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The solution to RANS (Reynolds-averaged Navier-Stokes) equations invokes a
suitable framework for turbulence modelling. To account for turbulence and
transition effects, a new SST (Shear Stress Transport) k — w turbulence model
is coupled with RANS to simulate the transonic flow passing an RAE2822 air
foil. Three sets of experimental data of the super-critical RAE2822 air foil are
employed to validate the new SST (NSST) closure. Computations are conducted
for a limited range of Reynolds numbers with variable angle of attack. The NSST
model has been found to replicate satisfactory results for lift C; and drag Cj
coefficients as well as for skin-friction and pressure coefficient profiles under
considerable shock-wave boundary layer (BL) interaction, although Cj is
challenging to be accurately predicted since the turbulence model requires to
adequately resolve near-wall turbulence in the BL with varying pressure
gradients. NSST predictions are compared with those of the widely-used SST
k — @ model. Numerical outputs demonstrate that the included NSST transition
model plays no significant roles to appropriately predict C; and Cp, indicating
that the NSST performance is almost equivalent to that of the SST in the current
analysis.

NOMENCLATURE
c airfoil cord length
Cr skin-friction coefficient
Cp drag coefficient
(3 lift coefficient
Cu closure coefficients
k turbulent kinetic energy
Ry eddy-to-laminar viscosity ratio
Ma Mach number
NSST new SST
R, stress intensity parameter
Py turbulent production
y* dimensionless wall distance
1 turbulence intermittency
0 momentum thickness
u dynamic viscosity
Ur turbulent eddy-viscosity
; S o (K
v kinematic viscosity (p)
Vr kinematic eddy-viscosity (”7
p density
Ok Schmidt numbers
) specific dissipation rate
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Subscript:
i,j variable quantities
o free-stream/reference condition

1. INTRODUCTION

The transonic flow over air foils has gained considerable
attention due to the shock-wave interactions with the
turbulent boundary layer (BL) which invoke flow
separation, shock unsteadiness and madification to the shock
structure. For a constant free-stream Mach number (Ma)
with variable Angle of Attack (AOA), three types of
transonic shock-wave BL interactions may exist [1] in
typical industrial applications. A weak shock-wave forms
with a low AOA which results in a thickened attached BL
and pressure fluctuation levels are insignificant upstream of
the interaction. However, an intermediate AOA may
strengthen the shock wave, giving rise to a separation zone
at the foot of shock. The flow regions adhering to upstream
of the shock and downstream of the separation bubble may
experience insignificant levels of unsteadiness. The strong
shock appears with a high AOA, forming a separation
bubble which extends from the shock foot to the trailing
edge. It is worth mentioning that these types of shock-wave
BL interactions can be confronted for a constant AOA with
variable free-stream Ma.

23


http://creativecommons.org/licenses/by-nc/4.0/

MIJST

Rahman:

RANS Flow Computation around Transonic RAE2822 Airfoil with a New SST Turbulence Model

The transonic flow over RAE2822 air foil can be a standard
validation case to justify numerical computations since
comprehensive measured data achievable for this air foil [2-
7]. Information from the upstream condition is used to
compute mean flow parameters, although the velocity
exceeds the speed of sound in regions of transonic flows. In
addition, the source terms of turbulence models may
confront strong spatial gradients due to the appearance of
shock waves in the flow [3]. These features raise the
questions of whether the turbulence models are capable of
representing transonic flows and how accurately the shock
location in flows involving “shockwave BL interactions”
with flow separation near the shock foot are predicted.
Endeavours to compute flow past an RAE2822 air foil using
various turbulence models with the wind tunnel correction
and far-field vortex effects, even by altering Ma and AOA
have been less than satisfactory [5].

The overall disagreement pattern shows the well-predicted
shock at the measured location, the over-predicted “post-
shock pressure recovery” on the upper (suction) surface, and
the under-predicted “roof-top pressure” recovery by some
turbulence models and over-predicted by other closures [5-
9]. Apparently, the test case is challenging in the context of
producing accurate simulations and worthy of attention to
typical industrial applications. The appearance of transonic
“shock-wave BL interactions™ at an air foil surface results in
a degraded performance. However, the lost efficacy could be
retrieved to an extent with a super-critical air foil like an
RAE2822, ascertaining a “roof-top type pressure” allotment.

The current effort is to simulate the turbulence and transition
(although transition has been tripped in the experiments)
around the transonic RAE2822 air foil using a recently
devised Shear Stress Transport (SST) k —w model in
conjunction with RANS (Reynolds-averaged Navier-Stokes
equations). In addition, the impact of transition model on the
computation of drag and lift coefficients has been evaluated.
The new SST (NSST) model [10] mimics the characteristics
of both the standard SST k — w model [11] and correlation
based y — Reg transition model [12].

The NSST model differs from the SST and y — Reg
models in several ways: (a) blending functions are avoided;
(b) diffusion coefficients meet the requirements, dictating
the “asymptotic flow behaviour” at the turbulent/non-
turbulent interface; (c) “stress Strain misalignment” problem
is absent; (d) turbulent production term is independent of the
Reynolds-stress u;u; tensor and (e) NSST is an algebraic
transition model. Remarkably, classical BL flows are used to
calibrate the y — Reg transition model and corrections to
the underlying correlations may be required when applying
the transition model to this transonic wall-bounded test case.
Therefore, computations from the standard SST model are
compared with those of the NSST model and the impact of
adding the transition model on the present set of
computations has been quantified.

2. TURBULENCE AND TRANSITION MODELING

The NSST k — w closure is employed to handle turbulence
and transition; the NSST model can be represented as
follows:
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P9 = 2|+ o) 2| + pPi = pCylew ®

pre) aix] [(u + 0, r) Z—Z] +PCa 5 = PLap? +

Cw% max (:—;g—:; 0) 2

Here the material derivative .- 2 57— the density, u; the
as+;;fp

velocity vector, x; the Cartesian coordinates, k the turbulent
kinetic energy, w the specific dissipation rate, and the
kinematic eddy-viscosity sz’:TT with u; being the
absolute  turbulent eddy-viscosity. Model constant
coefficients are: C, =0.09,04 = 0, =0.75,C,, =
0.25,C,; = 0.5and C,, = 0.075.
The following relation is used to evaluate the kinematic
eddy-viscosityv;:

Rpk

Y o . L
Vr = p max(Rpw;S) (3)

where S = /25;;5;; the absolute magnitude of mean strain-

rate tensorS;;, calculated as

5U=l(%+ﬁ>_””k5.. @)

2 ax]' 6xi ga Y

whered; jthe Kronecker’s delta function. The auxiliary stress
intensity factors R, (as a function of turbulent Reynolds
number Re, = Vky/v, where y the shortest distance to the
wall and v = u/pthe kinematic laminar viscosity) and R, =
VTT (eddy-to-laminar viscosity ratio) constitute the modified
stress intensity parameter R,, which can be evaluated as,
R, = min <R—”; a ) 5

b \/C_M 1 ( )
where a; = 0.315 and R, = max(Ryy; R, ) With

Cy Rey®
R, =————— 6
bY ™ (10+c2 rez )** ©)
C3RY*
Ry, = 0.16 012 (7)
K (1o+Rry) " (10+CZRE)

C .
where C; = 567”(31 and C; = C;°. Conventionally, a pre-
.0
2

2750
transition/pseudo-laminar allotment before transition is
ensured with R, < 1.0, and R, = 1.0 regards transition
between laminar and turbulence states. Transition triggering
is activated by reforming R, in Eq. (5) as follows:

. Rbﬂ .
. min (—;a1> if R, <1.0
R, = [ VCu g (C))
Eq.(5) otherwise
Table 1
RAE2822 airfoil: €, and C,, for Ma=0.75at Re,, = 6.2 X 10°
AOA Parameters EXPT SST NSST
2.72 deg C, 0.743 0.722 0.727
- Err (%) - —2.83 -2.15
- Cp 0.0242 0.0231 0.0230
- Err (%) - —4.55 —4.95
24
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The production termP, in Egs. (1) and (2) is evaluated
from:
Pk = ﬁka (9)

It is necessary to stress that the linear Reynolds-stress u;u;
tensor disappears in P, due to the involvement of the
structure parameter R, and thus, avoiding the “stress-strain
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misalignment” inconsistency encountered with the
“Boussinesq approximation” in relation to the vy
constitutive formulation. To be concise, compared to the
standard SST model, the NSST model (a) avoids blending
functions; (b) introduces “flow-structure-adaptive”
parameters in the eddy-viscosity formulation and (c) makes
the production term independent of the w;u; tensor.
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Figure 1: Grid distributions for RAE2822 air foil: (a) near-field view; (b) full view
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Figure 2: Effect of grid density on RAE2822 air foil simulations with Ma = 0.75 and AOA= 2.72 deg at
Re ,, = 6.2 X 10°: (a) pressure coefficient profiles; (b) skin-friction profiles

The surface value of w is based on the surface roughness.
Even for a smooth surface a minimum non-dimensional
roughness k,,;,, is used [13]:

+[2a(r)*** 80
kmin (10)

Yiuzg
v

cell-centre and the wall-friction velocity u, = \/% with the

Here yf = is the dimensionless distance of the first

wall shear stress 7, . For a rough surface a non-
dimensional surface roughness is computed from: k* =
(ki khinO) with the non-dimensional roughness ki =

%, where kp is the average sand-grain roughness
element height. The wall value of w is obtained from:

uf
Wy = TSW = SgSw

(1)
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where S,, is the strain-rate invariant value at the wall and
the factor Sy is used to modify the boundary condition for
a rough wall as:

100
+.2500

Wy

Sg = 12)

To enhance proper initialization, the free-stream Kk
(turbulent Kinetic energy) and its w (specific dissipation-
rate) are determined as follows [14]:

— 2 2 _ Ko _ Ko
koo = 5 (U,OOTU,OO) B a)w—CH VT_oo =Ly VR (13)
where Tu is the turbulence intensity and “co” indicates

free-stream values. Equation (13) is based on the
assumption that the k-transport equation deals with the C,-
based specific dissipation-rate. Therefore, the procedure
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provides proper initialization for the computation. The
lower limits of vy and w are respectively set as vy =

1073y, and w = C‘Zu”, where L, is the approximate

reference length (could be the length of the computational
domain).

3. Numerical simulations

Three representative combinations of available measured
data [2-7] are utilized to compute transonic flows over the
RAE2822 airfoil with strong shock BL interaction: (a) Re =
6.2x10%, Ma = 0.75 & AOA = 2.72 deg; (b) Re = 6.5 x 109,
Ma = 0.73 & AOA = 2.51 deg and (c) Re = 6.5 x 105, Ma =
0.73 & AOA = 2.8 deg. Transition has been tripped in the
experiments along the airfoil surfaces (upper and lower solid
boundaries), confined to the Leading Edge (LE) at x/c =
0.03 (where c the airfoil cord length). The position of the
shock and the amount of separation are very dependent on
the applied numerical method and turbulence model [3, 5].
A non-uniform C-type structured grid 384 x 128 has been
created for the RAE2822 airfoil to reproduce better
numerical results. Figure 1 displays zoomed and full views
of the computational mesh; 256 grid cells lie on the airfoil
solid surface, providing the first near-wall cell-height
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of y* <1.0. The LE curvature is fairly replicated by
carefully arranging mesh points near the LE. The airfoil
solid surface deals with viscous wall-boundary conditions.
The far-field boundary is located at a distance of 40c in all
directions from the airfoil surface, where the external (far-
field) boundary conditions are applied with Tu, = 0.1%
(free-stream Tu) and R, (free-stream R,). Simulations are
conducted in a way to match measured coefficients of the
lift C, and drag Cp, . Numerical results of the SST k — w
model is included for comparison purposes. An AC
(artificial compressibility) approach in the framework of a
cell-centered finite-volume scheme is applied to solve the
flow equations. [13-17]. The convective flux is computed
using a second-order upwind scheme. Roe’s damping term
[18, 19] is used to evaluate the flux on the cell face. The
iterative solution to the discretized equations employs a time
integration method entitled as the diagonally dominant
alternating direction implicit (DDADI) scheme. The
acceleration of convergence is achieved with a multigrid
approach. A detailed implementation of an AC scheme and
associated aspects can be found elsewhere [13-17]. An in-
house code has been used for the flow simulations and wall-
boundary conditions of the NSST model resemble those of
the standard SST turbulence closure.
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Figure 3: RAE2822 air foil with Ma = 0.73 & AOA= 2.51 deg atRe,, = 6.2 X 10°: (a) C, profiles; (b) Cyprofiles

A grid dependency study has been carried out with the
NSST model for the first combination of Re = 6.2 x 105, Ma
= 075 & AOA = 272 deg. Figure 2
demonstrates C,, and Cy profiles on two grids (allowing the
grid spacing to be decreased by half in both directions)
together with the corresponding experimental data; results
are almost mesh independent, since a little difference exists
between coarse and fine grid simulations. Therefore, a non-
uniform 384 x 128 grid resolution is good enough to
speculate the flow characteristics. Numerical results from
the widely-used SST model are also plotted for the
comparison purpose. Qualitatively, the “roof-top pressure”
is well-captured, the shock location is replicated slightly
downstream (with the finer grid) and the “post-shock
pressure recovery” on the upper (suction) surface remains
poorly predicted compared with experiments. This
deficiency could be primarily attributed to the linear eddy-
viscosity models that are used without “compressibility
corrections”.
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The C, (pressure coefficient) distributions on the lower
surface (pressure side) remain analogous to the measured
profiles for the NSST and SST turbulence models. TheC
(skin-friction) results from both turbulence models align
well with measurements and capture a shock-induced
separation with a small zone of separation (separated flow),
as indicated by Figure. 2(b). Nevertheless, the
airfoil Crdistribution of the pressure side does not indicate
any flow separation phenomenon. No detailed comments
can be made regarding the separation along the pressure side
because no experimental data are available at that region.
The lift and drag coefficients for the first combination are

given in Table 1. The predictive model errors from

experiments inC,andCpare evaluated as; Lmedel“PEXPT) 0

PEXPTX100%
force coefficients predicted by both models are almost

identical and maintain a good correspondence with
experiments.
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Figure 4: RAE2822 air foil with Ma = 0.73 and AOA= 2.8 deg atRe,, = 6.2 x 10°: (a) C,profiles; (b) Cyprofiles

Figure 3 illustrates the profiles of pressure and skin-friction
coefficient distributions for the second combination of Re =
6.5 x 10°, Ma = 0.73 and AOA = 251 deg with
measurements. Apparently, the shock location is replicated
slightly upstream of the experimental location, the “roof-top
pressure” is nicely captured and the “post-shock pressure
recovery” is reasonably predicted. The C, (pressure
coefficient) distributions on the lower surface of the airfoil
(pressure side) remain identical to experiments. The profiles
of C; (skin-friction coefficient) generated by both
representative turbulence models match the measured data
well and capture the abrupt change inCrat the shock
location, as indicated by numerical results in Figure. 3(b).
However, the shock is too weak to induce separation and
therefore, the shock-induced separation is not detected.

Computational results for the third combination of Re = 6.5
x 108, Ma = 0.73 and AOA = 2.8 deg, accompanied by the
measured data are depicted in Figure. 4. Compared to other
combinations, both models produce the best predictions of
the “roof-top pressure” and pressure recovery along with the
shock location behind the shock on the upper (suction)
surface. Other aspects are similar to those of the second
combination. Interestingly, C¢profiles from both NSST and
SST models in this combination deeply penetrate to the
shock location as demonstrated in Figure. 4(b), showing a
tendency to predict the shock-induced separation; this
feature can be regarded as “numerical separation”.

Table 2 provides comparisons of the calculated liftC; and
dragCpcoefficients from SST and NSST turbulence models
with measurements [2]. As can be seen, the computed values
of lift and drag coefficients from both turbulence models
make good correspondence with measurements; almost
analogous numerical outputs are produced by SST (non-
transition) and NSST (transition & non-transition) models.
The SST predictions are slightly better than those of the
NSST for the second combination; however, lift and drag
accuracies of the NSST are superior to the SST with the
third combination. Seemingly, the included transition model
does not play a major role to precisely
computeC, andCpcoefficients at a lower AOA= 2.51 deg in
the present set of simulations.
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Table 2
RAE2822 airfoil: C andCpfor Ma = 0.73 atRe,, = 6.2 x 10°

AOA Parameters EXPT SST NSST
2.51deg Cy, 0.743 0.745 0.750

- Err (%) - 0.27 0.94
- Cp 0.0128 0.0130 0.0131

- Err (%) - 1.56 2.34
2.8 deg Cy, 0.803 0.788 0.800
- Err (%) - -1.87 —0.37
- Cp 0.0168 0.0156 0.0160

- Err (%) - -7.14 —4.76

4. CONCLUSIONS

The RANS modelling still remains as the standard
workhorse on the perspective of simulating industrial
complex turbulent flows. It requires appropriate selections of
the turbulence models/closures, which are vital to accurately
accounting for dominant physical flow features like the BL
separation and “shock-wave BL interactions”. The transonic
wall-bounded flow past an RAE2822 airfoil inherits strong
“shock-wave BL interactions” with a shock-induced
separation. Both the SST and NSST models have been
shown to be potential in representing the physics of the flow
by comparing model predictions with the measured data. To
conclude, the NSST model slightly outperforms the standard
SST model with respect to the drag accuracy at a higher
AOA. However, employing the NSST transition model
plays a minor role to precisely speculate the coefficients of
lift and drag in the present simulations, signifying that the
NSST model resembles the standard SST model.
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