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Abstract

Conventional slope limiters in unstructured compressible flow solvers exhibit inherent limitations including
significant parameter sensitivity and excessive numerical dissipation in smooth flow regions. This study
introduces an adaptive, parameter-free slope limiter based on dynamic flow feature detection to mitigate the
stability and dissipation issues associated with limiters. The novel limiter is based on the Venkatakrishnan
limiter, and it evaluates the smoothness of the local flow field by introducing a new discontinuity detection
function. The new discontinuity detector can detect discontinuous structures and even some weak shock
waves in complex flow fields. This performance is accomplished by comprehensively considering the pressure
and Mach number fluctuations as well as the pressure gradient differences at the cell interfaces. Building on
this foundation, the adaptive limiter dynamically adjusts the limiting intensity based on the local discontinuity
detection values. Specifically, it strengthens the gradient constraints near shock waves to suppress numerical
oscillations while reducing the limiting effects in smooth regions to maintain the solution accuracy. This
adaptive mechanism avoids unnecessary numerical dissipation in smooth regions and simultaneously provides
stable numerical solutions in discontinuous regions. Several test cases presented in this paper demonstrate
that the novel adaptive limiter can considerably enhance computational stability and convergence speed,
thereby effectively reducing the calculation errors associated with drag and heat flux.
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1. Introduction

In computational fluid dynamics, limiters are essential for stabilizing solutions on unstructured grids
by suppressing non-physical oscillations near large gradients, such as shocks [1-3]. The
fundamental principle behind limiters is to restrict the reconstructed variables at the grid-cell
interfaces. This ensures that the variations in reconstructed variables remain within a reasonable
range based on the values of adjacent cells, such as satisfying the maximum principle [4-7].
Represented by those of Barth and Jespersen [8] and Venkatakrishnan [9], these methods constrain
the gradient reconstruction values at cell vertices by limiting their extremum range, thereby ensuring
that the reconstructed values do not exceed the minimum/maximum range of the adjacent cell
solutions. Owing to the single dimensional gradient limitation, excessive dissipation is easily
introduced in smooth regions, and it is difficult to adapt to the complex characteristics of multi-
dimensional flow fields. Yang et al. [10] and Park and Kim [11,12] further refined the selection of
limiter stencils and limiting strategies by considering multi-dimensional flow physics, as represented
by both cell centers and vertices surrounding the cell of interest. However, its limiting function still
relies on the extremum criterion within a fixed-topology neighborhood, which inevitably leads to
excessive dissipation in smooth regions and fails to dynamically distinguish the differential
requirements for the limiting strength of different flow characteristics. An effective approach is to
activate the limiter only in discontinuous regions. In recent years, Ollivier and Gooch [13] proposed
a strategy to deactivate limiters in the subsonic flow regime. By introducing the hyperbolic tangent
function into the Venkatakrishnan limiter, this strategy enables the limiter to be activated only within
a specific range. Subsequently, Keiichi and Eiji [14] developed a method that automatically adjusts
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the limiting strength based on the Mach number, which effectively reduces numerical dissipation in
smooth subsonic regions. Nevertheless, deactivating limiters within subsonic regions to reduce
numerical dissipation fails to yield a satisfactory balance between numerical stability and dissipation
for complex flows including shock—shock interactions. If discontinuous regions within the flow field
can be accurately identified and limiting is applied exclusively to these areas, the resolution of the
numerical method could potentially be significantly enhanced. Previous work has attempted to
address this by constructing a discontinuity detector. Oliveira et al. [15] have identified shocks by
scrutinizing the truncation error ratios across coarse and fine grids, as well as the local gradient
ratios between left and right sides. Ji et al. [16,17] established a discontinuity detector by considering
the Mach number and pressure at cell interfaces and validated the detector on compact gas-kinetic
scheme. Further validations over a wider range of test cases reveal that the existing methods still
exhibit limitations when applied to complex shock interactions.

To address this issue, this work first develops a more effective parameter-free discontinuity
detector to accurately capture shock waves and other discontinuous regions in flow fields. Based on
this novel discontinuity detection function, an adaptive free-parameter limiter is proposed by
modifying the classic Venkatakrishnan limiter. The core principle lies in the dynamic adjustment of
limiter parameters according to the values of the discontinuity detection function. This ensures that
the limiter remains largely inactive in smooth flow regions while becoming fully activated in
discontinuous regions such as shock waves, effectively suppressing numerical oscillations. The
method enables the limiter to dynamically adapt its parameters in response to local flow
characteristics, thereby satisfying the differential requirements for limiting strength imposed by
different flow features.

As mentioned above, the overall structure of this paper is organized as follows. Section 2 describes
the finite volume method and spatial reconstruction approach. Section 3 details the proposed
discontinuity detection function and adaptive limiter. In Section 4, a series of two-dimensional and
three-dimensional numerical cases are performed to validate the effectiveness of the novel limiter,
with comprehensive comparisons with existing methods. Section 5 summarizes the main
conclusions of this study.

2. Numerical method

2.1 Governing equations
The integral formulation of the three-dimensional Reynolds-averaged Navier-Stokes (RANS)
equations in three Cartesian coordinates was considered:

%Wﬂwv+ﬂmn.nds=jfaﬂFU.nds (1)

where Q = [p pu pv pw pE]" is a vector of conservative variables, p is the fluid density, E is the total
energy, and u, v, ware the velocity components in the Cartesian coordinates (x,y,z), respectively. Qis
the control volume bounded by closed surface 42, and dS is a surface element. Further details of the
aforementioned convective and viscous terms can be found in the reference [18].

The N-S equations that have been spatially discretized on the control volume can be written as
follows:

Ny
Q 1
0= 72 (Fel) ), ) s @

where ngAS; represents the area vector of the common face Sy between cell i and its neighbor cell j,
n; is the outward normal to this face, AS; is the area of this face, and Ny denotes the number of faces
of the control volume. Although the exact inviscid flux FC(QL-J-) is nonlinear, it is typically evaluated by

upwind numerical flux schemes, such as the Flux Difference Splitting scheme or Flux Vector Splitting
scheme, which can be defined as a function of the conservative variables Q at the interface f:
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Fo(Qi;) = Fc(Qf.Qf my) 3)

where superscripts ( )-R denote the left and right values of the interface, respectively. The left and right
conservative variables at each cell interface were interpolated from cell-centered values. In the cell-

centered finite volume method, the cell interface variables @, are extrapolated from the cell-centered
values Q; using the gradient VQ; :

Qf = Qi + @;VQ; - Ary;
QF = Q; +¢,VQ; - Aryy

where ¢ denotes a slope limiter function employed to suppress oscillations in discontinuity regions.

(4)

2.2 The Venkatakrishnan limiter
The fundamental concept of the limiter is to preserve monotonicity during variable reconstruction.
To calculate the scalar variable ¢i, the Venkatakrishnan limiter is provided in Eq. (4)

1 (A%,max-l"SZ)AZ + ZA%Al,max
Dy [AZ o + 202 + 207 ayA; + €2
Pi = minf 1 (A%,min+€2)A2 + ZA%Al,min ,
Ag |82 in + 202 + 281 mindy + 82] fhe<0
1 ifA,=0 (5)
Qmax = maX(Qir manQj) Ajmax= Omax — O;

]ifA2> 0

Qmin = min(Qi' mianj) A1,min= Qmin - Qi
B =VQ;-1if

It is important to note that limiter function (5) must be defined with nondimensional quantities. The
parameter €2 is defined as:

€2 = (KAh)? (6)

where K usually is user-defined constant that influences solution convergence and numerical stability.
It has been reported that if K is set to zero, the limiter is active even in the near-constant regions, which
ensures solution stability particularly in discontinuous flow regions [9]. A large value of K implies no
limiting at all, thereby accelerating convergence rates and reducing numerical dissipation in smooth
flow regimes. Therefore, the appropriate selection of the parameter K is critical for achieving a balance
between numerical stabilization and dissipation. However, in practical applications, the complexity of
flow scenarios makes it challenging to predetermine an optimal value for the parameter K. To address
this challenge, the development of an adaptive limiter that dynamically adjusts the parameter K based
on local flow field characteristics is essential.

3. Adaptive and Parameter-Free Slope Limiter
The adaptive strategy requires effective discontinuity detection. While the indicator by Zhang et al.
[11] enhances robustness in hypersonic flows and detects strong shocks well, its performance is limited
for weak shocks in complex fields. This paper introduces an extra functionf(V;L,V;R) , Which
incorporates the difference in pressure gradients across a cell interface. This addition significantly
improves shock wave detectability within complex scenarios. For second-order spatial discretization
using the finite volume method, this discontinuous indicator «; € (0,1) at cell i is defined as

N¢

ai=| [ (7)

f=1
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where a;; is the discontinuous indicator obtained by the midpoint at the interface f around cell /, which
can be defined by

f(Vp.VpR)
@if = 2
1+ D}
L R L R
D, = Ip pr L P pRp | (Mak—Mafy? + (Mab—MaRy?

198 - 7]
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) (8)
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where pt and pR represent the left and right values of the pressure across the midpoint at the interface
f around cell i, respectively. Ma,, and Ma, are the Mach numbers defined by normal and tangential
velocity at the face. This combination of parameters allows the detector to effectively distinguish
between strong shock discontinuities, which require strong limiting, and regions of high shear or
turbulent activity, where limiting should be minimized to preserve the integrity of the flow structures.
The inclusion of pressure gradient differences is particularly crucial for accurately capturing shear
layers without excessive numerical dissipation. It is evident from Eq. (8) that the value of a;; lies
between 0 and 1, where 1 is considered smooth and 0 is considered non-smooth. And when there is a
significant difference between the left and right values of the interface f around cell i, the value of a;f
approaches zero. The characteristic length h; used for local nondimensionalize of p* is derived from
the volume of the cell adjacent to the interface. The term e within function f(VEL,VFR) acts as a
safeguard against division by zero. Additionally, it is important to note that when there is a significant
difference in pressure gradients that are also closely matched, ||Vpt|| — ||Vp®|| tends toward zero,
which necessitates the inclusion of the absolute value of the pressure gradient. Consequently, 1 —

[ T
70t [+[|7#7 +<

The core idea behind the newly proposed adaptive limiter is to modulate the parameter K so that it
tends towards infinity in the smooth flow regions and decreases in the regions with strong
discontinuities. This study utilizes Eq. (9) to adaptively modulate the limiting region of the limiter within
the flow field.

is multiplied by ||VpX|| + [|VpE||.

g? = [tan(%ai)Ahr 9)

where q; is the discontinuous indicator in Eq. (7). This paper refers to this limiter as Venkatakrishnan-
adpt. In regions of flow discontinuities, the discontinuous indicator approaches zero, and the limiter
fully activates to suppress numerical oscillations. In smooth flow regions, the discontinuous indicator
approaches unity, while the parameter £2 tending towards infinity. The present modification is simple
and it does not require any manually specified parameters. The impact of this newly proposed adaptive
limiter on the convergence characteristics of the flow field and the solution accuracy will be discussed
in detail in the following section.

4. Results and Discussion
The methods described above have been implemented into an in-house flow solver (HUNS3D-
HPC)[19-22] based on hybrid unstructured mesh. In this section, numerical test cases are introduced
to verify the accuracy, robustness, and efficiency of the newly proposed adaptive limiter and other
limiters, such as the Venkatakrishnan and Barth-Jespersen limiters, are also tested for comparison.

4
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4.1 Ringleb’s flow
The flow solution proposed by Ringleb represents an analytical solution to the steady nonlinear Euler

equations for a flow bounded by a wall. For most of the related literature [23-25], the Ringleb flow was
selected because it represents a transonic flow, and an exact solution is available for comparison. In
this study, we used the analytic solution of the Ringleb flow to test the accuracy of different limiters.
The Ringleb flow was solved using hodograph plane transformation. Thus, the physical location (x, y)
is given in terms of the physical variables (V,0), and a solution can be obtained:

sinf 1

vy
1 L
W) = W] 45 v =2 TV

(10)

where ) is the stream function, V is the velocity magnitude, and 6 is the flow angle measured from the
x axis., and p and L are functions of V.

= 5 = — — — — —
p=b L=ptasteE 3!

1 1 1 1 <1+b)
120

(11)
b=+41-02V2 p=b7
Fig. 1 shows the computational domain along the solid walls at the streamlines for k., =
0.55 kimax = 1.2 and placing the inlet and outlet at V = 0.5. As shown in Fig. 2, the subsonic flow (with

a Mach number of approximately 0.5) entered from the top boundary, traversed the computational
domain, and exited the bottom boundary with a maximum Mach number of 1.35.

Inflow V—0.5

Inviscid Wall

L

Outflow V =0.5

Figure. 1 Computational mesh of Ringleb’s Figure. 2 Flow field features
flow

Fig. 3 depicts the error distribution for the density derivative in both the x-directions, as derived from
numerical solutions utilizing various limiters. Given that the analytical value of density at any given point
can be computed using Eq. (12), we employ the formula to accurately determine the density derivatives
in both the x direction:

a ) - )
Op _pGtey) —p&oy) -6 (12)
0x €

Given the absence of shock waves in Ringleb flow, the flow field derived without employing any
limiters is expected to be optimal. Fig. 3 (a) demonstrates that the solution without the limiter exhibits
the least error, whereas the incorporation of limiters tends to amplify the error of the solution. Compared
to the Barth-despersen and Venkatakrishnan limiters (K=1.0), the adaptive Venkatakrishnan limiter
significantly enhances the accuracy of gradient solutions, particularly in regions close to the inner wall.
It is evident that the activation of the limiter in these regions introduces additional errors in the gradient
solutions; however, the adaptive Venkatakrishnan limiter effectively preserves the accuracy of the

5
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gradient solutions in smooth flow areas. We analyzed the limiter function values associated with density
gradients following the implementation of these two limiters. Fig. 4 shows the contour of the limiter
value for the density gradient magnitude. The numerical results demonstrate that the conventional
Barth-Jespersen and Venkatakrishnan limiters exhibit significant limiting effects in boundary regions
(particularly near the walls), whereas the adaptive limiter maintains an ideally inactive state throughout
the entire computational domain. These results verify that, in flow fields without physical discontinuities,
the adaptive limiter can accurately identify and avoid unnecessary numerical limiting, demonstrating
superior performance to traditional methods.

1

Err ';:” 1E-05 0.0001 0.001 0.01 nr

(@) No limiter Barth-Jespersen limiter

‘ ( (
(c) Venkatakrishnan limiter Venkatakrishnan-adpt limiter
Figure. 3 The error distribution of the density derlvatlve along the x direction

Limiter 0.9

- 4

€

(a) Barth-Jespersen limiter (b) Venkatakrishnan limiter (c) Venkatakrishnan-adpt limiter
Figure. 4 Limiter value for density gradient

8

For the Ringleb flow, owing to the absence of viscosity and shock waves, the analytical value of
entropy production in the flow field should be zero. This study provides a definition of entropy production
relative to inflow as follows:

P/Pin
AS=——--1 (10)
(o/pin)”

Fig. 5 illustrates the variation in entropy production derived from the numerical solutions employing
various limiters. The Barth-Jespersen and Venkatakrishnan limiters yield significantly higher entropy
production in proximity to the inner wall, as opposed to the adaptive limiter. This is primarily attributed

6
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to the fact that the unreasonable activation of the limiter near the inner wall in Fig. 5(b) and 5(c) leads
to a decrease in accuracy and an increase in numerical dissipation.

N 44

AS IE-05 0.0001  0.001 0.01 0.1

A

(a) No limiter (b) Barth-Jespersen limiter

A

(c) Venkatakrishnan limiter (d) Venkatakrishnan-adpt limiter
Figure. 5 Entropy production from the freestream value for Ringleb’s flow

4/'

4.2 Opposing Jet

In this section, we analyze a supersonic flow scenario where a freestream Mach number of 3.98
envelops a hemispherical nose, which is perturbed by an opposing sonic jet aligned along its axis. As
depicted in Figure. 6, the model configuration consists of a hemispherical blunt body with a diameter
of d,,,. The sonic nozzle has a diameter of d;. The flow field, modified by the opposing jet, is illustrated
in Figure. 7. Based on previous experimental data [26,27], we assume an ideal gas for both the
freestream and the jet. The freestream'’s total pressure P, , = 1370 kPa, total temperature T, ., = 397
K, and Ma,, = 3.98, while the corresponding parameters for the opposing jet are P, ; = 1096 kPa, T ; =
295 K, Ma; = 1.0, respectively. Fig. 8 presents the computational grid distribution utilized in this study.
The numerical analysis model was deliberately constructed to match that of Hayashi for comparative
purposes.

P =——
-
o | Bow shock )
, -
/| KrecStream Freestream f T
/ i
:r d E j MJSP“,J"! 0,j dm
i }\.
Preestream /(Id“ 20d,, < Jet stream @ T
\ No  Slip walll —
1 A \
Y i — Recirculation zone
LY 1 ,
N 1 er: 3 PlJ,:xu 3 Tﬂ 400 h
. FreeStream
\\ I 3
\\~ I
S

Figure. 6 Source area for

computation domain Figure. 7 Principal features of opposing jet



An Adaptive and Parameter-Free Slope Limiter for Unstructured Compressible Flow Solver

= e

As shown in Fig. 9, the improved surface heat flux distribution prediction links directly to more
accurate resolution of near-wall flow structures and thermal boundary layer, which are governed by
shear and turbulent transport. The adaptive limiter’'s lower dissipation in smooth regions enables more
physical wall-bounded flow development, leading to better agreement with experimental data. This
proves the proposed adaptive limiter benefits heat flux computation convergence acceleration.
Compared with Hayashi et al. experimental and numerical data, the adaptive computation’s heat flux
results align better with experiments than reference numerical solutions, especially in capturing peak
heat flux magnitude and location.

4000

— == Frperimentet [Hayachi o ol |
e s Dbt from Hyusi of af.
e rtlt= Jespersn
Fenkarakeishnan
Venkatukrisfenan-wipt

0, (win')
100000

S6000
32000

64000

Qw(wﬁnlj

28000 46000

28004

10000

7Y ol R N S S SN TN N N S |
25 A0 35 40 4% S0 55 60 65 Y0 TR OB OBS W 05

Ofdegrees) (h)

0, (win')

0, (wint')
100000

100000
$2000 $2000
64000 63000
46000 46000
28000 28000

10000 10000

(c) (4

Figure. 9 Heat flux distributions (a) along the cross-section Y=0, (b) Barth-Jespersen limiter,
(c) Venkatakrishnan limiter ,(d) Venkatakrishnan-adpt limiter

Fig. 10 compares the density contours obtained using different limiters. Simulations utilizing the
Barth-Jespersen and Venkatakrishnan limiters exhibit significant numerical oscillations within the shear
layer formed between the freestream and the opposing jet, as well as around the recirculation zone
downstream of the jet orifice. These oscillations artificially thicken the shear layer and distort the vortical
structures. In contrast, the flow field simulated with the proposed adaptive limiter shows a markedly
cleaner and crisper resolution of these fine-scale flow features. The shear layer interface is sharper,
and the stagnation region is more stable, demonstrating the limiter's ability to adapt to both strong
discontinuities and regions of high shear, which is paramount for accurate simulation of turbulence and
shear flow phenomena.

8
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(a) Barth-Jespersen limiter (b) Venkatakrishnan limiter (c) Venkatakrishnan-adpt limiter
Figure. 10 Density contours of the opposing jet

4.3 Reusable launch vehicles

In this section, the opposing jet during rocket recovery is analyzed to verify the application potential
of the adaptive limiter in complex flows. The intense interaction between the high-speed freestream
and the jet involved in this flow gives rise to a complex structure comprising a bow shock, jet boundary
layer, shear layer, and recirculation zone. This flow structure is accompanied by flow instabilities such
as multi-shock interference and unsteady oscillations, which impose high requirements on the
robustness and resolution of numerical methods.

The physical model used in this study from the RETALT (Retro Propulsion Assisted Landing
Technologies) project under the framework of the European Union's "Horizon 2020" program,
specifically the typical RETALT1 configuration therein. Fig. 11 shows the geometric configuration and
computational mesh distribution of this configuration; detailed geometric parameters, boundary
condition settings, and operating condition designs can be found in References [28-30]. Table 1
summarizes the key parameters of the freestream conditions and nozzle jet.

46.15mm

—

792.31mm

No-Slip wall boundary

Figure. 11 RETALT1 configuration and different cross-sectional mesh distributions
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Table 1 Hypersonic retro propulsion for reusable launch vehicles

Parameter Value
Mach number 5.29
Freestream Stagnation pressure[kPa] 400
Stagnation temperature[K] 450
Mach number 2.44
. Thrust coefficient (Ct) 4.0
Nozzle exit
Stagnation temperature[K] 300
Wall temperature[K] 200

Fig. 12 compares the convergence histories of drag coefficients for different limiters within 20,000
iterations. It can be observed that the adaptive Venkatakrishnan limiter has almost converged in drag
coefficient at approximately 10,000 iterations. In contrast, the computational results of the standard
Venkatakrishnan limiter ( K = 1.0 ) and the Barth-Jespersen limiter still exhibit persistent oscillations
even after 20,000 iterations. This result indicates that, when simulating such complex flows, introducing
the adaptive mechanism can effectively enhance the convergence speed and stability of numerical
computations

0.45
Venkatakrishnan
Barth—Jespersen
035 Venkatakrishnan-adpt
0.021 ]
0.019 |
0.25F .
- T — \\\
< 0.015 |
0.15F
0.013_! - -
17500 18000 18500 19000 19500 20000
nh.'_-“‘ 1
0.05F ————————— |
! 1
L
I —— 4
' | | 1
_0'":‘0 5000 10000 15000 20000

Iteration number

Figure. 12 Drag coefficient convergence history

Fig. 13 illustrates the behavioral differences of the three limiters in complex wave structures through
the distribution of limiter values corresponding to density gradients. In this three-nozzle jet interaction
case, the interaction between jets gives rise to a complex shock system downstream, comprising
multiple oblique shocks and reflected shocks, while the freestream, obstructed by the jets, forms a bow
shock. As observed from the limiter distribution, all three limiters exhibit small values in shock regions,
effectively exerting their limiting effect and thus enhancing the resolution of shock capturing. However,
the Barth-despersen limiter also imposes considerable limiting in smooth regions such as the
freestream region and downstream of the jet oblique shock, which is clearly inconsistent with physical
expectations. The Venkatakrishnan limiter still introduces unnecessary numerical dissipation in the
region downstream of the jet oblique shock. In contrast, the adaptive limiter adopted in this study is
activated only in key regions such as the bow shock and jet shocks, while its value is close to 1.0 in
other flow regions, effectively avoiding unnecessary interference with smooth flow regions.

10
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Limiter 0.5 0.6 0.7 08 09 1

o N
(a) Barth-Jespersen limiter (b) Venkatakrishnan limiter (c) Venkatakrishnan-adpt limiter
Figure. 13 Limiter value for density gradient

Fig. 14 presents the contour of the pressure coefficient. It can be observed that the numerical
simulations employing the Barth-despersen limiter and the Venkatakrishnan limiter exhibit oscillations
downstream of the jet oblique shock. This phenomenon may be associated with the unreasonable
limiting behavior at this location analyzed in Fig. 13, leading to non-convergence of numerical results
in this region. Meanwhile, the flow field at the bow shock obtained by these two limiters also shows
slight oscillations. In contrast, the flow field derived from simulations with the adaptive limiter displays
a relatively smoother results both near the detached shock and downstream of the jet oblique shock.
This observation suggests that the implementation of an adaptive limiter is adopted at moderating
gradients in discontinuities, thereby yielding a clearer and more stable shock structure.

Cp 0 025 05 075 1 125 L5

)

\

/(. ,

b
(a) Barth-Jespersen limiter (b) Venkatakrishnan limiter (c) Venkatakrishnan-adpt limiter
Figure. 14 Pressure contours of the opposing jet

5. Conclusion

This paper presents an implementation method for a widely applicable parameter-free adaptive slope
limiter designed for unstructured grids. The adaptive limiter incorporates a novel discontinuity detection
function capable of accurately identifying complex shock structures and weak discontinuities, activating
only in the vicinity of the discontinuities. It ensures high-resolution solutions in smooth flow regions,
while effectively suppressing numerical oscillations in discontinuous areas, thereby achieving high-
resolution numerical solutions. Numerical results demonstrate that the limiter, based on this adaptive
strategy, retains the convergence advantages of the Venkatakrishnan limiter while significantly
improving the convergence rate and accuracy of the wall drag and heat flux calculations. Since only
minor modifications are required to the reconstruction procedure, the novel limiter can be readily
incorporated into existing solvers with negligible extra computational cost. More importantly, the limiter

11
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eliminates the need for manual parameters and exhibits excellent robustness and reproducibility,
thereby providing an efficient and reliable solution for high-resolution numerical simulations of complex
flow fields.
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