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Numerical Prediction of Interference Drag of Strut–Surface
Intersection in Transonic Flow

Philippe-André Tétrault,¤ Joseph A. Schetz,† and Bernard Grossman‡

Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

The numerical evaluation of the interference drag produced by a streamlined strut intersecting a � at wall
in transonic � ow is presented. The calculations were performed on unstructured grids using the FUN2D and
FUN3D codes and the Spalart–Allmaras turbulence model (Spalart, P. R., and Allmaras, S. R.,“A One-Equation
Turbulence Model for Aerodynamic Flows,” AIAA Paper 92-0439, Jan. 1992). The grids were generated with
AFLR2 and VGRIDns. The impact of the thickness-to-chord ratio of the strut, the Reynolds number, and the effect
of the dihedral angle made by the strut with the wall are studied for both inviscid and viscous � ows. To better
understand the � ow in the region where the strut and the wall intersect, the � ow� eld is analyzed in a detailed
fashion for the thicker strut with pressure contours and stream traces. When the thickness-to-chord ratio of the
strut is reduced, the � ow� eld is disturbed only locally at the intersection of the strut with the wall. The interference
drag is calculated as the drag increment of the arrangement compared to an equivalent two-dimensional strut of
the same cross section. The results show a rapid increase of the interference drag as the angle of the strut deviates
from a position perpendicular to the wall. Separation regions appear for low intersection angles, but the viscosity
generally provides a positive effect in alleviating the strength of the shock near the junction and, thus, the drag
penalty. This study provides an equation to estimate the interference drag of simple intersections in transonic � ow.

Nomenclature
c = chord
CDinterf = interference drag coef� cient; Eq. (9)
CDp = pressure drag coef� cient
CDS = drag coef� cient of the strut alone
CDS C W = drag coef� cient of the strut–wall con� guration
CDtot = total drag coef� cient of a three-dimensionalbody
CDv

= skin-frictiondrag coef� cient
CL S = lift coef� cient of the strut alone
CL S C W = lift coef� cient of the strut–wall con� guration
Cn = normal force coef� cient
C p = pressure coef� cient
Dinterf = interference drag; Eq. (8)
DS = drag of the strut alone
DS C W = drag of the strut–wall con� guration
M1 = freestream Mach number
Rec = Reynolds number based on the chord
Sref = reference area
t = thickness
x = distance measured from strut leading edge
y = spanwise distance from intersection
® = angle of attack
´ = fraction of the span length
Á = strut–wall intersection angle; Fig. 1

Introduction

T HE study of the interference drag produced in junctions is of
considerable interest. In transonic � ow, the interference be-

tween the components can produceunwanted shock waves and sep-
arated � ow regions. It can have a detrimental effect on the total drag
and, hence, the performance of the airplane if care is not taken in
properly designing these intersections. In recent years, computa-
tional � uid dynamics (CFD) has been applied to the study of the
interaction phenomenon involved at transonic speeds for such ar-
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rangements as wing–pylon,1 wing–body,2;3 and complete aircraft
con� gurations.4

Multidisciplinarydesign optimization (MDO) studies conducted
at VirginiaPolytechnicInstituteandStateUniversity5;6 havefocused
on the design of a strut-bracedwing transonic transport to carry 325
passengers at a cruise Mach number of 0.85. The overall design
achieves a signi� cant reduction of the drag and the takeoff gross
weight. However, the aerodynamic interference drag at the wing–

fuselage and wing–strut junctions is critical for the success of the
design and needs to be evaluated accurately.

Several studies have been made of the � ow around strut–endwall
arrangements.In subsonic � ow, Hoerner7 used experimentaldata to
determine the interference drag of various arrangements. The drag
of a wing or strut intersectinga planewall was studied. It was shown
that the drag increases signi� cantly as the pitch or lateral angles of
the strut are varied from a position normal to the wall. Increases in
the thickness-to-chord ratio of the strut cause a large increment in
drag in the presence of a plane wall.

Kubendran et al.8 conductedan experiment for the subsonic � ow
around a wing–fuselage juncture. The juncture was simulated by
attaching a body of constant thickness with an elliptical leading-
edge radius to a � at plate. They obtained favorable interference
equivalentto ¡3% of the total dragof theplateandbody in isolation.
Barber9 measured the intersection losses for a strut perpendicular
to a wall in a low-speed wind tunnel. The struts studied had t=c
ratios of 20 and 30%. Lower drag penalty was observed for thicker
incident boundary layers than for thinner ones. In subsonic � ow,
Roach and Turner10 tested a number of strut sections perpendicular
to a wall. For streamlined strut sections of small aspect ratio, the
secondary losses could be reduced to a correlation in terms of the
Reynolds number of the � ow, the Mach number, the thickness-to-
chordratioof thestrut,andthedisplacementthicknessof the incident
boundarylayer. Pierce and Nath11 investigatedthe interferencedrag
of a streamlined body with a thickness-to-chordratio of 42.6%. The
study showed a signi� cant drag increase due to the junction. When
compared to similar studies, the results con� rmed the dependence
of the interference drag on the thickness-to-chordratio of the strut.

The objectiveof this paper is to provide a methodologyto predict
the interference drag produced by simple intersections in transonic
� ow. Analyses are performed by solving the Euler and Navier–
Stokes equations on unstructured grids. The numerical tools are
validated against experimental data for juncture � ow, and the accu-
racy of the method is assessed. The case of a strut between parallel
walls (see Fig. 1 for an example of strut between parallel walls in

857
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Fig. 1 Strut between parallel walls in transonic � ow.

transonic � ow) is analyzed for various angles and thicknesses of
the strut. Cross sections in the near-wall � ow� eld are presented to
explain the detailed behavior of the � ow in the intersection region
for the thickest strut section.The nondimensional interferencedrag
results are represented by a response surface to aid in the use of
these results for design studies.More details about the study at hand
can be obtained from Tétrault.12

Modeling of the Problem
Flow Solver

The Euler and the Reynolds-averaged Navier–Stokes equations
were solved for two-dimensional and three-dimensional problems
with the codes FUN2D and FUN3D13;14 from NASA Langley Re-
search Center. The codes use an implicit, upwind, second-orderac-
curate in space, � nite volume discretization on unstructured grids,
and the dependentvariablesare storedat thenodesof the cells.Roe’s
� ux-difference splitting scheme15 is used to compute the inviscid
� uxes at the cell faces. The equations are integrated in time with
the backward-Eulertime-steppingscheme.For the two-dimensional
code, the solution procedure is improved through the use of multi-
grid acceleration. For the viscous � ows, the turbulence model of
Spalart and Allmaras16 is integrated to the wall without the use of
wall functions.More detailsabout the codesand the formulationcan
be obtained from Anderson and Bonhaus13 and Anderson et al.14

Grid Generation Tools
The � ow solutions are computed on unstructuredgrids. For two-

dimensional applications, the code AFLR217;18 is used. It employs
an advancing front method to generate high-quality grids for in-
viscid and viscous applications. In three dimensions, the code
VGRIDns19;20 is utilized to create the unstructured meshes. High
aspect ratio cells are generated in the viscous regions with the ad-
vancing layers method.19 In inviscid � ow regions, the tetrahedral
cells are constructed based on the advancing front algorithm.20

In the viscous� owregionadjacentto a solidsurface,thegrid point
distributionin the directionnormal to the surfacecan be represented
in general terms as19

±i D ±1

£
1 C r1.1 C r2/i¡1

¤i¡1
(1)

This means that the normal grid spacing of the i th viscous layer
±i is a function of the initial spacing at the wall ±1 and the growth
rates r1 and r2 . The initial spacing ±1 is chosen in order to have at
least one grid point in the viscous sublayer. The growth rate r1 is
set to 0.15 and 0.40 for two- and three-dimensionalcalculations,re-
spectively, and r2 is zero. This choice for r1 and r2 is comparable to
what is current practice in the � eld. With r1 D 0:5 and r2 D 0:07, the
transonic, separated � ow on the ONERA M6 wing has been com-
puted accurately using a full viscous approach with a grid-resolved
sublayer.21

Validation
Becausewe are interestedin studyingthe � ow arounda strut–wall

con� guration, we will assess the accuracy of the � ow solution with

experimental data for a strut perpendicular to the walls of a wind
tunnel.22 The data are suitable only for in-tunnel CFD validation
because the strut was enclosed by solid wind-tunnel walls above,
below, and on the sides. The data were not corrected for the effect of
blockage.The strut has a span b D 340 mm and a chordc D 200 mm.
The walls above and below the model are located symmetrically at
a distance of 300 mm away.

The strut was modeled with a span of 170 mm only, with a sym-
metry boundary condition applied to one of the side walls. The
in� ow plane is located 3000 mm upstream of the model to obtain
a side wall boundary layer comparable to the one measured in the
experiment. Downstream, the far-� eld boundary extends 2000 mm
from the strut trailing edge. The � rst grid point is located0.002 mm
above the solid surfaces to provide at least one grid point within the
viscous sublayer. The � nal grid contains 23; 082 surface nodes and
a total of 367; 516 nodes.

The freestreamMach number is 0:73, and the Reynoldsnumber is
Rec D 6 £ 106. The airfoil makes an angle of attack of 1:5 deg with
respect to the incoming freestreamvelocity.A distanceof 1050 mm
upstreamof the strut leadingedge, thecomputedsidewall boundary-
layer displacement thickness ±¤ and momentum thickness µ are
equal to 2.75 and 2.16 mm, respectively. The predicted values of
±¤ and µ are 16% lower than the experimental measurements. This
can be explainedby the grid spacing normal to the side walls being
the same all of the way from the in� ow plane to the out� ow plane.
There was no attempt to have � ner normal grid spacing near the
in� ow plane where the boundary layer is much thinner than farther
downstream. The growth of the boundary layer is, therefore, not
captured precisely.

The calculatedpressuredistributionsare comparedto experimen-
tal measurements in Fig. 2. Note that the pressure distribution at
´ D 0:6% is located within the side wall boundary layer. For all
locations, the agreement is good everywhere except on the upper
surface by the shock generated near the midchord position. The
predicted shock location is too far from the leading edge of the
strut. For all cases, the pressure on the strut lower surface is almost
in perfect agreement with the experimental data.

The normal force coef� cient Cn computed at each span station
along the wing is comparedagainst the experimentaldata in Table 1.
Because the � ow solutiondid not predict the shockat the same loca-
tion as in the experiment, that discrepancy causes the calculation to
overestimate the experimentalvalue of the normal force coef� cient.
However, the agreement is generally good. The experimental data
show that the value of the normal force coef� cient increases with
the distance from the side wall. That trend is captured by the CFD
solution as well. In light of these quite favorable results, we can be
con� dent in applying the proposed tools to the modeling of � ow
near the junction of other similar con� gurations.

y = 2 mm (´ = 0:6%)

y = 20 mm (´ = 5:9%)

y = 10 mm (´ = 2:9%)

y = 40 mm (́ = 11:8%)

Fig. 2 Cp distribution for the AGARD test case: M 1 = 0:73, ® =
1:5 deg, Rec = 6 £ £ 106 .
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Table 1 Normal force coef� cient Cn along the wingspan

Station y, mm (´, %) Calculation Experiment

y D 2 (´ D 0:6) 0.6974 0.6651
y D 10 (´ D 2:9) 0.7074 0.6830
y D 20 (´ D 5:9) 0.7186 0.6885
y D 40 (´ D 11:8) 0.7298 0.7127
y D 80 (´ D 23:5) 0.7346 0.7186
y D 170 (´ D 50:0) 0.7382 0.7205

Problem Description
The objectiveof this work is to performa basic study of the inter-

ference drag of simple intersections in transonic � ow. To simulate
junctions found on airplanes, the case of the � ow around a strut be-
tween parallelwalls (Fig. 1) was analyzed for a cruise Mach number
of M1 D 0:85 and an altitude of 40,000 ft. These yield a Reynolds
numberper meter of 5:3 £ 106 . For typical strut chords of 1 and 2 m,
the correspondingReynolds numbers are 5:3 £ 106 and 10:6 £ 106.
The strut section makes an angle of attack ® D 0 deg with respect to
the freestream� ow for all of the calculations.To assess the effect of
varying the thickness of the strut, symmetric airfoil sections of the
NACA 64A family were studiedwith thicknesses t=c of 5 and 7.5%.
Those airfoil sections are identi� ed as NACA 64A005 and NACA
64A007.5. These dimensions are typical of the strut encountered
in the course of the MDO studies5;6 conducted on the strut-braced
wing concept at Virginia Polytechnic Institute and State University.
The scope of this study is, however, much broader and is not limited
to that application.

As shown in Fig. 1, the strut is enclosed between two side walls,
and the other faces of the computational box are open to the air.
The domain extends 10 strut chords upstream, downstream, above,
and below the strut to the far-� eld boundary. The distance chosen
to the in� ow and out� ow planes is similar to what was used for the
validation case presented in the preceding section. This choice is
also based on the best judgment of the authors. Further analyses
could consider variation of the thickness of the incoming side wall
boundary layer. The parallel walls are � ve strut chords apart to
achieve two-dimensional � ow at midspan. The dihedral angle Á
made by the strut with the adjacent wall was varied from 90 to 60
and 30 deg. No attempt was made at employing fairings or local
shaping at the strut–wall intersection. The geometry is considered
as a worst case from an airframer’s point of view.

Calculation of the Interference Drag
The approach to determining the interferencedrag is to make use

of the CFD tools as if one were performing an experiment in a wind
tunnel.Solve the three-dimensionalNavier–Stokes equationsfor the
� ow around a given strut–wall (S C W ) arrangement to determine
CL S C W and CDS C W , de� ned as

CLS C W D
L S C W

q1 Sref

(2)

CDS C W D
DS C W

q1 Sref

(3)

where the dynamic pressure is q1 D .° =2/p1 M2
1 . The quantities

CL S C W and CDS C W are obtainedby integratingthe pressureand skin
frictionover the strut surfaceonly.The wall surfaceis not considered
in the integration of the skin-friction force.

The reference area used to nondimensionalizethe coef� cients is
determined in terms of the chord and the total length of the strut.
Becausethedistancebetweenthewalls is set to � ve chords,it follows
that

Sref D 5c2=sin Á (4)

Hence, the de� nitions of the lift and drag coef� cients become

CL S C W D .L S C W =q1/.sin Á=5c2/ (5)

CDS C W D .DS C W =q1/.sin Á=5c2/ (6)

A second Navier–Stokes analysis is performed to determine the lift
and drag coef� cients of the strut alone, without the effect of the

walls, namely, CLS and CDS . Consider the strut–wall arrangement
with Á D 90 deg and apply the no-penetration,slip condition on the
side walls, rather than the no-slip condition. The con� guration is
equivalent to a strut with symmetry planes at both ends. Hence, the
strut is considered as having an in� nite span in this case, just like
when the analysis is performed on a two-dimensional airfoil. This
yields

CDS D .DS=q1/.1=5c2/ (7)

Twice the interference drag is calculated as the difference between
the drag of the strut with the two walls and the drag of the strut
without the effect of the walls. The result is nondimensionalized
with respect to a conveniently chosen reference area to yield the
interference drag coef� cient CD interf . Early work by Hoerner7 in the
� eld of interference drag of struts suggests several possibilities for
the choice of the reference area such as Sref D t 2 or c2, where t and
c are the thickness and the chord of the strut, respectively. In this
study, we opted for the latter expression.

Because the con� guration contains two wall–strut intersections,
we will have to take one-half of the drag difference:

Dinterf D 1
2 .DS C W ¡ DS/ (8)

The interference drag coef� cient for one junction becomes

CDinterf D
Dinterf

q1c2
D

1

2

³
DS C W ¡ DS

q1c2

´
(9)

Grid Convergence Study
The strut sections NACA 64A005 and 64A007.5 were obtained

from the airfoil generationcodeLADSON.23 For the inviscid calcu-
lations, the Euler equations were solved for each strut–wall angle Á
on grids having a similar grid point distribution to ensure consistent
results. Grid stretching along the length of the strut was used more
extensively away from the wall. For the viscous calculations, the
grids generated are based on a grid point distribution similar to the
one used for the inviscidgrids. For Rec D 5:3 £ 106 and 10:6 £ 106,
a grid spacing at the wall ±1 D 1 £ 10¡5 per unit chord allows for at
least one point in the sublayer of the turbulent boundary layer.

To assess the qualityof the viscousgrids generatedfor the NACA
airfoil sections, a grid convergence study was performed for the
NACA 64A007.5 section perpendicular to two viscous side walls.
Only half the con� guration was modeled with a symmetry plane
at midspan. Three grids were generated, ranging from coarse to
� ne in terms of grid resolution. The overall grid characteristics are
presented in Table 2. The triangulationof the plane of symmetry of
the � ne grid is shown in Fig. 3.

The Navier–Stokes � ow solutions were obtained for the NACA
airfoil sections for M1 D 0:85, ® D 0 deg, and Rec D 5:3 £ 106 . The
pressure distributions are provided in Fig. 4 for several cross sec-
tions along the span of the strut. The major difference among these
plots is the resolutionof the shock at midchord.The � nest grid pro-
vides the best result for resolving the shock. Another aspect worth
mentioning, even if it is barely noticeable, is the presence of a sud-
den decreasein C p right at the trailingedgeof the strut for the coarse
grid. This is because the grid is not re� ned enough at the trailing
edge, thus leading to the formation of skewed cells there.

The magnitude of the lift coef� cient is less than 6 £ 10¡4 for all
grids. The drag coef� cients are presented in Table 2. The pressure
drag CDp varies quite signi� cantly with grid re� nement because
of the poor shock resolution on the coarser grids. Despite that, the
skin-frictiondrag CDv is almost constant for each case, resulting in

Table 2 Grid convergence for NACA 64A007.5: Á = 90 deg,
M 1 = 0:85, ® = 0 deg, Rec = 5:3 £ £ 106

Number of Total number
Grid surface nodes of nodes CD p CDv CDtot

Coarse 10,988 205,175 0.0059 0.0057 0.0116
Medium 15,321 299,862 0.0055 0.0057 0.0112
Fine 25,022 529,717 0.0052 0.0057 0.0110
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Fig. 3 Fine viscous grid at the plane of symmetry of the NACA
64A007.5 strut: Á = 90 deg.

´ = 0%

´ = 20%

´ = 10%

´ = 30%

Fig.4 Effects of gridre� nementon Cp distribution forNACA 64A007.5
strut: Á = 90 deg, M1 = 0:85, ® = 0 deg, Rec = 5:3 £ £ 106 (Navier–Stokes
solution).

an overall effect that depends mostly on the pressure drag. When
the number of nodes is increased, the total drag coef� cient seems to
be reaching an asymptotic value. Therefore, the grid point distribu-
tion used for the � ne mesh presented here was used throughout the
viscous analyses shown later.

With the drag coef� cients computed on the � ne and medium
grids in Table 2, an estimate of the discretization error on the drag
coef� cient can be calculated with Richardson extrapolation (see
Ref. 24). The following development is based on the numerical
� ow solution being second-orderaccurate in space. Taking the grid
re� nement ratio r as the ratio of the number of nodes in the � ne grid
to the number of nodes in the medium grid, the exact value of the
drag coef� cient CD is approximated by

CDexact ¼ CD� ne C
CD� ne ¡ CDmedium

r 2 ¡ 1
(10)

To apply this method, the � ne grid must be obtained by re� ning
the medium grid equally in all directions. Unfortunately, this is not
the case for the grids presented in Table 2 because, in the viscous
layers, the grid point distribution normal to the surface is the same
for all grids. Nevertheless, the approach is applied only to provide
an estimate of the discretization error on the � ne grid. It yields a
value of CDexact D 0:0108, corespondingto an error of 0.0002 for the
drag coef� cient on the � ne grid.

Another source of error is the criterion employed to determine
the convergenceof the CFD solution. For Euler and Navier–Stokes
computations,the solution process was stopped after the drag coef-
� cient reachedan asymptoticvalue.This correspondsto a reduction

of the residual by a factor of four orders of magnitude. It ensures
that the results obtained for each arrangement are comparable with
one another.

Results and Discussion
In this section, the results are presented for three-dimensional

analysesperformedon complete strut–wall con� gurations.Contour
plots are used to highlight the most important features of the � ow
for the thicker strut in the region near the wall–strut junction. The
effects of the relative strut thickness t=c, the strut–wall angle Á, and
the Reynoldsnumber Rec on the interferencedragare thenevaluated
from Euler and Navier–Stokes calculations.

Flow� eld Details
Pressure contour plots and stream traces will be used to illustrate

the behaviorof the � ow for the strut–wall con� guration.Because the
NACA 64A007.5 section exhibits the most interesting features in
terms of separationand shock strength, the � ow near the junction is
presentedfor that case.Figure 5 depictsthe Euler andNavier–Stokes
solutions for the � ow� eld a distance1 £ 10¡5 chord (´ D 0:0002%)
from the side wall. The � ow is from left to right, and the strut
intersects the plane of the page coming down from above.

The Euler results are discussed� rst. For Á D 90 deg, the symmet-
ric strut section creates a symmetry in the pressurecontoursas well.
The stagnation point is located at the leading edge of the strut. The
� uid particles accelerate along the strut surface past the sonic con-
ditions, accompanied by a decrease in the pressure. At x=c D 0:60,
the pressure increases sharply as a consequence of the presence
of a shock wave at that location. It then returns to its freestream
value.

The Á D 60 deg case shows the channel effect as the strut is tilted
toward the side wall. The upper surface of the strut is located in
that region. The stagnation point moves a short distance away from
the leading edge on the upper surface. Also note that the pressure
contours upstream of the strut leading edge extend farther away
from it than for the Á D 90 deg case. On the upper surface, the
� uid is accelerated quickly as a result of the curvature of the strut
surface and the proximity of the side wall. There is a large region
of supersonic � ow on the strut that culminates with a strong shock
at x=c D 0:75. Overall, the presence of a tilted strut produces a lot
of disturbance of the � ow� eld in the channel region. This is shown
by the extent of the pressure contours above the strut. On the other
hand, in the vicinity of the lower surface, the effect of the wall and
the strut have a weaker effect in the � ow� eld than for Á D 90 deg.

The con� guration with Á D 30 deg ampli� es all of the trends
already highlighted for Á D 60 deg. The stagnation point moves

Fig. 5 Pressure contours with streamtraces at ´ = 0:0002% for the
NACA 64A007.5strut: M 1 = 0:85, ® = 0 deg, Rec = 5:3 £ £ 106 . Euler so-
lution:a) Á = 90 deg, b) Á = 60 deg, and c)Á = 30 deg; and Navier–Stokes
solution: d) Á = 90 deg (inviscid side walls), e) Á = 90 deg, f) Á = 60 deg,
and g) Á = 30 deg.
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downstreamon the strut upper surface.The side wall is much closer
to the strut upper surface, and, thus, the � ow accelerates dramat-
ically as depicted by the rapid variation in the pressure contours.
The high-speed � ow region ends at x=c D 0:90, where a very strong
shock is formed. The � ow goes from a very low pressureback to al-
most freestreamcondition over a very short distance.This produces
a severe perturbation of the entire � ow� eld more than 1:5 chord
above the strut. On the lower surface of the strut, the contours are
considerably weaker than for Á D 90 and 60 deg because the � ow
accelerationand decelerationback to freestreamconditionsare very
smooth.

The Navier–Stokes results are shown for all angles, including the
case where Á D 90 deg with inviscid side walls. Because that case
is two dimensional in nature, it allows a preliminary interpretation
of the addition of viscous effects to the � ow. The pressure contours
are symmetric on both sides of the strut with the stagnation point
located at the leading edge of the strut. The particles accelerate as
they follow the strut surface until there is a sudden jump in pressure
due to the presence of a shock at x=c D 0:60. The shock is smeared
due to the viscous forces acting on the � ow. It is weaker than the
one obtained from the Euler calculation on the same con� guration.

The contour plots for the cases remaining to be discussed all
make use of the no-slip condition on the side walls as opposed to
the case justpresented.The cross sectionsare locatedwithin the side
wall boundary layer. The Á D 90 deg case exhibits symmetry in its
pressure contours. As shown by the pressure contours con� ned to a
small region upstream of the strut leading edge, the decelerationof
the particles is small as they get to the stagnationpoint because they
are within the side wall boundary layer. The variations in the � ow-
� eld are small becauseof the presenceof the viscous side wall. This
effect is bene� cial because the shock displayed by the Á D 90 deg
case between inviscidside walls disappearedcompletely.The extent
of the pressure contours in the � ow� eld is also made weaker by the
viscous forces of the side wall boundary layer.

For Á D 60 deg, the � ow decelerates upstream of the strut and
reaches the stagnation point a short distance from the leading edge
along the upper surface. In the channel region, the particles’ accel-
eration is accompaniedby a drop in the pressure.Toward the trailing
edge, the � ow goes through a shock without separating. Compared
to the Euler solution for the same con� guration, the Navier–Stokes
results show a shock made much weaker by the action of the vis-
cous forces. The shock is located a signi� cant distance upstream of
the position predicted by the Euler solution, and it is also weaker.
Additionally, because of the dissipative mechanism of the viscous
forces, the pressure contours die out more quickly away from the
strut. On the lower surface of the strut, the variationsof the velocity
are very small, and the absenceof a shock there allows for a smooth
pressure distribution.The boundary layers that develop on the strut
and the adjacent side wall combine to de� ect the � uid away from
the low-speed � ow regions adjacent to the strut surface.

The con� gurationforwhichÁ D 30deg exhibitsthe most interest-
ing featuresbecauseof the much stronger interactionsin the channel
formed by the strut and the adjacent side wall. The � uid particles
coming from upstream are deviated sharply away from the channel
region due to the presence of the boundary layer. In the reduced
space between the strut and the wall, the increase in the velocity of
the � uid particles ends with a shock standing at x=c D 0:60. That
smeared shock is weaker and upstream of the one predicted by the
Euler solution due to the dissipative viscous effects. However, as a
result of the severeadversepressuregradientproducedby the shock,
the � ow separates downstream. The stream traces show a large re-
gion of recirculating � ow in the vicinity of the strut trailing edge.
The � uid particles are deviated away from that vortex. The lower
surface of the strut shows small variations in the pressure.

Pressure and Drag Coef� cient Behavior
Euler Calculations

The pressure distributions along cross sections parallel to the
walls are portrayed in Fig. 6 for the NACA 64A005 section and
in Fig. 7 for the NACA 64A007.5 section. For the NACA 64A005
section, the � ow is severely disrupted near the wall for Á D 60 and
30 deg. The proximity of the side wall creates a channel that forces

´ = 0%

´ = 20%

´ = 10%

´ = 30%

Fig. 6 Cp distribution for the NACA 64A005 strut, M1 = 0:85, ® =
0 deg (Euler solution).

´ = 0%

´ = 20%

´ = 10%

´ = 30%

Fig. 7 Cp distribution for the NACA 64A007.5 strut, M 1 = 0:85, ® =
0 deg (Euler solution).

the � uid to reach a higher velocity compared to the Á D 90 deg case.
Although the pressure distribution for Á D 90 deg does not exhibit
a shock, there is a strong shock for the Á D 60 and 30 deg cases.
The in� uence of the wall decays rapidly away from the wall. It is
barely noticeable at ´ D 30% where the C p curves almost fall on
top of the Á D 90 deg curves. For the NACA 64A007.5 section, the
reduction of the strut–wall angle Á severely disrupts the � ow� eld
in the region near the wall. The shocks for Á D 60 and 30 deg are a
lot stronger than for Á D 90 deg. Shock effects are also felt a large
distance away from the wall. Even at ´ D 30%, the disturbance can
be seen as the pressure distributions deviate signi� cantly from the
reference curve Á D 90 deg.

The drag coef� cients obtained for the Euler analyses are shown
in Table 3. The magnitudeof the lift coef� cient is less than 3 £ 10¡4

for all cases. The results for Á D 90 deg are in good agreement with
equivalent two-dimensional airfoil computations performed at the
same conditionson very � ne grids. For the NACA 64A005 section,
the drag is negligiblefor Á D 90 deg because there is no shockalong
the strut surface.When theangle is reducedto Á D 60degand then to
Á D 30 deg, the shocknear the root observedin the pressuredistribu-
tion in Fig. 6 becomes stronger and is responsiblefor the increaseof
the drag coef� cient. For Á D 30 deg, the shock persists over almost
20% of the strut span, although it is rendered much weaker as the
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Table 3 Drag coef� cients at M1 = 0:85

Rec D 5:3 £ 106 Rec D 10:6 £ 106

NACA Intersection angle Á, Euler
airfoil deg CDtot CDp CDv CDtot CDp CDv CDtot

64A005 Two-dimensional airfoil 0.0001 0.0012 0.0060 0.0072 0.0011 0.0055 0.0066
90 (inviscid side walls) 0.0002 0.0014 0.0058 0.0072 0.0013 0.0053 0.0066

90 0.0002 0.0015 0.0059 0.0075 0.0014 0.0054 0.0069
60 0.0004 0.0016 0.0060 0.0075 0.0016 0.0051 0.0067
30 0.0039 0.0023 0.0060 0.0084 0.0023 0.0052 0.0075

64A007.5 Two-dimensional airfoil 0.0041 0.0056 0.0058 0.0114 0.0054 0.0053 0.0107
90 (inviscid side walls) 0.0041 0.0058 0.0056 0.0114 0.0057 0.0051 0.0108

90 0.0041 0.0052 0.0057 0.0110 0.0051 0.0052 0.0103
60 0.0072 0.0069 0.0057 0.0126 0.0067 0.0049 0.0117
30 0.0168 0.0110 0.0056 0.0166 0.0103 0.0049 0.0151

´ = 0% ´ = 10%

´ = 20% ´ = 30%

Fig. 8 Cp distribution for the NACA 64A005 strut: M1 = 0:85,
® = 0 deg, Rec = 5:3 £ £ 106 (Navier–Stokes solution).

distance from the wall increases.For the NACA 64A007.5 strut sec-
tion, the Á D 90 deg arrangementhas a largedrag penaltybecauseof
the shock located at x=c D 0:60, as seen in Fig. 7. The reduction of
the strut–wall angle to Á D 60 and 30 deg is accompaniedby an in-
creasein the shockstrength.The strengthof the shock forÁ D 30deg
and its extent along the strut span explain the signi� cant drag coef-
� cient calculated for that case.

Navier–Stokes Calculations
Because there is little difference between the pressure plots at

the two Reynolds numbers chosen for this study, only the pres-
sure distributions for Rec D 5:3 £ 106 are presented here. For the
NACA 64A005 section results in Fig. 8, the viscosity dissipates the
strong shock at the strut–wall junction very effectively, and the ef-
fect of the wall disappears very quickly as we move away from it.
At a station ´ D 30%, the perturbation in the pressure distributions
is gone. This is accomplished more quickly than for the inviscid
solution. The pressure distribution on the NACA 64A007.5 strut
section is depicted in Fig. 9. As can be seen, there is a more dra-
matic in� uence of the wall in the vicinity of the junction. The � ow
separates at about x=c D 0:65 on the upper surface of the strut for
the Á D 30 deg case. However, from the other cross sections,we can
see that the effect of the wall again dissipates rapidly as the distance
along the span increases.

The lift coef� cient is less than 0:005 in magnitude for all of
the cases analyzed. The drag coef� cients for Rec D 5:3 £ 106 and
10:6 £ 106 are listed in Table 3. For both strut thicknesses, two sets

´ = 0% ´ = 10%

´ = 20% ´ = 30%

Fig. 9 Cp distribution for the NACA 64A007.5 strut: M1 = 0:85,
® = 0 deg, Rec = 5:3 £ £ 106 (Navier–Stokes solution).

of results for Á D 90 deg are presented, one involving viscous side
walls (no-slip condition) and the other one representing the case
for inviscid side walls (no-penetration,slip condition). The latter is
used as a basis for comparing with an equivalent two-dimensional
airfoil calculation done at the same conditions on a very � ne grid.
Accordingto the resultspresentedhere,thecalculationperformedon
a strut between parallel inviscid surfaces agrees well with its two-
dimensional counterpart. The differences in the drag components
tend to cancel out to yield a maximum discrepancyof about 0.0001
for the NACA 64A007.5 section at Rec D 10:6 £ 106.

For the NACA 64A007.5 section at Á D 90 deg, the presence
of the viscous side walls alleviates the drag penalty obtained for
the same strut between inviscid surfaces. On the other hand, the
NACA 64A005 section does not exhibit favorable interference. In
fact, the adjacent viscous walls cause the overall drag to increase
by a few counts. For the NACA 64A005 strut section, the change
of Á from 90 to 60 deg is accompanied by a negligible increase in
drag because the strut section is still shockless. As opposed to the
Á D 60 deg case, the arrangementwith Á D 30 deg has a shock near
the root, causing a net increase in the pressure drag. The drag coef-
� cient for the NACA 64A007.5 strut shows a more rapid increase
than the NACA 64A005 sectionas the strut–wall angleÁ is reduced.
When going from Á D 90 to 60 deg, the pressure drag coef� cient
goes up due to the stronger shock. The increase in the drag coef� -
cient for Á D 30 deg can be explained by the strong shock and the
large region of separated � ow in the vicinity of the strut–wall junc-
tion. This is re� ected in the pressure drag coef� cient. Despite that,
the pressure drag and even the overall drag coef� cients are less than
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Table 4 Interference drag coef� cients

CDinterf D Dinterf=q1c2

Á, deg Euler Rec D 5:3 £ 106 Rec D 10:6 £ 106

NACA airfoil 64A005
90 0.0000 0.0006 0.0006
60 0.0007 0.0038 0.0028
30 0.0188 0.0238 0.0207

NACA airfoil 64A007.5
90 0.0000 ¡0.0010 ¡0.0011
60 0.0105 0.0080 0.0067
30 0.0739 0.0547 0.0487

Fig. 10 Response surface with contours of CDinterf for M1 = 0:85,
® = 0 deg, Rec = 5:3 £ £ 106 .

the drag coef� cient predicted by the Euler computations in Table 3.
This con� rms that the viscous effects can contribute favorably to
the drag of the strut by alleviating the strength of the shock near the
wall and by dissipating its effect rapidly in the � ow� eld.

All of the results presented in Table 3 can be interpreted in the
form described by Eq. (9). For the Euler calculations, the case for
which Á D 90 deg was used as the reference CDS . For the Navier–
Stokes analyses, the reference value for CDS is chosen as the value
calculatedforÁ D 90degbetweeninviscidsidewalls.The resultsare
listed in Table 4. The interference drag numbers highlight how dra-
matic the increase in drag is if the viscouseffectsare not considered.
The NACA 64A007.5 airfoil with Á D 90 deg exhibits favorable in-
terference as the negative interference drag numbers suggest.

The statistical software JMP25 was employed to � t a quadratic
response surface to the interference drag coef� cient using a stan-
dard least-squares procedure. Only the Navier–Stokes results were
considered in this analysis. The equation can be included in design
studies to account for the interferencedrag penaltyof junctions.The
response surface can be written as

CDinterf D 0:1112 ¡ 0:2572 sin Á C 3:440.t=c/ ¡ 0:02097 log10 Rec

C 0:09009sin2 Á ¡ 2:549.t=c/ sin Á

C 0:03010 log10 Rec sin Á ¡ 0:1462.t=c/ log10 Rec (11)

where t=c is 0.05 for a 5%-thick airfoil. The response surface has
a coef� cient of determination R2 D 0:9987 with an rms error of
0:001177. The curve is shown in Fig. 10 for Rec D 5:3 £ 106 .

Conclusions
In this work, unstructured grid methodology was applied to the

Euler and Navier–Stokes equations to simulate the � ow past strut–
wall intersectionsand determine the interferencedrag of such junc-
tions. The tools were validated against experimental data to assess
the accuracy of the drag prediction. A strut enclosed by the walls
of a wind tunnel was modeled, and the pressure distribution and

sidewall boundary-layerthicknesswere comparedwith experiment.
There was good agreement of the calculated pressure distributions
with the data.

The methodology was then applied to the study of a strut whose
intersectionangle with a � at wall was varied. The thickness and the
Reynolds number were also changed to evaluate the effect of those
parameters on the overall drag of the strut in the transonic � ow
regime. Both inviscid and viscous computations were conducted.
Observations made based on the pressure distribution at several
cross sections along the strut span showed the strong disturbance
produced by the presence of the wall on the � ow� eld, causing the
� ow to separate in some instances. The viscous forces tended to
alleviate the strength of the shocks induced near the junction of
the strut with the wall. For the thicker strut perpendicular to the
wall, the presence of the neighboring wall even created favorable
interference. The disruption of the � ow� eld due to the in� uence
of the side wall was stronger for the thicker strut section than for
the thinner one. The strut–wall angle exhibited a strong correlation
with the drag penaltyas well. The effect of incliningthe strut toward
the wall increased the drag by a large factor compared to the case
where the strut is perpendicular to the wall. A response surface for
the interferencedrag coef� cient was developed to take into account
all of these effects and to help in the design of junctions.
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E.,Tétrault, P.-A.,Grossman, B.,Kapania, R. K., Mason,W. H., Schetz, J. A.,
and Haftka, R. T., “Multidisciplinary Design Optimization of a Transonic
Commercial Transportwith a Strut-Braced Wing,”World AviationCongress,
WAC Paper 1999-01-5621,Oct. 1999.
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