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Abstract

A computational investigation was per-
formed to support the development of a semi-
span model test capability in the NASA Lan-
gley Research Center's National Transonic Fa-
cility. This capability is desirable for the test-
ing of advanced subsonic transport aircraft at
full-scale Reynolds numbers. A state-of-the-art
three-dimensional Navier-Stokes solver was used
to examine methods to improve the ow over
a semi-span con�guration. First, a parametric
study is conducted to examine the inuence of
the stand-o� height on the ow over the semi-
span model. It is found that decreasing the
stand-o� height, below the maximum fuselage
radius, improves the aerodynamic characteristics
of the semi-span model. Next, active sidewall
boundary layer control techniques are examined.
Juncture region blowing jets, upstream tangen-
tial blowing, and sidewall suction are found to
improve the ow over the aft portion of the semi-
span model. Both upstream blowing and suction
are found to reduce the sidewall boundary layer
separation. The resulting near surface stream-
line patterns are improved, and found to be quite
similar to the full-span results. Both techniques
however adversely a�ect the pitching moment
coe�cient.
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Nomenclature

Aj cross sectional area of blowing jet
CD drag coe�cient
CL lift coe�cient
CM pitching moment coe�cient
Cp surface static pressure coe�cient
� Cp (Cp )ss - (Cp )fs
Cq surface transpiration coe�cient,

(�U)w
(�U)

1

C� blowing coe�cient,
( _mU)j+(Pj�Pl)Aj

q1S

c local chord length
h stand-o� height
L fuselage length, 74.5in.
M Mach number
_m mass ow rate
P static pressure
q dynamic pressure
Re Reynolds number based on mean

geometric chord
S semi-span wing reference area
U total velocity magnitude
x, y, z Cartesian coordinate system
x/c nondimensional chord fraction

� angle-of-attack, deg.
�� tunnel empty sidewall boundary layer dis-

placement thickness, 0.30in. at x/L=0.50
� nondimensional semispan fraction
� density

Subscripts

fs full-span
j jet value
l local value
ss semi-span
w wall value
1 free stream value
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Introduction

Historically, transport aircraft have been
tested in ground test facilities at Reynolds num-
bers signi�cantly lower than ight Reynolds
numbers. The extrapolation of low Reynolds
number data to ight conditions can however be
problematic due to nonlinear variations1. This
behavior signi�cantly increases the risk of relying
on low Reynolds number data. Thus, it is highly
desirable to design and test advanced subsonic
transport con�gurations at ight Reynolds num-
bers. To meet this challenge, a semi-span model
test technique has been proposed for the NASA
Langley Research Center's National Transonic
Facility (NTF).

In the semi-span test technique the semi-
span model is mounted on the test section side-
wall, in contrast to the use of a full-span model
used in conventional wind tunnel testing, Fig-
ure 1. The primary advantage of semi-span
model testing is the increased Reynolds number
capability due to the larger model size. The in-
creased model size also allows for more accurate
positioning of the model components, improved
model �delity, and increased model sti�ness; all
these features improve the data quality2. In
spite of these advantages, the use of a semi-span
model introduces additional di�culties which
must be addressed in the semi-span test proce-
dure. These di�culties include the e�ects of the
semi-span model mounting, which are considered
in the present work, and the e�ects of increased
wind tunnel wall interference due to the in-
creased model size3. The present work is part of
an integrated computational4 and experimental5

research program currently in progress at NASA
Langley Research Center.

In a previous computational study4, the
�rst two authors examined the aerodynamic
characteristics of both a full-span and semi-span
model. As shown in Figure 2, the lift and pitch-
ing moment coe�cients of the semi-span model
di�ered considerably from those of the full-span
model. A detailed examination of the computa-
tional results revealed that the semi-span model
experienced increased ow acceleration over its
entire upper surface. In addition, an increased

cross ow on the inboard portion of the up-
per wing surface was observed. Furthermore, a
strong interaction between the sidewall bound-
ary layer and semi-span model mounting was ob-
served. The good agreement between the com-
putational results4 and experimental data6 gave
con�dence that the computational method may
be reliably used to complement further experi-
mental studies.

The objective of the present numerical
study is to examine methods to alleviate the ad-
verse e�ects of the semi-span model mounting.
A Navier-Stokes solver is employed to compute
the ow over various semi-span con�gurations.
First, a parametric study is conducted to exam-
ine the inuence of the stand-o� height on the
ow over the semi-span model. Next, the ow
solver is used to examine methods to control the
sidewall boundary layer. The methods examined
are: juncture region blowing jets7; upstream tan-
gential blowing8; and sidewall suction7;9. Al-
though these boundary layer control techniques
have been used in other applications, there is lit-
tle knowledge concerning their use in semi-span
model testing. These computations are com-
pared to the previous semi-span computations
without control, to assess the control e�ective-
ness.

Stand-o� Mounting Geometries

The present semi-span test con�guration in
the NTF uses a non-metric stand-o� to support
the model away from the wind-tunnel sidewall.
The pro�le shape of the stand-o� is identical to
that of the full-span fuselage symmetry plane,
and presently has a height of 4.50 inches, or h/��

= 15.0. Three additional stand-o� geometries
were generated, with h/�� values of 1.0, 2.0, and
5.0. Figure 3 shows a frontal view of the four
stand-o� geometries. For reference, the fuselage
radius ahead of the wing is approximately 4.30
inches.

Boundary Layer Control Techniques

The �rst sidewall boundary layer control
technique examined is juncture region blowing
jets. Figure 4 shows the locations of the blowing
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jets. The jets had a nominal diameter of 0.25
inches, and were located in the juncture of the
stand-o� and sidewall. Following the approach
in Reference 7, the two upstream jets were po-
sitioned to coincide with the streamwise adverse
pressure gradients. The two aft jets were posi-
tioned to minimize the separation downstream
of the stand-o�. The jets were aligned to blow
tangent to the stand-o� shape.

The second sidewall boundary layer con-
trol technique examined is upstream tangential
blowing. A blowing slot was located a distance
of L/4 upstream of the model. The slot width,
perpendicular to the x-axis, was approximately
0.60L. The slot height normal to the wind-
tunnel sidewall was approximately 1/8 inch. The
injected ow was tangent to both the sidewall
and the approaching freestream.

The third sidewall boundary layer control
technique examined is sidewall suction. A seg-
mented suction system comprised of two regions
was developed. In the �rst region, suction is con-
�ned to the nose region of the model. This semi-
circular region extended upstream of the model
a distance of approximately .12L. The second
region is an extension of the �rst over the en-
tire juncture region. The second region extended
outward from the stand-o� an average distance
of .10L.

Numerical Procedure

Computational Code

The code used for the computational study
is TLNS3D-MB. The code solves the time-
dependent, three-dimensional, thin-layer com-
pressible Navier-Stokes equations on block-
structured, body-�tted grids. The equations
are discretized in a central di�erence �nite vol-
ume formulation, and integrated using an ex-
plicit second-order accurate Runge-Kutta time-
stepping scheme. Multigrid, grid sequencing,
and local time stepping techniques are used
to accelerate the convergence to steady state.
Fully turbulent ow was simulated with both
the Baldwin-Lomax and Spalart-Allmaras tur-
bulence models. Additional details of the code
are found in Reference 10. The adequacy of the

code for examining the low-speed ow over the
full-span and semi-span models is described in
Reference 11.

Grid Generation

Figure 5 shows a partial view of the C-O
grid topology used to represent the original NTF
semi-span con�guration4. The multiblock struc-
tured grids were generated using GRIDGEN12.
Alternate stand-o� heights are e�ciently exam-
ined by replacing the grid blocks representing
the stand-o�. The full-span grid is obtained by
simply removing the stand-o� geometry. Grid
points are clustered in the streamwise, nor-
mal, and spanwise directions to resolve the ex-
pected large ow gradients. The far-�eld bound-
aries are located six semi-span lengths from the
model, which corresponds to approximately 18
root chord lengths.

Boundary Conditions

The boundary conditions used for the full-
span and semi-span computations are as follows.
The far-�eld outer boundary is treated using
characteristic boundary conditions. The prop-
erties at the downstream boundary are obtained
using a zeroth-order extrapolation from the inte-
rior. The fuselage and wing surfaces are treated
as adiabatic, no-slip, zero normal pressure gra-
dient surfaces. For the semi-span con�guration,
the stand-o� surface is also treated as a no-slip
surface. It should however be noted that this
surface is not included in the force and moment
calculations since the stand-o� is non-metric in
the experiment. For the full-span computations,
symmetry conditions are used at the root plane,
resulting in a \free-air" simulation. For the semi-
span computations, the root plane is treated as
a no-slip surface in order to simulate the wind-
tunnel sidewall boundary layer. To simulate a
blowing jet or slot, a grid block boundary is �rst
introduced at the prescribed location. The blow-
ing is then simulated as an inow boundary con-
dition with speci�ed Mach number, stagnation
pressure, stagnation temperature, and ow an-
gle. The suction is simulated by specifying a con-
stant normal velocity over the prescribed area.
The implementation of the boundary conditions
are described in detail in Reference 13.
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Results and Discussion

A grid re�nement study was conducted for
the full-span con�guration, simulating full tur-
bulent ow using the Baldwin-Lomax turbulence
model. Figure 6a shows a representative com-
parison of the computational results with ex-
perimental data for M1 = .20, � = 4:43�, and
Re = 4.2 � 106. The grid dimensions, such as
241�65�81, represent the number of grid points
in the streamwise, normal, and spanwise direc-
tions respectively. It is seen that re�nement of
the grid improves the agreement with experi-
mental data, particularly in the leading edge
region. Further streamwise re�nement up to
481 points was examined; the results obtained
were identical within plotting accuracy to those
obtained with the 241�65�81 grid. Thus the
241�65�81 grid was used for the full-span com-
putations. For this grid, the wing surface grid
dimensions were 145�61. The typical values of
y+ for the �rst grid point o� the wing surface
and fuselage were in the range of 1.0-5.0. Fig-
ure 6b examines the inuence of the turbulence
model on the wing pressure distribution. The
results obtained using the Spalart-Allmaras tur-
bulence model are in better agreement with the
experimental data. Similar improvements were
observed across the entire span of the wing13,
and the Spalart-Allmaras turbulence model was
used for all subsequent computations. A grid re-
�nement study was also conducted for the semi-
span con�guration. This study indicated that
33 points were adequate to resolve the sidewall
boundary layer. The resulting dimensions for the
semi-span grid were 241�65�113.

E�ect of Stand-o� Height

The e�ect of the stand-o� height on the lift
and pitching moment coe�cients at an angle-of-
attack of 8:58� is shown in Figure 7. The full-
span values are also shown for comparison. The
stand-o� height has a strong inuence on the
semi-span model's aerodynamic coe�cients. As
the stand-o� height is decreased from 15�� to
2��, the agreement with the full-span values im-
proves signi�cantly. The shortest stand-o�, h =
��, underpredicts the full-span values. Extrap-
olation of the results shows that decreasing the

stand-o� height below �� would result in poorer
agreement with the full-span values.

Figure 8 compares the di�erential pressure
distributions for all stand-o� heights, at three
spanwise stations. With the original stand-o�, h
= 15��, the semi-span model experiences signi�-
cant ow acceleration over the entire upper wing
surface. As the height is decreased, the induced
ow acceleration over the entire upper surface of
the wing decreases dramatically. The 2�� stand-
o� shows very good agreement with the full-span
pressure distribution, with the �Cp values being
quite small over the aft 75% of the wing. The
1�� stand-o� case has positive �Cp values, indi-
cating that the ow is decelerated as compared
to the full-span con�guration.

The pressure distribution along the fuselage
centerline for each stand-o� height is compared
to the full-span result in Figure 9. Upstream
of the wing, the stand-o� height has a strong
e�ect. Overall, the agreement between the semi-
span and full-span computations improves as the
stand-o� height is decreased. The 2�� stand-o�
gives the best agreement with the full-span re-
sult. It is pertinent to point out that there were
no spanwise pressure gradients on the stand-o�s.
Thus, the results in Figure 9 also indicate that
the lift generated by the stand-o� decreases with
the stand-o� height.

The inuence of the stand-o� height on the
upper wing surface streamline pattern is exam-
ined in Figure 10, where the full-span result is
compared to the semi-span results with stand-
o� heights of 15�� and 2��. On the outboard
portion of the wing the streamline patterns are
quite similar. On the inboard portion of the
semi-span wing, the cross ow is observed to de-
crease with the stand-o� height. The 2�� result
is in good agreement with the full-span result.
In addition, the 2�� stand-o� was found to dra-
matically improve the stall characteristics of the
semi-span model in comparison to the original
con�guration13. The root plane streamline pat-
terns in the nose region of the same con�gura-
tions are compared in Figure 11. The extent of
the sidewall boundary layer separation decreases
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with the stand-o� height; however, even for the
2�� case the separation is not eliminated.

The performance of the 2�� stand-o� was
further examined at angles-of-attack of 4:43� and
12:55�. The lift and pitching moment coe�cients
are compared to those of the full-span and 15��

semi-span case in Figure 12. The 2�� stand-
o� shows marked improvements over the orig-
inal 15�� stand-o� results. The pitching mo-
ment coe�cients compare very favorably with
those of the full-span, but the lift coe�cients are
still slightly o�set. Although the 2�� stand-o�
greatly improves the aerodynamic characteristics
of the semi-span model, it is evident that further
steps must be taken to minimize the inuence of
the sidewall boundary layer. In the subsequent
sections, the e�ectiveness of the boundary layer
control techniques are examined.

E�ect of Boundary Layer Control

Techniques

To examine the e�ect of the various side-
wall boundary layer control techniques, the 2��

stand-o� geometry was used, and the angle-of-
attack was �xed at 12:55�.

Juncture Region Blowing Jets

The e�ect of the blowing jets on the in-
board di�erential wing pressure distributions is
shown in Figure 13. The �rst blowing case, C�

= 0.008, simulates a choked condition with an
exit Mach number of unity. The second case,
C� = 0.002, simulates an exit Mach number of
0.50. The C� values characterize the mass ow
rate for each individual jet, and not the total
mass ow rate. With the addition of blowing, the
�Cp values on the inboard upper wing surface
become more negative, which indicates a slight
ow acceleration. The blowing jets were thus ob-
served to have a slight e�ect on the spanwise load
distribution13. In addition, the blowing jets did
not signi�cantly alter the pressure distribution
along the fuselage centerline13.

The inuence of the blowing jets on the up-
per surface fuselage streamline patterns is shown
in Figure 14. With no blowing, the ow adjacent

to the sidewall crosses the fuselage centerline,
graphically demonstrating the loss of symmetry.
The addition of the blowing jets dramatically im-
proves the streamline pattern. For the choked
simulation, C� = 0.008, only the ow adjacent
to the centerline migrates onto the fuselage. As
the blowing rate is decreased, the spanwise mi-
gration increases slightly. For this reason, even
lower blowing rates were not examined. It should
be noted that the upper wing surface streamline
patterns for both blowing rates were identical to
the no blowing case shown in Figure 10c.

The blowing jets were found to have no in-
uence on the separation of the sidewall bound-
ary layer. The blowing jets have however, im-
proved the streamline pattern in the aft region
of the model as shown in Figure 15. With no
blowing, separation occurs on the aft portion of
the stand-o�, with the resulting streamline pat-
tern being in sharp contrast to the full-span re-
sult. The application of the blowing reenergizes
the ow adjacent to the stand-o�, allowing the
ow to remain attached. The resulting stream-
line pattern is quite similar to the full-span re-
sult. Similar improvements were observed with
the lower blowing rate13. Further studies were
conducted to examine the inuence of additional
jets in the lower juncture region. The results
obtained for both blowing rates were identical
to within plotting accuracy of those discussed
above13.

The juncture region blowing jets were suc-
cessfully demonstrated in a recent experimental
investigation in the 14�22 Foot Subsonic Tunnel
at NASA Langley Research Center. The blow-
ing jets were found to signi�cantly improve the
high angle-of-attack performance, providing re-
sults quite similar to those of the corresponding
full-span model. These results are discussed in
Reference 5.

Upstream Tangential Blowing

The e�ect of the upstream tangential blow-
ing on the root plane streamline pattern is shown
in Figure 16. The blowing case, C� = 1.027,
simulates a choked condition with an exit Mach
number of unity. The vertical line shows the lo-
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cation of the simulated blowing slot. The blow-
ing has weakened the horseshoe vortex, with the
resulting streamline pattern being quite similar
to the full-span result. A second blowing case ,
C� = 0.257, which represents an exit Mach num-
ber of 0.50 was also examined. The resulting
sidewall streamline pattern was nearly identical
to that shown in Figure 16c. Finally, a blow-
ing rate of C� = 0.041, which represented an
exit Mach number of 0.20 was examined. This
blowing rate had little inuence on the side-
wall streamline pattern, and is thus considered a
lower bound for e�ective blowing.

The inuence of the upstream tangential
blowing on the upper surface fuselage streamline
pattern is shown in Figure 17. The inuence of
the upstream blowing is not limited to the for-
ward portion of the semi-span model. The blow-
ing has a strong e�ect on the aft fuselage stream-
line pattern, decreasing the spanwise migration.
As the blowing rate is decreased, the spanwise
migration increases13. It should be noted that
for the two highest blowing rates, the computa-
tions predict attached ow over the aft portion
of the stand-o� geometry. In an attempt to fur-
ther improve the fuselage streamline pattern, the
juncture blowing jets were also included in the
blowing simulation. The results indicated that in
the presence of the upstream blowing, the junc-
ture blowing jets have little e�ect13.

The inuence of the upstream blowing on
the semi-span lift and pitching moment coe�-
cients is shown in Figure 18. Here, both co-
e�cients are plotted versus the blowing coe�-
cient. For comparison, the full-span values are
also shown. With the addition of blowing, the
lift on the semi-span model increases. As the
blowing rate is increased, the lift coe�cient re-
mains fairly constant. In practical applications,
such a shift may not a�ect the overall data qual-
ity. The variation of the pitching moment coef-
�cient however, is of concern. Even low blow-
ing rates signi�cantly increase the pitching mo-
ment coe�cient. A comparison of the wing and
fuselage pressure distributions revealed that the
large variations in the total pitching moment co-
e�cient are due largely to the fuselage, and not

the wing13. The upstream blowing signi�cantly
accelerates the ow over the forward portion of
the fuselage. Since the upstream blowing had
minimal e�ect on the wing pressure distribution,
it would be anticipated that incremental shifts
in the total pitching moment coe�cient due to
a wing mounted control surface would still be
accurate.

Sidewall Suction

The e�ect of sidewall suction on the root
plane streamline pattern is examined in Fig-
ure 19. For comparison, both the full-span and
original semi-span results are shown. First, a
parametric study was conducted to examine the
inuence of suction in the �rst region13. The re-
sults of this study are shown in Figure 19c. The
highest suction rate examined, Cq(1) = -.020,
has weakened the horseshoe vortex. The stream-
line pattern in the nose region has improved dra-
matically, and is quite similar to the full-span
result. Downstream of the nose however, the
streamline pattern is quite similar to the original
semi-span result. Thus, a parametric study was
conducted to examine the inuence of suction in
the second region13. The results of this study
are shown in Figure 19d. A signi�cantly lower
suction rate, Cq(2) = -.005, markedly improves
the streamline pattern. In addition, the ow over
the aft portion of the stand-o� remains attached.
The resulting streamline pattern is quite similar
to the full-span result. The sidewall suction was
observed to have no a�ect on the wing streamline
pattern.

The inuence of the sidewall suction on the
semi-span lift and pitching moment coe�cients
is shown in Figure 20, where both coe�cients
are plotted versus the suction coe�cient. The
full-span values are again shown for comparison.
Suction in the �rst region alone, Cq(2) = 0.00,
has little e�ect on the aerodynamic coe�cients
of the semi-span model. The addition of suc-
tion in the second region shifts both curves up-
ward. The increase in the lift coe�cient is small,
while the increase in the pitching moment is
noticeable. Even though the coe�cients have
increased, their variation with Cq is minimal,
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which is quite encouraging. The sidewall suc-
tion was found to slightly increase the inboard
wing loading13.

Conclusions

A computational investigation was per-
formed to support the development of a semi-
span model test capability in the NASA Lang-
ley Research Center's National Transonic Facil-
ity. This capability is desirable for the testing of
advanced subsonic transport aircraft at full-scale
Reynolds numbers. A three-dimensional Navier-
Stokes solver was used to examine methods to
improve the ow over a semi-span con�guration.

The aerodynamic characteristics of the
semi-span con�guration can be improved by de-
creasing the stand-o� height. A stand-o� height
equal to twice the tunnel-empty sidewall bound-
ary layer displacement thickness was found to
best replicate the characteristics of the full-span
con�guration. However, the stand-o� height had
little e�ect on the separation of the sidewall
boundary layer.

Blowing jets placed in the sidewall/stand-
o� juncture region improved the ow over the
aft portion of the semi-span model. The result-
ing near surface streamline patterns were quite
similar to the full-span results. The blowing jets
had little adverse e�ect on the semi-span force
and moment coe�cients.

Upstream tangential blowing and sidewall
suction were found to be e�ective in minimizing
the separation of the sidewall boundary layer.
The horseshoe vortex was weakened, and the
resulting near surface streamline patterns were
seen to be similar to the full-span results. Both
techniques however adversely a�ected the pitch-
ing moment coe�cient.
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Figure 1: Comparison of full-span and semi-
span models.
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Figure 2: Comparison of full-span and semi-
span lift and pitching moment coe�cients
(M1 = .20, Re = 4.20 � 106).
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Figure 3: Frontal view of various stand-o�
heights.
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Figure 5: Partial view of semi-span C-O grid
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Figure 6: Comparison of computed and
experimental full-span wing pressure dis-
tributions (M1 = 0.20, � = 4:43�,
Re = 4.20 � 106).
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Figure 7: Inuence of stand-o� height
on lift and pitching moment coe�cients
(M1 = 0.20, � = 8:58�, Re = 4.20 � 106).
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Figure 8: Inuence of stand-o� height
on di�erential wing pressure distributions
(M1 = 0.20, � = 8:58�, Re = 4.20 � 106) .
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Figure 9: Inuence of stand-o� height
on fuselage centerline pressure distributions
(M1 = 0.20, � = 8:58�, Re = 4.20 � 106) .
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Figure 10: Inuence of stand-o� height
on wing upper surface streamline patterns
(M1 = 0.20, � = 8:58�, Re = 4.20 � 106). .
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Figure 11: Inuence of stand-o� height on root plane streamline patterns in nose region
(M1 = 0.20, � = 8:58�, Re = 4.20 � 106).

-0.25

0.00

0.25

CM

0.0 5.0 10.0 15.0 20.0
0.00

0.50

1.00

1.50

2.00

CL

α, deg.

Full-span

Semi-span: h = 15δ*

Semi-span: h = 2δ*

Figure 12: Inuence of stand-o� height on
semi-span lift and pitching moment coe�-
cients (M1 = .20, Re = 4.20 � 106).
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Figure 13: Inuence of juncture blowing jets
on di�erential wing pressure distributions
(M1=0.20, �=12:55�, Re=4.20�106).
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Figure 14: Inuence of juncture blowing jets on semi-span upper fuselage streamline patterns
(M1 = 0.20, � = 12:55�, Re = 4.20 � 106).
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Figure 15: Inuence of juncture blowing jets on aft root plane streamline patterns
(M1 = 0.20, � = 12:55�, Re = 4.20 � 106).
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Figure 16: Inuence of upstream blowing on root plane streamline patterns (M1 = 0.20,
� = 12:55�, Re = 4.20 � 106).
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Figure 17: Inuence of upstream blow-
ing on semi-span upper fuselage stream-
line patterns (M1 = 0.20, � = 12:55�,
Re = 4.20 � 106).
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Figure 18: Inuence of upstream blow-
ing on semi-span lift and pitching mo-
ment coe�cients (M1 = 0.20, � = 12:55�,
Re = 4.20 � 106).
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Figure 19: Inuence of sidewall suction on
root plane streamline patterns (M1 = 0.20,
� = 12:55�, Re = 4.20 � 106).
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Figure 20: Inuence of sidewall suction
on semi-span lift and pitching moment
coe�cients (M1 = 0.20, � = 12:55�,
Re = 4.20 � 106).
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