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NPARC Study of a Two-Dimensional Transonic
Wall Interference

M. Khalid* and M. Mokryt
National Research Council, Ottawa, Ontario K1A OR6, Canada

An application of the inviscid (Euler) version of the NPARC code to a finite thickness airfoil inside a
test section with impermeable walls is described. Three different, physically meaningful, choking patterns
are generated. It is shown that, in contrast to predictions from singular perturbation analyses, the com-
puted wind-tunnel results are not correctable to equivalent freestream conditions when flow is choked.

Nomenclature
A = cross-sectional area
Cp = pressure coefficient
Clt

L = upper-surface lift coefficient
c = chord length of airfoil
h = height of test section
M = local Mach number
Mch = choking Mach number
Mch = choking Mach number, subsonic
MS' = choking Mach number, supersonic
MT = wind-tunnel Mach number
M^ = Mach number imposed on outer boundary
t = maximum thickness of airfoil
jc = chordwise coordinate
y - ratio of specific heats

I. Introduction

T HE subject of transonic wind-tunnel wall interference, de-
spite extensive research in the last half-century, is still

insufficiently documented to enable a formulation of readily
applicable correction procedures. The conclusions from the ap-
plication of transonic similarity rules1 and singular perturbation
methods2'4 are essentially that for a thin airfoil there exists a
correction to the stream velocity that accounts adequately for
the effect of the distant wind-tunnel walls. These studies are
of fundamental importance in showing that the wall interfer-
ence corrections for the near-sonic conditions at the walls, be-
ing subject to transonic rather than subsonic scaling, are finite.
The most serious limitation of the transonic singular-pertur-
bation theory is that it only describes what happens in the limit
of an infinitely thin airfoil in a very large wind tunnel at sonic-
flow conditions. Extensions of the theoretical thin-airfoil re-
sults to an arbitrary thick airfoil in a finite size wind tunnel
are difficult to substantiate experimentally, because small var-
iations of flow quantities need to be measured in a regime for
which the wind tunnels are most difficult to calibrate.

The currently available computational fluid dynamic (CFD)
techniques, such as the Euler or Navier-Stokes NPARC
codes,5 are far more flexible in this regard and permit numer-
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ical simulation of the effect of wind-tunnel walls on a model
throughout the entire transonic speed range. However, special
attention must be paid to the imposition of appropriate bound-
ary conditions, both along the walls and at the entrance and
exit boundaries of the test section. These conditions are ex-
pected to describe flow in the vicinity of an actual wind-tunnel
wall as realistically as possible and also comply with the con-
servation laws. Another sensitive point, as we shall see later,
is interpretation of the CFD result in terms of actual wind-
tunnel flow.

This article describes numerical experimentation with the
inviscid (Euler) version of the NPARC code, applied to an
airfoil in free-air and inside a test section with closed (imper-
meable) walls. The corresponding Slip-Surface condition, al-
ready built in the code, is much easier to impose than, for
example, the boundary conditions for ventilated walls. How-
ever, because choking in this case is not alleviated by transpi-
ration, it also represents the most severe test case as far as
transonic wall interference is concerned. The free-air calcula-
tions serve as comparisons on the basis of which the questions
of correctability of wind-tunnel results are discussed.

II. Boundary Conditions
The boundary conditions (and their identifiers) used with the

two-dimensional, inviscid-flow version of the NPARC code are

Slip Surface (50)

-L

a) Free Stream (7)

Slip Surface (50)

b) FVee Stream (7) Extrapolation (3)

Fig. 1 Boundary conditions for free-air and wind-tunnel domain:
a) free-air and b) wind tunnel.
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shown schematically in Fig. 1. The Free Stream condition was
imposed both as an external far-field boundary condition for
the free-air solution and as the upstream boundary condition
for the wind-tunnel solution. The Extrapolation boundary con-
dition, which equates the flow variables at the boundary to
their values one grid point upstream, was selected at the down-
stream end of the wind-tunnel grid domain. It was found to
perform reasonably well for both subsonic and supersonic ve-
locities of the stream. The Free Stream condition was also tried
as a downstream boundary condition, but performed satisfac-
torily only at subcritical flow conditions, when flow was is-
entropic. The Slip-Surface boundary condition, in which all
flow gradients normal to this surface along with the normal
component of velocity are set equal to zero, was used both on
the airfoil and the wind-tunnel walls.

III. Mesh
A single-block wind-tunnel mesh was developed by com-

pressing an O-mesh around the airfoil to fill the computational
domain. As already indicated in Fig. Ib, the wind-tunnel walls
were represented by two parallel lines. To preserve the slope
isotropy of the mesh the upstream and downstream ends were
shaped as half-circles.

An example of the central portions of 161 X 33 O-meshes
for a NACA 0012 airfoil is shown in Fig. 2. To facilitate a
meaningful comparison6 of wind-tunnel and free-air solutions,
the inner 16 layers of the meshes were kept identical. The outer
16 layers of the wind-tunnel mesh were compressed to fill the
wind-tunnel domain by redistributing the grid points in the
radial direction as a geometric sequence. The test section
height is 5 chord lengths and the walls extend 10 chord lengths
both upstream and downstream. The mesh lines inside the
blanked-out invariant region are in enlarged scale seen in
Fig. 3.

As may be observed in Figs. 2 and 3, the mesh is orthogonal
at the airfoil, but not at the wind-tunnel walls or the inflow

Fig. 3 Invariant portion of the 161 x 33 mesh.

0.6 0.8

Fig. 4 Choking Mach number in one-dimensional flow.

0\\\>\\\\\\\\

b)

Fig. 2 Central portion of the 161 x 33 mesh: a) free-air and b)
wind tunnel.

and outflow boundaries. However, the skewness of the mesh
at the outer boundaries has not been found to be a source of
major numerical inaccuracies when compared with similar
computations on a boundary-orthogonal, five-block mesh by
Hawken.7

IV. Choking Interval
As mentioned in Sec. I, with the NPARC code it is possible

to perform computations covering the entire range of the tran-
sonic Mach number M^ imposed at the upstream end of the
wind-tunnel flow domain. In analyzing the computational re-
sult, an important factor restricting the range of meaningful
physical solutions is the phenomenon of choking. Assuming
one-dimensional isentropic flow, the Mach numbers at cross
sections AI and A2 of a stream tube relate according to

A1 = M1 [2 + (y - l)M2
2

A,~ M2 [2 + (y- l)MlJ

Putting A, = /i, A 2 = h — t, and M2 - 1, we obtain the choking
Mach number M{ = Mch, implicitly as a function of the max-
imum thickness-to-test section height ratio8:

—•4y+ 1 >r (1)

The dependence for y = 1.4 is a 6th-order parabola with the
vertex at tlh = 0 and Mch = 1 (see Fig. 4). For a given 0 <
tlh < 1, Eq. (1) has two roots, 1 > M^ > 0 and 1 < A/2? < °°,
determining the subsonic and supersonic limits of the choking
interval, respectively. The choking interval M™ < M{ < M™
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represents an impossible state of flow,8 but interesting situa-
tions arise at its endpoints. If the upstream Mach number is
equal to A/ch, the downstream Mach number is either M™ or
MC?. Similarly, if the upstream Mach number is M™, the
downstream Mach number is again either MC? or M^. For one-
dimensional isentropic flow there is a total of four possibilities.

For a 12% thick NACA 0012 profile and a wind tunnel of
height-to-airfoil chord ratio of 5, the blockage ratio is tlh =
0.024, and we obtain Af £ = 0.837 and M% = 1.179. The actual
choking Mach numbers will slightly differ because, in contrast
to the one-dimensional case, the sonic line is neither normal
to flow nor starts at the point of maximum airfoil thickness.
This may be verified in Fig. 5, which shows three out of four
possible choking patterns obtained by the NPARC code. In
these patterns, which will be discussed in more detail later, the
sonic line emanating on the forward part of the airfoil is in-
dicated by a broken line. The one-dimensional estimates of
Af cl,' and M™ provide a convenient reference and may be used
to mark the approximate limits of the choking interval in
charts. However, when referring to M(£ or M™ in text, we
shall have the actual (exactly not obtainable) values in mind.

b)

c)

Fig. 5 Choked-flow isomachs for a NACA 0012 in wind tunnel
(hjc - 5): a) subsonic-supersonic-subsonic, b) subsonic - super-
sonic, and c) supersonic-subsonic-supersonic.

V. Results and Discussion
The key computational results obtained for a NACA 0012

at zero incidence and the wind-tunnel height-to-airfoil chord
ratio of 5 are displayed in Fig. 6. The upper-surf ace lift co-
efficient

(2)

computed for the airfoil in the wind tunnel is compared there
with that computed in the free-air flow for the same value of
Moo. We observe that for Mx < Af ̂  the value of CU

L in the
wind tunnel is higher than that in free air. The corresponding
Mach number correction is positive, because for a given CU

L
on the wind-tunnel curve we have to move in the direction of
the increasing M^ to reach the corresponding value of C"L on
the free-air curve. (The free-air value of CU

L is slightly less
since it has to be adjusted for a positive Mach number incre-
ment.) Similar conclusions can also be drawn from Fig. 7,
where the shock-wave locations on the profile in free-air and
wind tunnel are plotted. The sign and magnitude of the cor-
rection are consistent with experimental observations of block-
age interference in closed-wall test sections. The actual wind-
tunnel experiments, for the most part, are assumed to be
correctable: in the subsonic speed range by linear superposition

—e— wind tunnel

- -o - free air

Eq.(5)

0.4 0.6 0.8 1.0
Moo

1.2 1.4

Fig. 6 Upper-surface lift coefficient for a NACA 0012 in free-air
and wind tunnel (h/c = 5).

D wind tunnel
--o- free air

Men!
0.4 0.6 0.8 1.0 1.2 1.4

Mo

Fig. 7 Shock-wave location for a NACA 0012 in free-air and
wind tunnel (hfc = 5).
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methods and in the lower transonic range by some more re-
cently developed nonlinear techniques.9

Having taken into consideration the choked-flow limits out-
lined in Fig. 4, it was first a little surprising to observe that
the computation went through smoothly (about 2000 iterations)
for any prescribed M^ ^ Mx < M™. The computed CU

L over
the choking interval decreases monotonically with increasing
Moo, similarly to that evaluated in free-air, see Fig. 6. The ex-
planation for not having encountered convergence difficulties
can be found in the design of the mesh. Similarly to a decom-
pression ahead of a converging-diverging diffuser in free-air,10

flow upstream of the walls is given the chance to decelerate
to a velocity compatible with the internal mass-flux constraint.
The computational scheme behaves very much like an actual
wind tunnel, overriding a Mach number setting that is not
physically possible. This is illustrated in Fig. 8, where Mr,
calculated 8 chord lengths ahead and aft of the airfoil, as func-
tions of Mx are plotted. The upstream MT (solid symbols)
equals M*, but only outside the choking interval. Inside, the
upstream MT remains frozen at M^, while the downstream MT
(open symbols) jumps to M™ and stays frozen at this higher
supersonic level. Eventually, at the upper end of the choking
interval the upstream MT undergoes a jump from M^ to M^
and from then on follows Mx. The value of MT downstream is
less than that upstream because the process is not isentropic.

To trace the streamwise variations inside the wind tunnel,
we have also plotted in Fig. 9 the local Mach number calcu-
lated along the walls, as a function of the normalized axial
distance. At low subsonic speeds we observe a fairly uniform
Mach number distribution, disturbed only on the portions of
the walls immediately opposite the airfoil. The doublet-type
disturbance11 generated by the airfoil grows in magnitude as
the stream Mach number increases.

A qualitative change occurs once the wall signature crosses
M = 1, which also signals the onset of choking. The mass flux
has reached its maximum value and the upstream tunnel Mach
number can no longer increase. As has already been discussed,

. . . _ _ _ _ - _ _ _ . _ _ _ _ _ _ _OQ.__0- -

.•• o

fich

-9———• *ch

0.4 0.6 0.8 1.0
Moo

1.2
~~l
1.4

Fig. 8 Upstream and downstream Mach number as a function
of Mach number at outer boundary; for a NACA 0012 in wind
tunnel (h/c = 5).

the inlet portion of the mesh sees M decrease from the pre-
scribed value of M* to M^, which is dictated by the internal
mass flux constraint. At about 8 chord lengths upstream, used
as the reference distance to define MT in Fig. 8, all Mach num-
ber curves generated in the interval M(^ -^ Mx < MS? coalesce
to AC.

It is also worth noting that of the computed choked-flow
signatures in Fig. 9, only the first one (M» = 0.85) turned
subsonic after crossing M = 1. We shall denote this case as
M'J? -» MS?. All other signatures (M* > 0.85) became super-
sonic downstream of the airfoil, establishing a second plateau
MS? at about 8 chord lengths downstream. These signatures,
which no longer have the appearance of a subsonic doublet
disturbance, characterize the case M^ —» M™.

The broken lines in Fig. 9 are the signatures obtained for
Mo, ^ M^. The combined effect of the nose and tail shock
waves lends them an appearance of TV-waves. In particular, the
signature that is closest to choking is seen to dip down up-
stream of the airfoil and join that corresponding to the case
MS? — > MS?. From Fig. 8 it is apparent that choked flow
MS? -> MS?, similarly to M^, is an isolated case that
is difficult to capture exactly. From the same figure it is also
seen that choked flow MS? -> MS? is nonexistent, or at least
very unlikely.

The isomachs (contour interval 0.05) of the three observed
choked flows are shown in Fig. 5. The flow patterns MS? — >
MS? and MS? -» MS?, shown in Figs. 5a and 5b, are identical
upstream of the dashed sonic line. Physically, this is consistent
with the fact that upstream traveling disturbances cannot cross
this line, and flow upstream is thus isolated from further de-
velopment downstream. The main difference in the two ob-
served flow patterns is in the tail shock wave, which terminates
the supersonic expansion over the airfoil. In Fig. 5a, the shock
wave is steeper and decelerates flow to a subsonic speed. In

-16.0 16.0

Fig. 9 Wall Mach number for a NACA 0012 in wind tunnel
(hlc = 5).
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Fig. 5b, the shock wave is more oblique and flow remains
supersonic aft of it. Choked wind-tunnel flows of both types
were observed experimentally by Collins and Krupp,12 who
also showed that the extent of the rear supersonic expansion
depends on back pressure. By using an extrapolation boundary
condition at the rear end of the computational domain, we had
no direct control over that. The computed results were either
of the type shown in Figs. 5a or 5b. The parameter determining
which type of flow would be produced was not back pressure,
but Moo, specified upstream and retrieved downstream of the
computational domain.

The choked-flow pattern Af §? —> M™ is shown in Fig. 5c.
The upstream portion of wind-tunnel flow is supersonic and
there is a detached shock wave ahead of the airfoil. Note that
downstream of the dashed sonic line the isomachs in Figs. 5b
and 5c are the same. The last remaining choked flow, M™ —>
M Si', has not been observed. However, based on the preceding
discussion, it is not difficult to imagine how this hypothetical
flow pattern would appear: upstream of the dashed sonic line
like that of Fig. 5c and downstream like that of Fig. 5a.

Figure 10 shows the isomachs for the free-air flow at sonic
conditions, which in conjunction with Fig. 5 can be used to
examine two seemingly contradicting theories. Based on a
purely physical argument, Alien and Vincenti8 argued that a
steady-state flow similar to that observed in the wind tunnel
at choking cannot exist in free-air. In contrast, Guderley13 and
Spreiter et al.14 reasoned that the flow in the vicinity of the
model under choking conditions bears a close resemblance to
an unbounded flow with stream Mach number unity, provided
the dimensions of the model are small compared with those of
the test section. A resemblance of the sonic flow in Fig. 10
and choked flow M(^ —* Mj.? in Fig. 5b is undeniable. In both
cases the supersonic expansion on the airfoil is terminated by
a tail shock wave, aft of which the flow is locally supersonic.
However, small differences show up almost everywhere, most
notably in the shapes of sonic lines and tail shock waves. The
sonic line turns in the direction normal to the test section wall,
whereas in free-air its curvature decreases with distance from
the airfoil. The tail shock wave in the wind tunnel is not quite
as steep as that in free-air.

Correspondingly, there are also some differences in airfoil
surface Mach number distributions. In Fig. 11, the choking
distribution is plotted by a solid line and the distribution cor-
responding to the sonic flow by a broken line. Evidently, the
blockage ratio clh = 0.2 selected in our example was not small
enough to provide an adequate agreement. Since the surface
Mach distribution is invariant at Mx = 1, a very substantial
reduction in M^ is required to reduce the distribution in free-

air to that in choked flow. Our computations show that by
lowering the free-air Mach number to Mx - 0.85, a very sat-
isfactory agreement is obtained, but only over the frontal part
of the airfoil. The dotted curve in Fig. 11 indicates that the
tail shock has already moved forward.

The validity of the sonic-freeze principle or the stabilization
law15 with regard to both free-air and wind-tunnel flow can
also be verified in Fig. 6. From the isentropic relationship

2 + (y - 1)M
2 + (y - 1)M

and the sonic-freeze assumption

'J»L\ = 0

9-iy/(y-l)

l\ - (3)

we obtain16

dC,
dM, (4)

Substituting Eq. (4) into the differentiated Eq. (2) it also fol-
lows17:

The slopes of the C£-curves at Mx = 1, observed in Fig. 6,
are very nearly the same and in agreement with those predicted
from Eq. (5): —2.03 in free-air and in —1.98 wind tunnel. The
principal difference is that the airfoil surface distribution of M
in the wind tunnel is invariant on the entire choking interval
M^h — Moc ^ MCH}, whereas in free-air only on the natural,
much narrower interval around Mx = 1.

A possible way to quantify the Guderley— Spreiter hypoth-
esis is then to assume that choked flow past an airfoil is equiv-
alent to sonic flow past the same airfoil, provided that the

choked wind tunnnel
free air, Mc» = 1.00
free air, Moo = 0.85

-0.5 0.0
X/C

0.5

Fig. 10 Isomachs for sonic flow around a NACA 0012. Fig. 11 Surface Mach number for a NACA 0012.



KHALID AND MOKRY 911

choking interval is only as wide as the natural sonic-freeze
interval. However, concerning the practical applicability of the
hypothesis, the results are not particularly encouraging. For
example, if we are willing to accept 0.98 ^ Mx ^ 1.02 as the
sonic-freeze interval, then from Eq. (1) tlh = 0.0003, which
for tic = 0.12 gives clh = 0.0025. The test section height would
have to be 400 times the chord length of a NACA 0012. If, in
the absence of rigorous quantitative criteria, we relax the
sonic-freeze interval to 0.95 ^ M^ < 1.05, a similar calcula-
tion shows that the height would have to be only about 50
chord lengths.

Referring back to Fig. 6, we would also like to make the
following comment. The observed dependences of CU

L on Mx
are real, except for choked flow. In the latter case Mx is merely
an artificial reference. Over the choking interval, where the
surface Mach number (solid line in Fig. 11) is invariant, the
local pressure coefficient is only a function of Mx. The wind-
tunnel values of C"L that could have been easily obtained from
the choked distribution of M and Eqs. (2) and (3), without
additionally running the CFD code, are plotted as crosses in
Fig. 6.

As may further be established from Fig. 6 with regard to
wall interference, the interval Mx > M™ can be divided into
two subintervals: below Mx «« 1.3, where substantial differ-
ences between the values of CU

L computed in free-air and wind
tunnels exist, and above Mx *=» 1.3, where these differences
vanish. The interval, on which the wind-tunnel and free-air
data differ is generally considered as uncorrectable to free-air
conditions. Our numerical results (not published here) essen-
tially support this notion. Although for a thick airfoil the in-
terference is not necessarily as acute as that predicted for a
thin airfoil by planar wave reflections,14 the qualitative differ-
ences of observed flow patterns (e.g., the shapes and locations
of the detached shock waves) are too profound to permit a
meaningful correlation. When Mx > 1.3, the detached shock
wave becomes more oblique and its reflected part no longer
impinges on the airfoil. The airfoil data become interference
free and we are finally out of the realm of transonic wall in-
terference.

One last thing that we would like to bring up is the effect
of airfoil thickness. Figure 12 shows the wind-tunnel and free-
air values of C£, calculated for a NACA 0006, which is half
the thickness of NACA 0012. The computations were again
performed for the wind-tunnel height-to-airfoil chord ratio of
5 and zero incidence. The choking interval is narrower: the
one-dimensional estimates from Eq. (1) are M(£ = 0.884 and
Mg? = 1-124. The values of C"L at Af» = 1 are 66% of those

—B— wind tunnel

--Q- free air

0.4 0.6 0.8 1.0
Moo

1.2 1.4

Fig. 12 Upper-surface lift coefficient for a NACA 0006 in free-
air and wind tunnel (h/c = 5).

for the NACA 0012, both in free-air and the wind tunnel. The
slopes of the C^-curves at Mx = 1, evaluated from Eq. (5) are
94% of those for the NACA 0012. Besides these quantitative
differences, a very similar wall-interference pattern is ob-
served.

VI. Concluding Remarks
Numerical simulation of transonic flow past a symmetrical

airfoil in a closed-wall wind tunnel has been conducted.
Among the important conclusions to be drawn from this study
are that for airfoils of finite thickness, transonic wall interfer-
ence is not restricted to a narrow interval around Mach unity,
but rather to wider intervals of stream Mach number adjacent
to the choking interval. By tuning the Mach number at the
upstream end of the computational domain, three different,
physically meaningful choked-flow solutions were produced.
The Guderley-Spreiter hypothesis, according to which there
is an equivalence of the choked flow and free-air flow at sonic
conditions, has been re-examined. By comparing the intervals
of choked flow and naturally frozen free-air flow, it is dem-
onstrated that an adequate correspondence can be established
only for extremely large wind-tunnel height-to-airfoil chord
ratios (50 or more).

An extension of the present analysis to a lifting airfoil would
be of interest for two reasons: choking does not occur on the
upper and lower surfaces simultaneously and wall interference
is a two-parameter problem, involving the corrections to Mach
number and angle of attack. Using the approach described in
this article, no problems were found in running the NPARC
code for a wind-tunnel flow past a NACA 0012 at incidence.
However, a suitable strategy has yet to be devised to present
the data and minimize, accordingly, the number of required
computations.

The NPARC code has proven to be an excellent flow sim-
ulation tool in this specific application-oriented environment.
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