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calibrated for LEWICE but does not play an identical role in the
S–A model as in an integral method. However, although the two
approaches are quite different, their solutions agree pretty much,
and the results are satisfactory. In this test case, on the clean air-
foil, the impingement solution of DROP3D and ICE3D are identi-
cal (Ref. 8). In Fig. 3b, the LEWICE numerical solution obtained
after 1 min of accretion is compared to the ICE3D solution, and
they agree pretty well. The small differences between the convec-
tive heat � ux coef� cients of LEWICE and FENSAP S–A do not
signi� cantly in� uence the ice shape and, thus, con� rm the valid-
ity of our convective heat � uxes and validate our PDE-based icing
approach.

Conclusions
The one-equationS–A turbulencemodelhasbeenimplementedin

the three-dimensionalFEM � ow solver, FENSAP, of the FENSAP-
ICE in-� ight icing simulation system. The surface roughness of
iced surfaces has been taken into account with an equivalent sand
grain roughness parameter. The effects of roughness on the � ow
solution have been successfully validated against numerical and
experimental results, and the roughness effects on ice shapes have
been demonstrated through a NACA 0012 wing test case. The S–A
model has proven to be robust, to be easy to use, and showed good
agreement with theory and experiments, making it a valuable tool
for PDE-based in-� ight icing simulations.
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Introduction

T HE leading-edge vortex � ap (LEVF) is one of the devices
that can improve the aerodynamic ef� ciency of delta wings

at low speeds.1 The LEVF is a full-span de� ectable � ap attached to
the leading edge of the delta wing. With the � ap de� ected down-
ward, a leading-edge separation vortex can be formed over the
forward-facing � ap surface. The vortex suction force acting nor-
mal to the � ap surface generates a thrust component. Hence, this
leading-edge suction reduces the drag of the wing and improves
the lift/drag ratio at a given lift coef� cient. Reference 2 contains an
overview of LEVF research. Many tests have been done that con-
� rm the bene� t of the LEVF.3;4 It has also been pointed out that
LEVFs are effective for reduction of takeoff noise associated with
the low-speed inef� ciency of the delta wing used for the supersonic
transport.5

It is clear that the vortex � ap de� ection angle is an important
factor that determines the formation of the leading-edge separation
vortex on the � ap surface and the improvements of the lift/drag
ratio of the delta wing. There are other factors that affect the vor-
tex � ap characteristics: 1) sweepback angle, 2) area ratio of the
LEVFs/the delta wing, and 3) leading-edge shapes, that is, sharp or
rounded leading edges. The sweepback angle determines the orig-
inal delta wing aerodynamic characteristics,and hence, the perfor-
mance of the LEVFs will also be affected. The area of the vortex
� aps alsoaffectsthe formationof the leading-edgeseparationvortex
on the � ap surface. As for leading-edge shapes, by de� ecting the
roundedLEVF, suctionforces,whichare causedbothby the leading-
edge separation vortex over the � ap surface and by the rounded
leading edge, may reduce the drag component and increase the
lift/drag ratio.

Several experimental studies have been conducted using delta
wing modelswith taperedvortex � aps thathavedifferentsweepback
angles,6¡8 different� ap areas,9 and different leading-edgeshapes.10

The aim of this note is to discussand summarizethe bene� t of vortex
� aps thathavedifferentcon� gurations,by reviewingthe experimen-
tal results obtained by the author and others.

Experimental Details
The plan shape of the vortex � ap is mainly classi� ed into two

different types.First is the � ap that has a constantchord lengthalong
the whole part of the wing span.Many studies have investigatedthis
type of vortex � ap.1;11 Another type is a taperedvortex � ap. Figure 1
shows a schematic diagram of the tapered vortex � aps. The delta
wing has vortex � ap hinge lines running from the wing apex to
the trailing edge. The vortex � ap de� ection angle ± f is de� ned as
the angle measured in the plane normal to the hinge line. The � ap
hinge-line position f r is de� ned as

f r D h=.b=2/ (1)
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Fig. 1 Actual L/D improvement as compared with SLE/00.

a) SLE wings b) RLE wings and F106B

Fig. 2 Attainable thrust ratio CA /CAell vs CL .
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where h is the length between the � ap hinge line and the wing
centerline at the trailing edge and b=2 is the semispan length at
the trailing edge. For the plain delta wing without vortex � aps,
f r D 1.

The vortex � ap experiments conductedby the present author and
coworkers are summarized in Table 1.6¡10 Details of the experi-
ments are given in each reference. Experimental results in Table 1
are used to discuss the vortex � ap characteristics in the following
sections. Except where noted, most of the experiments were made
at f r D 0:75 and with sharp leading edges. All aerodynamic co-
ef� cients were calculated based on the constant datum delta wing
area. Table 1 also summarizes the experimental details of other
references11¡13 that are used in this Note. They are for a 74-deg
delta wing–body con� guration with vortex � aps,11 a highly swept
untwisted uncambered arrow wing SST con� guration,12 and the
F106B aircraft model when constant-chord sharp LEVFs are at-
tached to the original 60-deg delta wing.13

Table 1 indicates that the measurements were conducted at dif-
ferent Reynolds numbers. However, according to Refs. 14 and 15,
it is known that the aerodynamic characteristics of sharp leading-
edge delta wings and the behavior of the leading-edge separation
vortexare not much affectedby differencesin either the model cross
section or in the Reynolds number. The rounded leading-edgedelta
wing results should be treated with cautionbecauseof the Reynolds
number effects.

Examples of the notation used in this note are as follows. The
70-deg sharp leading-edge (SLE) wing with no � ap de� ection,
± f D 0 deg is denoted 70SLE/00 and the 60-deg rounded lead-
ing edge (RLE) with a � ap de� ection of ± f D 30 deg is denoted
60RLE/30. Other abbreviationsused are described in Table 1.

L/D Improvement by the LEVF
To visualize the LEVF effect on L=D more clearly, the in-

crease in actual L=D value for 50SLE/20, 60SLE/30, 70SLE/20,
74SLE/30, and NASA-SST/30 wings is compared with each wing
when ± f D 0 deg as shown in Fig. 1a. The � ap de� ection angle that
attains the best performance for each case is chosen and plotted in
Fig. 1a. Figure 1a shows that, except for the 70SLE wing, the bene� t
of the LEVF is seen in the CL range between about 0.2 and 0.5. An
increasein L=D of about2–3 can be expectedin generalover a wide
CL range by de� ecting the LEVF.

Figure 1b shows the results of actual L=D value increase in L=D
for 60SLE/30, 60RLE/00, 60RLE/30, and F106B/30 wings. The
maximum L=D bene� t in actual value for the RLE is between
2 and 3, which is almost the same bene� t as attained by the SLE
LEVFs (Fig. 1a). The signi� cance of the rounded LEVF is that the
bene� t is still observedat a lift coef� cientCL greaterthan 0.5, as was
discussed in Ref. 10. The RLE without � ap de� ection (60RLE/00)
also indicates some L=D bene� t, as discussed in Ref. 16. Because
vortex � aps were attached to the leading edge of the original wing
of F106B, the CL of F106B/30 is normalized by the increased wing
area and plotted in Fig. 1b. The bene� t to F106B/30 is not so high as
comparedwith F106B(noLEVF de� ected),whichwill bediscussed
again in the next section.

Attainable Thrust Ratio
Figure2 shows theattainablethrustratioC A=CA ell vsCL curvesto

discuss the leading-edge suction recovered by the LEVF. CA=C A ell

is de� ned by

CA

C A ell
D

.CD ¡ CD min/ cos ® ¡ CL sin®

C2
L ¼ AR cos ® ¡ CL sin ®

(2)

where CD min is the minimum CD . This expression3 shows the mea-
sured axial force divided by the theoretical maximum axial force,
that is, that for a wing with ellipticspanwise loading.This parameter
ranges between 0 (no thrust) and 1 (full thrust).

Figure 2a shows results for 60-, 70-, and 74-deg SLE delta wings
with and without � ap de� ection,6;7;11 together with the 60-deg,
sharp delta wing when ± f D 30 deg and f r D 0.9 (60SLE/30/fr0.9)
(Ref. 9). Figure 2a shows that the attainable thrust ratio is very
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low for wings without � ap de� ection (60SLE/00, 70SLE/00, and
74SLE/00). This comes from that the SLE does not produce any
leading-edge suction force. When the vortex � ap is de� ected, the
attainable thrust ratio increases.Almost full thrust is observedwhen
CL is relatively small. Also as CL increases,CA=C A ell decreases for
all con� gurations.These results clearly indicate abilities to recover
suction by vortex � aps. Even the vortex � ap with a small spanwise
length attains a very high suction force (60SLE/30/fr0.9).

Figure 2b shows results for 60-deg RLE delta wings (60RLE/00
and 60RLE/30) (Ref. 10) and F106B (Ref. 13) togetherwith 60-deg
sharpdeltawing. Figure2b indicatesthat the attainablethrustratio is
the highest for60RLE/30, and bene� t of theRLE can be clearlyseen
at relatively high-lift coef� cients (CL greater than 0.5) (Ref. 10).
This means that the high-leading-edge suction force is acting on
the RLE as was discussed. The CA=CA ell distribution of F106B
(no LEVF de� ected) is relatively similar to those of 60SLE/30 and
60RLE/00. The F106B main wing has a modi� ed NACA0004-65
section with conical cambered leading edge.17 This means that the
wing originally has a kind of drooped RLE that may act like a
rounded LEVF. Because of this, there was only a small bene� t in
L=D between F106B and F106B/30, as was shown in Fig. 1b.

Summary
In summary, the attainable thrust is very low for the sharp-edged

wing without the vortex � ap de� ection. When the vortex � ap is
de� ected, this attainable thrust increases, which clearly indicates
the ability to recover the leading-edge suction force by use of the
variousvortex � ap con� gurations.Even the vortex � ap with a small
spanwise length attains a very high suction force. The bene� t of the
sharp-edged vortex � ap is attained at a lift coef� cient CL smaller
than about 0.5 for most of the cases. However, the L=D is improved
at CL greater than about 0.5 for the tested rounded LEVF attached
to the 60-deg delta wing.
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