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Evaluation of Jameson-Schmidt-Turkel Dissipation Scheme
for Hypersonic Flow Computations
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In the present work, the use of the Jameson-Schmidt-Turkel (JST) dissipation scheme is successfully
extended to compute hypersonic flows over an airfoil. It is shown that this scheme is not only capable of
computing flows at speeds all the way up to Mach 50, but also the rate of convergence and the final
results are as good as those obtained using the Swanson-Turkel modification of the JST scheme and
better than the Yoon-Kwak flux limited dissipation specially designed to compute high-speed flows. The
scheme is seen to be so robust that it does not require a well-prepared starting solution to compute flows
with either strong shocks or with high incidence, or both.

Introduction

T HE last decade has seen very significant progress in the
development of solvers for Reynolds-averaged Navier-

Stokes equations. Several algorithms and methods have been
devised to handle specific flow situations. A good number of
these flow solvers use the finite volume discretization and
Runge-Kutta time-stepping scheme with the addition of an
explicit artificial viscosity to provide 1) a high-order back-
ground dissipation to avoid the odd-even decoupling and 2)
a second component active in the vicinity of the shock to pre-
vent oscillations in that region. This form of artificial viscosity,
which has been in popular use since 1981 with the work of
Jameson et al.,1 has been largely confined to the computation
of transonic flows. There have also been some attempts to
compute supersonic flows using the same scheme. For exam-
ple, Radespiel2 has reported successful multigrid computations
up to Mach 2 on a NACA 0012 airfoil and Singh et al.3 re-
ported similar success up to about Mach 4 on the same airfoil
using the Jameson-Schmidt-Turkel (JST) dissipation scheme.
Earlier in 1990, Swanson and Turkel4 presented a total varia-
tion diminishing (TVD) variant of the JST scheme from which
Turkel et al.5 obtained good results for hypersonic computa-
tions up to Mach number 20 (without real-gas effects). They
reported no multigrid convergence for high-speed flows with
the JST scheme. The present work evaluates the versatility of
the JST dissipation by computing hypersonic flow over a
NACA 0012 airfoil for speeds as high as Mach 50 (without
real-gas effects) and angles of attack as high as 30 deg. There
are no reports to the knowledge of the present author that
present computed results for strongly shocked flows at such
high Mach numbers and angles of attack using the JST
scheme. All of the results presented in this phase of the work
are on a single grid level. The results obtained using the JST
scheme and its TVD variant due to Swanson and Turkel are
almost indistinguishable from each other.

A result of the computation using the flux-limited dissipation
model of Yoon and Kwak6 is also presented. Deese and Agar-
wal7 have used this scheme to compute hypersonic flows. The
present experience is that the basic JST scheme is as good as
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its TVD variant of Ref. 4 and even better than the flux-limited
Yoon-Kwak scheme, as is clearly seen from the results, par-
ticularly the residual history, in the present report and in Ref.
7. The basic reason to look for an alternative to the JST scheme
for hypersonic flow appears to be that the oscillations in the
vicinity of the shock become uncontrollable as the Mach num-
ber rises. Based on the present work, it appears that these
oscillations, which are encountered during the evolution phase,
are checked simply by restricting the pressure and temperature
to freestream values at points where the oscillation leads to
negative temperature and/or pressure during the first 100 time
steps or so. This points to the fact that it is the violent oscil-
lation during the initial transient that is responsible for the
problem. In fact, it was encouraging to note that every com-
putation all the way up to Mach 50 and angles of attack up to
30 deg (present computations were tried only up to these lim-
its) was started from the scratch initial solution, i.e., no use
was made of any previously converged solution at lower Mach
numbers as inputs to the next computation to reach the final
high Mach number and/or the angle of attack.

Discretized Navier-Stokes Equations
and Artificial Dissipation

The time-dependent Navier-Stokes equations are discre-
tized using the method of lines in which the spatial derivatives
are discretized using the cell-centered finite volume scheme.
These equations can be written as

dt- + (Qc + (2* - = 0 (1)

where W = (p, pw, pw, pE)T, u and w are Cartesian velocities,
E is energy, and Qc and Qv are the convective and viscous
fluxes, respectively. This discretization is based on central dif-
ferencing and requires the explicit addition of numerical damp-
ing as mentioned previously. This is indicated by D in Eq. (1).
In the present work, the JST scheme for the numerical dissi-
pation1 is used, which contains a blend of second and fourth
differences. The second difference term damps oscillations in
the vicinity of the shock sensed by a pressure-based sensor.
The fourth difference term helps to avoid the odd-even de-
coupling and provides the background dissipation in the
smooth regions of the flow.

The JST numerical dissipation scheme of Ref. 9 is given as
(for the case of density)

Pi +1/2,* ~~ Pi-1/2,* "I" Pi,*+l/2 ~~ Pi,*-1/2 (2)
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where

(3)

8X is the forward-difference operator and A are the scaled spec-
tral radii.9 The coefficients e(2) and e(4) are written as

/c(2) maxOm, (4)

(5)

In the present computations, K(2) = 0.5 and /c(4) = 1/32 or
1/64. The code uses the same values of *(2) and /c(4) for all
speeds from near-incompressible Mach numbers to high hy-
personic Mach numbers. The pressure sensor v is given as4

- 2plj (6)

where <o = 1 gives the standard 1ST scheme and co = 0 gives
its TVD variant due to Swanson and Turkel.4 Further,

~ Ptj\ + \Ptjt ~ Pt-\jk\

Pitk = +

(7)

(8)

Methodology
The semidiscrete governing Eqs. (1) are solved by time

marching using explicit five-stage hybrid Runge-Kutta local
time stepping with the viscous fluxes computed only at the
first stage and the numerical dissipation computed at alternate
stages. The residues are smoothed using Martinelli's9 variable
coefficient scheme. The eddy viscosity is computed using the
Baldwin -Lomax model.8 All of the computations have been
made using Courant-Friedrichs-Lewy number =1.6 for an
adiabatic wall condition.

Results and Discussion
A C-grid generator appropriate for generating grids for tran-

sonic flows has been adapted to compute grids for the NACA
0012 airfoil to resolve the bow shock in the present compu-
tations as best as possible. Figure 1 shows a 321 X 81 C-mesh
used in the present work to compute the flow over a NACA
0012 airfoil. To resolve the boundary layer well, the first grid
line enveloping the contour is placed about 10~5c away. The
grid used by Turkel et al. in Ref. 5 is well clustered ahead of
the leading edge and is well aligned with the shock offering a
good shock resolution. In contrast to this, the mesh used in the
present computations does not have such mesh clustering. This
fact should be kept in mind while comparing the sharpness of
the shock. However, unlike the experience of the authors of
Ref. 5, no convergence problem was faced with the use of the
present grid to compute high-speed flows. In the following, a
few computed results are presented with comparisons where
available.

It is emphasized that all of the computations were started
from scratch, i.e., a starting solution with the Cartesian com-
ponents of velocity based on freestream Mach number, density,
and temperature taken as unity and pressure computed from

gasdynamic equations. No attempt was made deliberately to
use partially or fully converged solution at lower Mach num-
bers or incidence, progressively being increased to higher val-
ues, as a starting solution for flows at higher Mach numbers
or incidence with a view to demonstrating the robustness of
the 1ST scheme to compute high-speed flows. As can be seen
in the results presented, convergence to good results is ob-
tained without any problem whatsoever, even under flow con-
ditions of extreme severity from the point of view of either
shock strength or incidence or both.

Figure 2 shows the convergence history for the computation
of flow with Afoo = 10 and a - 0 deg using JST as well as the
Yoon-Kwak schemes. The Reynolds number is 107 and tran-
sition is forced at 20% chord. It is seen that the JST scheme
produces a fairly clean convergence resulting in a residual drop
of three orders in about 1000 time steps and continues to fall
at a slower rate subsequently, which is typical of single-grid
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Fig. 2 Comparison of the convergence histories, M = 10, a = 0
deg.

150.00 n

100.00 -

50.00 -

0.00 J

JST SCHEME
YOON-KWAK SCHEME

-0.03 -0.02 -0.01 0.00
x/c

Fig. 3 Comparison of the jump in pressure across the shock
M = 10, a = 0 deg.
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Fig. 1 Present C-mesh (321 X 81).
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Fig. 4 Pressure and Mach number jump from Ref. 5, M = 10, a
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Table 1 Comparison of jump in flow quantities
across the shock just ahead of the leading

edge at Mx = 10
-o.oo

Scheme TIT*

Theory
JST
Yoon-Kwak

116.5
117.9
115.08

5.714
5.76
5.0

20.39
20.6
22.8
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Fig. 5 Comparison of the jump in temperature across the shock,
M = 10, a = 0 deg.

Fig. 6
Ref. 5.

Mach contours M = 10, a = 0 deg a) present and b)

Fig. 7 Pressure contours M •
Ref. 5.

10, a = 0 deg a) present and b)

computations. In contrast, the Yoon-Kwak scheme produces
a very kinkish residue history flattening off at relatively higher
level. This nature of the Yoon-Kwak scheme is also seen in
Ref. 7. Figure 3 shows the jumps in pressure across the shock
computed using the JST scheme, its TVD variant, and the
Yoon-Kwak schemes. All three schemes predict the pressure
jump within about 1.2% accuracy as compared with the the-
oretical value. The jump in the quantities across the shock is
computed just ahead of the leading edge, where the shock is
locally normal. The theoretical values are obtained using one-
dimensional normal shock jump conditions. For a comparison
of jumps in pressure across the shock, the corresponding result
of Ref. 5 is reproduced in Fig. 4, in which the sharpness of
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TVD VARIANT
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Fig. 8 Comparison of the convergence history, M = 50, a
Odeg.

Fig. 9 Streamline pattern, M = 50, a = 0 deg.

Fig. 10 Mach contours M = 50, a = 0 deg (present).

the shock is better due to the reasons of the grid quality men-
tioned earlier. Figure 5 shows the jump in temperature com-
puted using these three schemes. The JST scheme and its TVD
variant predict jump in temperature within about 1% of the
theoretical value and the Yoon-Kwak scheme overpredicts by
nearly 12%. Table 1 gives a comparison of the accuracy in
shock jump prediction at M^ =10.

Figure 6a shows the Mach number contours at M*> = 10
obtained using the standard JST scheme as well as its TVD
variant. The two results are indistinguishable on the plotting
scale. The corresponding computed results of Ref. 5 are re-
produced in Fig. 6b for qualitative comparison where the
shock thickness ahead of the leading edge is sharper due to
the grid topology. However, the shock thickness is comparable
away from the leading edge where the two grid topologies are
not much different. A similar comparison of pressure contours
is presented in Figs. 7a and 7b. The contour levels in the fig-
ures of Ref. 5 are not marked, but since Ref. 5 and the present
work use the same basic components of the scheme (i.e., cell-
centered finite volume formulation, five-stage Runge-Kutta
scheme with weighted evaluation of the dissipation computed
at the first, third, and fifth stages with variable coefficient im-
plicit residual smoothing at each stage), the results of the two
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Table 2 Summary of shock jumps with JST scheme

20
Variable Theory Computation Theory Computation Theory

oo = 50
Computation

P/Poo

777^

5.714
116.5
20.39

5.76
117.9
20.6

5.926
466.5
78.7

6.07
473
79.2

5.988
2918.5

487
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481
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Fig. 11 Convergence history M = 25, a = 30 deg (present).
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Fig. 12 Evolution of lift and drag M = 25, a = 30 deg (present).

computations are expected to be close to each other. The re-
sults of a similar exercise at M*> - 20 were identical in nature.

To test the ultimate efficacy and robustness of the JST
scheme, a few more studies with increased flow severity were
conducted. In the first case, flow computation was made under
a severely shocked flow condition at M«, = 50. Although the
flows without real-gas effects at high hypersonic Mach num-
bers, especially as high as Mach number 50, are only of the-
oretical interest, this case is chosen to demonstrate the capa-
bility of the basic JST scheme and other modifications in the
code to handle the involved severity of the solution process of
the basic gasdynamic equations/Figure 8 shows the residual
history for this case. A good convergence to more than three
orders in about 1500 time steps is seen. This residual drop,
once again, is typical of computations using a single grid level.
Figures 9 and 10 show the streamline pattern and Mach num-
ber contour for Mach 50 flow, which are seen to be smooth
and qualitatively good. Table 2 gives a summary of the com-
puted jump, ahead of the leading edge, in various flow quan-
tities across the shock. It can be seen that the present method
with the JST scheme is capable of computing the jump in these
quantities within an accuracy of 1-2% as compared with the
theoretical values.
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Fig. 13 Pressure distribution M = 25, a = 30 deg (present).
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Fig. 14 Skin friction distribution M = 25, a = 30 deg (pres-
ent).

Fig. 15 Mach contours M = 25, a = 30 deg (present).

In the next case, a flow condition with additional severity
of high angle of attack is considered that corresponds to M*, =
25 and a = 30 deg. Figure 11 shows the residue history for
this case. The residue drops by three orders of magnitude in
about 1500 time steps and continues to fall by more than four
orders in 6000 time steps. Figure 12 shows the evolution of
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Fig. 16 Pressure contours M = 25, a = 30 deg (present).

lift and drag. The computation shows that the lift and drag
values start with a large oscillation, but quickly settle down to
a steady value, even under such difficult conditions. Figures
13 and 14 show the computed pressure and skin friction (nor-
malized with respect to freestream conditions) and Figs. 15
and 16 show the Mach number and pressure contours for this
case, which appear to be qualitatively quite satisfactory.

Conclusions
The JST numerical dissipation has been used to compute

hypersonic flows including those at high angles of attack using
a cell-centered finite volume explicit Runge-Kutta local time
stepping scheme.

In contrast with the experience seen in the literature, the
present experience indicates that the JST scheme does not
seem to pose any convergence problem at high Mach numbers.
In fact, the results obtained are in near total agreement with
those obtained using its TVD variant due to Swanson and Tur-
kel,4 designed to enhance the capability of the basic JST
scheme to compute high Mach number flows. The scheme is
also seen to perform better than the flux-limited scheme of
Yoon and Kwak.6 The JST scheme is also found to be so robust
that with a simple fix during the early evolution of the solution
it is possible to compute flows with severe conditions of either
a very strong shock or a high angle of attack or both without
even taking recourse to the successive use of a previously sta-

bilized solution to be used as input to start the next compu-
tation with higher Mach number and incidence. The scheme
predicts jumps in flow quantities across the shock just ahead
of the leading edge, where the shock is locally normal, within
about 1-2% accuracy as compared with the theoretical values
obtained using one-dimensional normal shock jump condi-
tions.
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