £”. For the x direction, the periodic boundary condition is implemented
in the submatrix along the main diagonal of £*. Similarly, this introduces non-zero off-diagonal elements to this
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Figure 1. Visualization of the Jacobian matrix of the spatial discrete operator for the 2-D Euler equation system.
Nonzero elements are displayed as filled blue dots. (a) Periodic B.C. in x and y directions. (b) Inlet,outlet B.C. in x dir-
ection and slip wall B.C. in y direction.

submatrix. The inlet, outlet, and slip wall boundary conditions are taken into account in the stability analysis by
modifying relevant off-diagonal elements of £ and the submatrix along the diagonal as shown in Figure 1b.

The Jacobian matrix £" is usually frozen with an initial or fully converged steady solution. After the Jacobian
matrix is given, the updated numerical error at the next pseudo-time step can be written as

(Ql*)n _ }sz(Q/*)nfl (33)

where Gy is the amplification matrix of the equation system, given by

K
Gy =1+ Zak g (Z7) (34)
k=1

where I* is an identity matrix of size [y - iy - o - QN + 1)] X [#yar - 3y * j - 2N + 1)] and the transform
matrix Z"* is defined as

Z"=—o0 <?;> [L£" + (QE)"] (35)

In the matrix method, if the spectral radius of Gy is not larger than one, then the combination of the
pseudo-time integration scheme and the spatial discretization scheme will be numerically stable.

Results and discussion

This section presents two different parts. The first part is aimed at investigating the stability of the combination
of explicit Runge-Kutta methods with the JST scheme for solving steady and time spectral form Euler equations
by using the von Neumann method and the matrix method. The impact of various boundary conditions on
solution stability is considered by the matrix method. The second part focuses on the stability analysis of the
LU-SGS method for solving the time spectral form 2-D Euler equations and also the stabilization of the block
Jacobi method for different grid-reduced frequencies.

The stability of an explicit Runge-Kutta scheme with different boundary conditions

First, the stability of an explicit Runge-Kutta scheme for solving steady Euler equations with periodic boundary
conditions is examined using both the von Neumann method and the matrix method. The computational
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domain has a length of 0.2 meters and a height of 0.08 meters as shown in Figure 2. It is discretized using a
uniform Cartesian grid with 33 points in the x direction and 9 points in the y direction. The resulting grid
aspect ratio is AR = 0.625. A uniform flow field with a Mach number of Ma = 0.5 and a flow angle of f = 0°
is used as a baseline for linearization. Periodic boundary conditions are assumed in each direction for the von
Neumann analysis and matrix analysis. Figure 3 presents the stability analysis results obtained from these two
methods.

The locus of the Fourier symbol Z obtained by the von Neumann analysis aligns precisely with the distribu-
tion of eigenvalues of the transform matrix Z* obtained through the matrix method. The good agreement
between the two methods verifies the correct implementation of the matrix method. Figure 3 also presents mag-
nitude contours of the amplification factor of the classic four-stage Runge-Kutta scheme with coefficients
a=[1/4,1/3,1/2,1]. The contour levels are |Gzx| = 0.002, 0.01, 0.05, 0.20, 0.35, 0.50, 0.65, 0.85, 1.00.
The outermost contour corresponds to amplification factors with a magnitude of 1. For a given spatial

Figure 2. The computational domain and grid for stability analysis.

r T 1
4.00 * von Neumann .
o Matrix 0.9
0.8
2.00 . 0.7
@ 0.6
8
E 0.00 . 0.5
0.4
2.00 | { 03
0.2
0.1
-4.00 : '
-4.00 -2.00 0.00

Real(Z)

Figure 3. The locus of the Fourier symbol and the eigenvalue spectrum of the transform matrix with periodic
boundary conditions, uniform flow fields and grids (AR = 0.625, Ma = 0.5, = 0°, k¥ = 0.21, ¢ = 3) and the mag-
nitude contours of the amplification factor of the classic four-stage Runge-Kutta scheme.
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discretization scheme, the locus of the Fourier symbol or the distribution of the eigenvalues should lie within
this outermost contour, referred to as the stability domain. It ensures that the maximum magnitude of the ampli-
fication factor is not greater than 1 so that the combination of the pseudo-time integration scheme and the
spatial discretization scheme is numerically stable.

To assess the impact of various boundary conditions by the matrix method, these boundary conditions are
categorized into four combinations. The first combination serves as a reference, which includes periodic bound-
ary conditions in the x and y directions. The second combination involves inlet and outlet boundary conditions
in the x direction and periodic boundary conditions in the y direction. The third combination includes wall
boundary conditions in the y direction and periodic boundary conditions in the x directions; The fourth combin-
ation consists of inlet and outlet boundary conditions in the x direction and wall boundary conditions in the y
direction. The eigenvalue spectra of these four combinations of boundary conditions are presented in Figure 4.

Comparing Figure 4a and b, it can be seen that the inlet and outlet boundary conditions change the distribu-
tion of the eigenvalues considerably in the complex plane. Figure 4c presents the eigenvalue spectrum of the
third combination, which is quite similar to that in Figure 4a. It implies that the impact of the wall boundary
conditions is smaller than that of the inlet and outlet boundary conditions. Figure 4d presents the eigenvalue dis-
tribution of the fourth combination, which resembles that of the second one. In conclusion, different combina-
tions of boundary conditions result in varying distributions of eigenvalues in the complex plane, leading to
different stability and damping properties. Among these boundary conditions, inlet and outlet boundary condi-
tions have the most significant impact on the eigenvalue spectrum, leading to enhanced stability. Note the
impact of boundary conditions diminishes with the increase of grid points.

Next, the impact of different baseline flow fields and inlet boundary conditions on solution stability is investi-
gated by the matrix method. The stability analysis is performed on a Laval nozzle as shown in Figure 5a. A mesh
with 65 grid points in the x direction and 17 grid points in the y direction is used to discretize the domain. At
the inlet, the total pressure P, of 101, 325 Pa, the total temperature 7, of 288.15 K, and the flow angle of 0°
are given. At the outlet, the static pressure 2, of 80,000 Pa is specified. The resulting steady solution is used as
the baseline for linearization, as shown in Figure 5b. The flow field is transonic with a shock wave near the
throat. The Mach number in front of the shock is 1.5. This indicates a strong non-linearity in the solution.

(a) 400 (b) 4.00 (c) 400 (d) 4.00
2.00 | 2.00 2.00 2.00
) 8 8 8
2 0.00 2 0.00 2 0.00 2 0.00
E E E E
-2.00 - 2001 -2.00 (e -2.00
a:inlet B.C. a:periodic B.C. atinlet B.C.
b:periodic B.C. b:wall B.C. b:wall B.C.
o c:outlet B.C. c:periodic B.C. c:outlet B.C.
a,b,c and d:periodic B.C. d:periodic B.C. d:wall B.C. d:wall B.C.
-4.00 -4.00 -4.00 -4.00
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Figure 4. The eigenvalue spectra of the transform matrix for various boundary conditions. (k¥ = 0.021, 6 = 3). (a)
First combination. (b) Second combination. (c) Third combination. (d) Fourth combination.

Figure 5. The computational mesh and Mach number contours within a Laval nozzle obtained from solving the 2-D
steady Euler equations. (a) mesh. (b) Mach number contour.
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The stability analysis results are presented in Figure 6. Figure 6a and b present the eigenvalue spectra of the
transform matrix obtained from the uniform flow field and the nozzle flow field with the fourth combination of
boundary conditions, respectively. At the inlet boundary, the static pressure is extrapolated, denoted as inlet.
When using the steady solution of the nozzle as the baseline, the eigenvalues move along the real axis towards
the negative direction, approaching the stability boundary. The resulting stability is reduced. To mitigate the
instability caused by the nozzle flow field, the Riemann invariant extrapolation is applied at the inlet, denoted as
inlet2. Figure 6¢c shows the eigenvalue spectrum obtained from inler2 boundary condition. It can be seen that
some leftmost eigenvalues in Figure 6b disappear in Figure 6c¢, indicating that the Riemann invariant extrapola-
tion improves the solution stability and damping property.

For an unsteady flow analysis using the harmonic balance method, the solution stability is compromised by
the time spectral source term. In the von Neumann analysis or the matrix analysis, the time spectral source term
introduces a pure imaginary value into the Fourier symbol or the eigenvalues, resulting in a shift of them along
the imaginary axis in the complex plane, as illustrated in Figure 7. The extent of this shift is associated with a

(@) 4.00 : : (b) 4.00 . . (c) 4.00
2.00} 2.00 2.00
g S g
2 0.00f 2 o0.00r S 0.00
© . ©
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-4.00 -2.00 0.00 -4.00 -2.00 0.00 -4.00 -2.00 0.00
Real(2) Real(2) Real(Z)

Figure 6. The eigenvalue spectra of the transform matrix for different baseline flow fields and inlet boundary condi-
tions. (kK = 0.021, ¢ = 3). (a) uniform flow field, inletl. (b) nozzle flow field, inletl. (c) nozzle flow field, inlet2.
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Figure 7. The locus of the Fourier symbol and the eigenvalue spectrum of the transform matrix (wx = 1, c = 1.4) and
the contours of the magnitude of the amplification in the case of the classic four-stage Runge-Kutta scheme. (a)
von Neumann method, periodic. (b) matrix method, inletl. (c) matrix method, inlet2.
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dimensionless parameter, the maximum grid-reduced frequency, defined as

W max 2
Wy =

(36)
7+ 7

where @,y is the maximum angular frequency of the unsteadiness, Q is the cell volume, 7; and 7; are the
spectral radii of the Jacobian matrix of convective fluxes in x and y directions respectively. The maximum grid-
reduced frequency is a critical parameter with a substantial impact on the stability of the harmonic balance
equation system. If the maximum grid-reduced frequency exceeds a certain value, the resulting locus of the
Fourier symbol or the distribution of the eigenvalues will shift outside the stability region. To ensure the stability
of the solution, a smaller Courant number has to be used to scale down the eigenvalues so that they stay within
the stability domain of the time integration scheme.

To verify the results obtained from the stability analysis, the flow field within the nozzle configuration was
analyzed by our in-house solver. A sinusoidal static pressure is prescribed at the outlet. The periodic unsteady
flow induced by the pressure perturbation is solved through the harmonic balance method with a single har-
monic. The maximum grid-reduced frequency varies from 0 to 8 though altering the frequency of the unsteadi-
ness. Two subsonic inlet boundary conditions, named inler] and inlet2, are implemented in the solver. inlet]
represents the extrapolation of static pressure and in/et2 represents the extrapolation of the Riemann invariant.
When the maximum grid-reduced frequency is set to @, = 0, the steady Euler equations are solved. The steady
solution reveals that inler2 has a higher maximum allowable Courant number than that of inferl, as illustrated in
Figure 8. However, the stabilizing effect of inlet2 does not hold for a harmonic balance solution when the
maximum grid-reduced frequency is no less than 1. The results of the numerical experiments agree well with the
stability analysis results.

As the maximum grid-reduced frequency increases, the maximum allowable Courant number decreases
quickly. Moreover, The maximum allowable Courant numbers with the two different inlet boundary conditions,
obtained by numerical experiments, are in good agreement with the matrix analysis results. When it comes to
the von Neumann analysis with the assumption of periodic boundary conditions, the predicted maximum allow-
able Courant numbers are slightly smaller than those obtained by the matrix method at some maximum grid-
reduced frequencies, although they are still in good agreement with the results from the numerical experiments.

The stability of the LU-SGS method with the block Jacobi method

The explicit scheme encounters stability issues when it is used to solve the harmonic balance equation, due to
the stiffness of the time spectral source term, especially with a large grid-reduced frequency. To stabilize a har-
monic balance solution, two implicit methods are presented. The LU-SGS method was first proposed as an
implicit preconditioning of the Runge-Kutta method to improve the stability of a steady solution. It can be
applied directly to solve the harmonic balance equations without incorporating the Jacobian matrix of the time
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Figure 8. The maximum Courant number varying with the maximum grid-reduced frequency.
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spectral source term on the left-hand side. It can also be combined with the Block Jacobi method to integrate
the time spectral source term implicitly (Wang and Huang, 2017). To assess the stability of these two implicit
methods, a von Neumann analysis is conducted.

In the stability analysis, a uniform flow with a Mach number of 0.5 and a flow angle of 0° is used as the base-
line flow for linearization. At first, the stability of the LU-SGS method is investigated for solving the steady
Euler equation system (the corresponding grid-reduced frequency @, = 0), the Courant number ¢ = 1000 and
the relaxation factor € = 0.6. In Figure 9a, the Fourier symbol locus of the LU-SGS method takes a kidney
shape in the complex plane, which is notably different from that of the explicit method. In addition, this locus
lies within the stability domain of the four-stage Runge-Kutta scheme, even though the Courant number is
increased to the order of 10°. Therefore, compared to the explicit scheme, the LU-SGS method effectively
enhances the stability of a steady solution.

For the harmonic balance equation system, the locus of the Fourier symbol of the LU-SGS method is influ-
enced by the time spectral source term. When the maximum grid-reduced frequency is increased from 0 to 0.2,
the locus near the imaginary axis moves to the right side, as shown in Figure 9b. When the maximum
grid-reduced frequency reaches 0.5, the locus extends beyond the stability boundary of the classic four-stage
Runge-Kutta scheme, shown in Figure 9c. Consequently, the magnitude of the amplification factor is larger than
unity and the scheme becomes unstable. To stabilize the solution, the block Jacobi method is used with the
LU-SGS method to deal with the time spectral source term implicitly. In Figure 9d, the Fourier symbol locus is
restricted within the stability domain when the maximum grid-reduced frequency is set to @, = 0.5. Therefore,
the LU-SGS/BJ method can effectively stabilize the solution of the harmonic balance equations.

To further examine the stabilization effect of the LU-SGS/B] method, we consider a sufficiently large maximum
grid-reduced frequency in the stability analysis. In Figure 10a, the Fourier symbol locus of the LU-SGS method lies
outside the stability domain when the maximum grid-reduced frequency @, is set to 2 and the Courant number &
is set to 1, 000. However, the locus of the LU-SGS/B] method is restricted inside the stability domain as shown in
Figure 10b. Thus, the LU-SGS/B] method can effectively stabilize a harmonic balance solution even when the
maximum grid-reduced frequency is large, for which the LU-SGS method is unstable.

To verify the stability results obtained through the von Neumann method, the NASA rotor 37 is employed as a
more realistic test case. The computational domain consists of one blade passage. The domain is discretized using
an H mesh with 57 grid points in the radial direction, 49 grid points in the circumferential direction, and 137 grid
points in the streamwise direction, among which 72 grid points are on the blade surface (one side only). At the
inlet, the total pressure P, of 101,811.36 Pa, the total temperature 7; of 288.03 K, and the two flow angles of 0°
are given. At the outlet, the back pressure P, of 115,000 Pa is specified. The 3-D RANS equations, coupled with
the Spalart-Allmaras (S-A) turbulence model, are solved by our in-house solver (Wang and Huang, 2017; Huang
et al., 2018). The calculated mass flow rate is 20.84 kg/s, the total pressure rate is 1.74 and the isentropic effi-
ciency is 82.72%. The Mach number contours from a steady solution are presented in Figure 11.

Then an unsteady analysis is conducted by varying the static pressure periodically in time at the outlet. The
harmonic balance method is used to analyze the unsteady flow with a single harmonic. The maximum grid-
reduced frequency varies from 0.2 to 0.5 by altering the frequency of the perturbation. The convergence history
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Figure 9. The Fourier symbol loci for different maximum grid-reduced frequencies (¢ = 1000, ¢ = 0.6) and the mag-
nitude contours of the amplification factor of the classic four-stage Runge-Kutta scheme. (a) w, = 0, LU-SGS. (b)
wy = 0.2, LU-SGS. (c) wx = 0.5, LU-SGS. (d) wy = 0.5, LU-SGS/BJ.
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Figure 10. The Fourier symbol loci for w, = 2, ¢ = 1000, ¢ = 0.6. (a) LU-SGS method. (b) LU-SGS/BJ method.

of the density equation residual for different implicit methods and maximum grid-reduced frequencies are shown
in Figure 12a. Both the LU-SGS and the LU-SGS/B] method can achieve good convergences when the
maximum grid-reduced frequency is not larger than 0.2. However, when the maximum grid-reduced frequency
exceeds 0.2, the LU-SGS method fails to achieve convergence with the Courant number of ¢ = 1000 and relax-
ation factor of € = 0.6. In contrast, the solutions can converge effectively by using the LU-SGS/B] method.
Figure 12b illustrates the time cost comparison between the LU-SGS method and the LU-SGS/B] method. As
expected, the LU-SGS/BJ method requires more CPU time per iteration than that of the LU-SGS method
alone. Based on the analysis, we conclude that the block Jacobi method is unnecessary when the maximum grid-
reduced frequency is below 0.2. However, if the maximum grid-reduced frequency exceeds this value, the time
spectral source term could compromise the stability of the harmonic balance equation system. In such cases, it is
recommended to use the block Jacobi method to stabilize the solution so that a larger Courant number can be
used to achieve fast convergence.

Furthermore, the numerical experiments of NASA rotor 37 with the maximum grid-reduced frequency of 2
are conducted by increasing the unsteady frequency. The convergence historyies of the density equation residual
for different implicit methods are shown in Figure 13a. It can be observed that the solution solved with the

o0

Figure 11. The Mach number contours of the NASA rotor 37 at 50% blade span from the solution of the 3-D steady
RANS equation.
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Figure 12. The convergence histories of Res(p) solved using the LU-SGS method and the LU-SGS/BJ method
(e = 0.6). (a) iteration. (b) CPU time.
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Figure 13. The convergence histories of Res(p) for the LU-SGS method and the LU-SGS/BJ method (¢ = 0.6). (a)
Coarse mesh. (b) Fine mesh.

LU-SGS method can only converge with a very small Courant number, approximately equal to 1. However, with
the LU-SGS/B] method, the maximum Courant number can reach up t01000, or even higher, resulting in a fast
convergence rate. A finer mesh of NASA rotor 37 is employed to confirm the convergence performance. The
total number of grid points of the finer mesh is twice that of the coarse mesh. The convergence performance of
the LU-SGS/B] method remains effective, as shown in Figure 13b. Notably, the maximum grid-reduced fre-
quency is reduced due to the reduction in cell volumes of the finer mesh.

The LU-SGS/B] method demonstrates a significant reduction in total CPU time, requiring approximately
23.5% less time compared to the LU-SGS method to achieve the density equation residual level of 107 for a
coarse mesh. This acceleration is primarily attributed to the better stability of the LU-SGS/B] method to allow
for a much larger Courant number.

Conclusion

In this work, we have investigated the stability of the solution methods for steady and harmonic balance equa-
tions by using the von Neumann method and the matrix method. These two approaches show identical stability
analysis results of the steady Euler equations with periodic boundary conditions. While the eigenvalue spectrum
of the system transform matrix changes dramatically with other boundary conditions such as inlet, outlet, and
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slip wall boundary conditions. Furthermore, the matrix method reveals that stability can be improved by using
the Riemann invariant extrapolation at an inlet. For the harmonic balance equations, our stability analysis also
demonstrates that the time spectral source term leads to a shift along the imaginary axis in the Fourier symbol
locus and the eigenvalue spectrum. Consequently, a smaller allowable Courant number is required to ensure a
stable solution with an increasing maximum grid-reduced frequency.

To mitigate the impaired solution stability caused by the time spectral source term, the LU-SGS method and
the LU-SGS/B] method are considered in our analysis. In both the von Neumann stability analysis and numer-
ical experiments, the LU-SGS/B] method can effectively address the stiffness associated with the time spectral
source term, while the LU-SGS method fails with a large maximum grid-reduced frequency. Nevertheless, the
implementation of the block Jacobi method incurs additional computational costs. To balance stability and com-
putational efficiency, it is recommended that the LU-SGS method alone be used for cases with a maximum grid-
reduced frequency w, < 0.2 and the LU-SGS/B] method be used for cases with a maximum grid-reduced fre-
quency @, > 0.2.
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