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Gurney Flaps on Slender and Nonslender Delta Wings
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A parametric low-speed wind-tunnel study has been undertaken of the effects of Gurney flap height on the
aerodynamic characteristics of delta wings with sweep angles of 40, 60, and 70°. Flap effects on lift and drag are
consistent with previous two-dimensional data when wing geometry is accounted for by using the change in zero-lift
incidence rather than lift and using the relative flap area rather than flap height. Flap deployment primarily affects
the attached-flow potential lift on delta wings, with vortex lift being almost unchanged. Induced-drag factors are
considerably reduced as flap height is increased, but this is due to the use of flat-plate models with near-zero leading-
edge suction. For control applications, pitch/lift ratios are similar to those for delta wings with conventional trailing-
edge flaps, but the trim-drag penalties are much higher. An aft shift in loading associated with Gurney flap
deployment leads to large aft movements of the aerodynamic center, which significantly reduces control capability.

Nomenclature
ay = lift-curve slope at zero lift
AR = aspect ratio, b%/S
b = wing span
c = mean aerodynamic chord
c, = root chord
Cp = drag coefficient, D/¢S
Cpmin = minimum drag coefficient
Cpy = vortex (induced) drag coefficient
Cpo = drag coefficient at zero lift
C. = lift coefficient, L/gS
Cra = lift-curve slope, dC; /da
Cu = pitching-moment coefficient, M/gcS
Cyo = pitching-moment coefficient at zero lift
Cy = normal force coefficient, N/gS
Cyp = potential flow component of normal force
Cyy = vortex lift component of normal force
D = drag
h = projected flap height (measured from lower surface)
Kp = potential lift factor, = C;,,
Ky = vortex lift factor
k = induced-drag factor, (C, — Cp pin) TAR/C2
L = lift
q = dynamic pressure, 1 pV?
q = lift increase factor on flap height
S = wing area
Sy = flap frontal area, hb
t = wing thickness
o = angle of attack
oo = zero-lift angle of attack
op = zero-lift angle of attack for potential lift component
oy = zero-lift angle of attack for vortex lift component
A = leading-edge sweep angle

I. Introduction

M any recent unmanned combat air vehicle (UCAV) and micro
air vehicle (MAV) concepts are tailless configurations with
delta or diamond wing planforms of relatively low (40-50°) sweep
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angle. In terms of flow characteristics, these planforms sit between
low-aspect-ratio slender delta wings with a leading-edge vortex
system over the wing and conventional medium-aspect-ratio swept
wings with fully attached flow. The resulting aerodynamic and flight
dynamic behavior is complex and still not fully understood,
particularly at low Reynolds number [1]. For these tailless config-
urations, pitch control using conventional trailing-edge flaps causes
difficulties due to the coupling of pitching moment with lift. Sellars
et al. [2] postulated that using tangential trailing-edge blowing on a
delta wing could generate pitching moments without any change in
lift, due to the interaction between the potential and vortex lift
components. This turned out not to be the case [3], but results
presented by Li et al. [4] indicated that a Gurney flap could have
favorable pitch control characteristics when applied to a nonslender
delta wing. The published data on Gurney flaps on delta wings is
of rather limited extent, and somewhat contradictory, so an
experimental study was undertaken to clarify the effects of sweep
angle on the changes in lift, drag, and pitching moment due to flap
deployment.

1L

A Gurney flap is a small trailing-edge flap (typically less than 5%
chord), deflected at 60—90° to the chord line. The wake flow behind
the flap directly alters the trailing-edge Kutta condition [3], leading to
a large lift increment despite its small size (for example, a AC; of
~0.8 fora5% flap on a2-D airfoil [6]). There is an associated parasite
drag penalty, of the order of the frontal area of the flap, but this is
dependent on the flap height relative to the local boundary-layer
depth and can be negligible for flaps of 2% height or smaller [7].

The vast majority of experimental and theoretical work on Gurney
flaps has been on 2-D airfoils, along with a small number of experi-
mental investigations of medium-aspect-ratio (5-6) rectangular
wings. Comparatively little work on delta wings with Gurney flaps
has been published, with the literature consisting of three relatively
comprehensive data sets presenting lift, drag, and pitching moment
[4,8-11], along with a handful of papers reporting more limited
results [12—14].

Traub and Galls [§] report on a very thorough study of a number of
leading-edge and trailing-edge flap configurations on a 70° delta
wing. A thin flat-plate wing model was used, with a thickness/chord
ratio 7/ ¢, 0£0.38% and a blunt leading edge. Constant-height Gurney
flaps with height/chord ratios //c, of 0.5 and 0.95% were tested at a
Reynolds number based on root chord of 1.12 x 10°. Traub and Galls
also present a detailed comparison with arange of previous studies on
70° delta wings, giving a high level of confidence in the experimental
arrangements and data-reduction procedures. The effects of the
0.95% flap on lift, drag, and pitching moment also correspond very
closely to the data presented later in this paper.

Gurney Flaps Applied to Delta Wings
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Buchholz and Tso [9] summarize a project study [10] of a range of
larger Gurney flaps on a 60° delta wing. A flat-plate wing model was
used, with a thickness/chord of 3% and a 45° lower-surface beveled
leading edge. Constant-height flaps with height/chord ratios of 1, 2,
3, and 5% were tested at a Reynolds number based on root chord of
8.6 x 10°. However, when the results presented in [9] were compared
with previous data for 60° delta wings (e.g., [15]), it became clear that
the basic wing lift-curve slope was far too high, by a factor of around
+30%. An analysis of the entire data set [16] showed that dividing all
lift, drag, and pitching-moment measurements by 1.3 gave a more
reasonable agreement with published 60° wing data and with the
effects of flap height reported later in this paper. This suggests a
possible error in the dynamic pressure measurement; whatever the
error source, this data set is clearly unreliable.

Li et al. [4,11] present work on a cropped 40° delta wing in two
complementary papers. A flat-plate wing model was used, with a
thickness/chord of 1.6% and a 60° symmetric beveled leading-edge.
Constant-height flaps with height/chord ratios of 1,2, 3, and 5% were
tested at a Reynolds number based on root chord of 2.5 x 10°. When
the results presented in [4,11] were compared with previous data for
40° delta wings (e.g., [1,17]), it was noted that the lift-curve slope
was too low by a factor of —20% (allowing for taper ratio) and that the
aerodynamic center was misplaced. No obvious reason could be
found for these discrepancies, so again this data set must be con-
sidered unreliable.

Figure 1 illustrates the typical effects of Gurney flap deployment
on lift, drag, and pitching moment, using data from the sole
remaining reliable and comprehensive data set [8]. Lift at zero
incidence C;, and maximum lift C; ., both show a significant
increase, along with a small increase in lift-curve slope (Fig. la).
Zero-lift drag Cp, increases, but induced-drag factor k reduces
(Fig. 1b), leading to a reduction in maximum lift/drag ratio (L /D) .«
and an increase in the lift coefficient for minimum drag (Fig. 1¢). Flap
deployment gives a nose-down change in zero-lift pitching moment
C,0, combined with an aft shift in aerodynamic center (Fig. 1d) as
dC,,/dC; becomes more negative. Pitch/lift ratio AC,,,/ACyy is
negative and of a similar magnitude to conventional trailing-edge
controls.

Most explanations of the effects of Gurney flaps suggest that the
change in the trailing-edge Kutta condition due to flap deployment
leads to a change in effective camber [18,19]. In addition, the
pressure difference between upper and lower surfaces at the trailing
edge due to the separated wake of the flap [20] leads to an aft shift in
loading and hence to an increase in effective chord [21,22]. The 3-D
wing behavior shown in Fig. 1 suggests that both factors are
operating. The increase in lift, maximum lift, and nose-down
pitching moment are all consistent with an increase in effective
camber. However, the drag polar remains symmetric about zero lift,
presumably because the increase in drag is due directly to the
separated wake flow behind the flap, rather than to an incidence-
dependent change in profile drag. The increase in lift-curve slope and
aft shift in aerodynamic center are consistent with an increase in
effective chord, but the reduction in induced-drag factor is less
straightforward. Reference [8] suggests that since the lift-dependent
induced drag is equal to C; tan « for a flat-plate delta wing with zero
leading-edge suction, an increase in lift at fixed incidence leads to a
reduction in induced-drag factor.

III. Experimental Arrangement

Three sharp-edged flat-plate delta-wing models with leading-edge
sweep angles A of 40, 60, and 70° were tested in the Bristol
University 0.8 x 0.6 m Low-Turbulence Wind Tunnel [23]. This
tunnel is of conventional closed-circuit design, with a large con-
traction ratio and flow control screens to give turbulence levels well
below 0.1%. Model planform area S was held constant at 0.072 m?2,
giving a model/tunnel area ratio of 0.15 and a root chord ¢, of 0.246,
0.353, and 0.436 m, respectively. Models were made of 3 mm
aluminum sheet, with leading edges beveled on the lower surface at a
20° included angle (Fig. 2) and with a blunt trailing edge. Flaps were
made of 1 mm aluminum sheet and attached to the lower surface of
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Fig. 1 Typical effects of Gurney flap on delta-wing aerodynamics (data
from [1]).

the wing. Forces and moments were measured using an AeroTech 3-
component overhead balance, with the models mounted inverted on a
single strut plus a pitch pushrod (Fig. 3). A small underwing fairing
covered the strut and pushrod attachment points.

Gurney flap heights of 1, 3, and 6% of root chord were tested, with
flap height & measured from the wing lower surface. Tests with

B—|

B—>

Fig. 2 Delta-wing model geometry.
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Fig. 3 Model mounted in the Bristol Low-Turbulence Tunnel.

inverted (i.e., upper surface) flaps established that the underwing
fairing had no significant effect on trends in aerodynamic behavior
with flap height. Tests were carried out at a constant Reynolds
number based on root chord of 0.7 x 10°. Pitching moments were
nondimensionalized using the mean aerodynamic chord ¢ (2¢,/3)
and taken about a moment reference center at the quarter-chord point
(0.5¢,). Solid and wake blockage were corrected for using the
method of [24], with downwash corrections from [25]. Balance
accuracy was estimated at better than 0.15% in lift, drag, and pitching
moment, with pitch angle set to better than 0.1°. Further details of the
experimental arrangement can be found in [26,27].

In order to verify the accuracy of the experimental procedure and
data reduction, the baseline delta-wing data was compared with a
range of published results for similar wings. Figure 4 compares the
basic 60° sweep wing results with data from Flygtekniska
Forsoksanstalten (FFA) in Sweden [28]. The FFA wing had a very
similar geometry (a strut-mounted flat-plate model with an under-
body fairing) and was tested at the same Reynolds number of
0.71 x 10°. Figure 4 also shows normal force data from the seminal
study of delta-wing aerodynamics by Wentz and Kohlman [15] and
the theoretical normal force given by the leading-edge suction
analogy (LESA) [29]. Angle of attack is given relative to the zero-lift
incidence g, to allow for the effect of different leading-edge

pitching moment, C_-C,_,
0000 -0.025 -0.050

1.2
10 F
- 081
(@)
@
O 06
Re)
©
E 04rf
—
o
c
0.2 |
Bristol 60° delta
——— Torlund
0.0 ﬁ ——O—— Wentz & Kohiman ]
_— LESA
-0.2 4 . : : :

-5° 0° 5° 10° 15° 20° 25°
angle of attack, a—«,,

Fig. 4 Comparison of basic 60° wing with theory and results from
Torlund [28] and Wentz and Kohlman [15].

chamfer angles [30] and support interference. Normal force and
pitching moments compare very well, with identical lift-curve slopes
and aerodynamic centers at low incidence. A similarly good agree-
ment with published data was obtained for the clean 40 and 70° wings
and for the 70° wing with a 1% flap [16].

IV. Effect of Gurney Flap Height
A. Lift

Looking first at the effect of flap height on lift, Fig. 5 shows the
increment in lift coefficient at zero incidence ACj as a function of
relative height i1/ c, (following previous convention in using the root
chord as a reference length for 3-D wing data). The filled symbols
denote increments derived from the Bristol data of [26,27], and the
open diamond symbols denote a rectangular wing with an aspect
ratio of 6 [31]. The crosses show data for a range of 2-D airfoils with
Gurney flaps [6,7,32-34]. The same symbols are used in the
following figures.

On the basis of thin-airfoil theory, [19] proposes that the lift
increment due to a Gurney flap is

ACy = q(h/c)" (D

where ¢ is supposedly a function of Reynolds number (varying
between 2 and 4) and n = 0.5. However, plotting the data of [19] and
Fig. 5 in log—log form indicates that the variation for both 2-D and
3-D wings is closer to n = 0.7 (with ¢ ranging between 3 and 6). The
experimental data reviewed in [19] also shows no systematic
variation of ¢ with Reynolds number. The difference between the
2-D and 3-D data in Fig. 5 can be attributed to two factors: 1) the
effect of aspect ratio on lift-curve slope and 2) the effect of taper ratio
on the relative flap height. The effect of variations in lift-curve slope
ay can be accounted for by replacing lift increment AC;, with
change in zero-lift incidence Awy;, ~ —ACyy/a,. The effect of taper
ratio can be accounted for by weighting the flap height by the local
chord. For the constant-flap-height data of Fig. 5, the most
straightforward weighting method is to use the relative flap area
S¢/S = (hb)/S. Figure 6 demonstrates that applying both factors
collapses the scattered 2-D and 3-D lift increment data of Fig. 5
reasonably well onto a single trend:

Aag, ~0.9(S;/5)"7 )

For the specific case of delta wings, where the lift may be split
into potential (or attached) and leading-edge vortex (or separated)
flow contributions [29], the question arises as to the relative effect
of a Gurney flap on the two lift components. Off-surface flow
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Fig. 5 Effect of flap height on lift increment at zero incidence.
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Fig. 6 Effect of flap area on zero-lift incidence.

measurements and visualizations reported in [8] indicate that a 1%
Gurney flap on a 70° delta wing has a negligible effect on the strength
of the primary leading-edge vortex and on the variation of vortex
breakdown position with angle of attack, but that the height of the
vortex core above the wing surface was reduced slightly. The
reduction in vortex height at a given angle of attack would be
expected to increase the vortex lift component. An indication of the
relative magnitudes of the potential and vortex lift components can
be obtained by fitting the LESA lift model [29]

Cy = Cyp + Cyy = Kp sin(a) cos(a) + Ky sin?(a) (3a)

to the experimental normal force data. Following the lead given by
Fig. 6, good agreement was obtained by modeling the effects of a
Gurney flap as shifts «gp and «y in the effective incidences of the
potential and attached-flow components

Cy = Kpsin(a — agp) cos(a — ogp)

+ Ky sin(a — o) | sin(a — o) | (3b)

as demonstrated in Fig. 7. This shows the variation in normal force
for a 70° delta wing with 1 and 3% Gurney flaps, compared with
Eq. (3b). The corresponding lift factors K and Ky and zero-lift
offsets opp and oy, as determined from a nonlinear least-squares fit
to the data, are shown in Table 1. Although the results of fitting a
nonlinear equation to experimental data should be treated with
caution, it is clear that the Gurney flap has a much greater effect on the
potential lift component than on the vortex lift, with the change in
zero-liftincidence «p of the order of six times bigger than the change
in the vortex zero-lift incidence «,, . At a given incidence, the change
in lift due to flap deployment is largely due to the change in potential
lift, with a small contribution from the vortex lift. This is consistent
with the results reported in [8]. At low angles of attack, the reduction
in local potential lift-curve slope

dCyp

=K, cos(2a
do P (22)

as the potential lift curve moves to the left is counterbalanced by the
increase in the vortex lift-curve slope

Table 1 Modified LESA fit to Fig. 7

h/c, Kp Ky Xop Aoy
0 1.75 3.14 -0.5° —0.5°
1% 1.75 3.14 —4.5° —1.0°
3% 1.75 3.14 —9.5° —2.0°
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Fig. 7 Effect of Gurney flap height on potential and vortex lift
components for a 70° delta wing.

dCyp

= K, sin(2x
i 22)

giving a small increase in local lift-curve slope at low incidences.

B. Drag

Figure 8 shows profile drag penalties for 2-D airfoils and 3-D
wings as a function of flap height. Plotting the change in minimum
drag ACp i against relative flap area S,/ collapses 2-D and 3-D
data onto a single linear trend. As one might expect for a bluff-body
wake flow, the increase in parasite drag area AD/ % pV? for both 2-D
and 3-D wings is approximately equal to the frontal area of the flap
hb, giving

b _ S
s S

Al)min
= ACpminS ~ hb — ACppin & “)

Iov: =
Figure 9 shows that Gurney flap deployment also has a significant
impact on induced drag for flat-plate delta wings, due to the loss of
leading-edge suction for a sharp-edged wing. Applying the analysis
of [8], the lift-dependent drag component of the normal force
becomes

Cp; = Cy sin(a) = C; tan(w) 5)

so that the induced-drag factor k is

Chpi _ ZAR tan(o)

k = rAR
Siarer C,

6

Since the effect of a Gurney flap on a delta wing is to increase lift C;,
at a fixed incidence o, Eq. (6) shows that the corresponding induced-
drag factor must reduce as flap height increases. For the LESA model
of Eq. (3), the induced-drag factor is a nonlinear function of
incidence, with a limiting (maximum) value at zero incidence of

wAR

koo = ——
a—0 KP

@)

Equation (7) gives induced-drag factors rather higher than those
shown in Fig. 9, due to the effects of nonzero incidence and partial
recovery of leading-edge suction, but it does indicate the general
effects of wing planform. As sweep angle is reduced, the induced
drag increases, because the increased aspect ratio outweighs the
effect of increased lift-curve slope.
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The corresponding effects of flap on lift/drag ratio (e.g., Fig. 1c)
follow directly from Fig. 8 and 9, since

(D) max . v CDOk ' CLmd * k (8)

The lift coefficient C; ,,, for maximum L /D ratio increases rapidly
with flap deployment, as zero-lift drag Cp, increases and induced-
drag factor k reduces. The effect on (L/D),,., depends on whether
Cpo increases more rapidly than k reduces, which in turn depends on
the clean-wing profile drag. For the data presented here, (L/D) . 1S
always reduced by flap deployment.

It should be noted that for practical wings with rounded leading
edges, partial recovery of leading-edge suction leads to markedly
lower levels of induced drag [35], and so reductions in k due to flap
deployment will be much smaller. For example, the rectangular wing
with a NACA23012 airfoil section reported in [31] shows very little
variation in induced-drag factor with flap deployment. Gurney flaps
on a UCAV-type planform with an airfoil cross section are therefore
likely to have a much more adverse impact on L/D than that
suggested by tests on flat-plate wings [8,10,16].

C. Pitching Moment

The ratio of pitching-moment change to lift change (pitch/lift
ratio) is a critical parameter for a control effector on a tailless aircraft.
In order to illustrate the effect of wing and flap geometry on this
parameter, Fig. 10 plots zero-lift pitching-moment change AC,,,
against change in lift at zero incidence AC;, for a range of wings
with Gurney flaps (symbols as Fig. 5). Figure 11 shows the corre-
sponding trim-drag penalty ACp, i, as a function of lift increment.

Two-dimensional thin-airfoil theory gives a limiting maximum
value for pitch/lift ratio ACy,y/ AC; of —0.25. For 2-D airfoils with
Gurney flaps [6,7,32-34], Fig. 10 indicates that the pitch/lift ratio
tends to be slightly less than this theoretical value. For 3-D wings
with Gurney flaps, the ratio is greater than 2-D theory predicts and
increases with reducing aspect ratio up to about —0.35 fora 70° delta.
This is the opposite of the trend predicted by [36] for wings with fully
attached flow.

For comparison purposes, Fig. 10 also shows pitch/lift ratios for
two delta wings with trailing-edge flaps: a 41° delta with a split flap
[17] and a 63° delta with a trailing-edge flap [37]. These two wings
are not directly comparable with the data reported here, since they
had airfoil cross sections and were tested at much higher Reynolds
numbers; however, published data for simple delta wings with
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Fig. 10 Pitch/lift ratio for conventional controls and Gurney flaps.
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Fig. 11 Trim drag for conventional controls and Gurney flaps.
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Fig. 12 Aerodynamic-center shift due to Gurney flap deployment.

trailing-edge flaps is remarkably scarce. Bearing in mind the different
test conditions, these two data sets indicate that Gurney flaps on delta
wings have pitch control characteristics similar to conventional
trailing-edge flaps. However, the associated trim drag is on the order
of four to five times higher (Fig. 11).

The most significant way in which Gurney flaps differ from
conventional trailing-edge controls is in their effect on aerodynamic
center, as shown in Fig. 12. For both 2-D and 3-D wings, Gurney flap
deployment gives a significant aft shift of the aerodynamic center
relative to the clean wing. The magnitude of the shift is roughly
proportional to the lift increment. Figure 12 indicates that
conventional trailing-edge controls on delta wings can also cause an
aft shift in aerodynamic center, but the magnitude is much smaller,
and the shift changes sign at higher control deflections. The cause of
the aerodynamic-center movement with Gurney flap deployment
appears to be an aft shift in chordwise loading distribution, due to the
finite pressure difference between the upper and lower surfaces
induced by the flap wake at the trailing edge [20].

V. Conclusions

A parametric wind-tunnel study has demonstrated that the effects
of Gurney flap deployment on lift, drag, and pitching moment are
similar for delta wings with sweep angles of 40, 60, and 70°,
spanning vortex flow types from nonslender to slender. The effects of
flap height on lift and profile drag are also consistent with the
extensive literature on 2-D Gurney flaps, when appropriately param-
eterized. The influence of wing aspect ratio can be accounted for by
using the shift in zero-lift incidence Ac; rather than the increase in
liftt AC;, while the effect of wing taper can be accounted for by using
the relative flap area S;/S rather than the height/chord ratio //c,.
Fitting experimental data to the LESA model indicates that on a delta
wing the Gurney flap acts primarily to change the zero-lift incidence
of the attached-flow potential lift component, with a much smaller
effect on the separated-flow vortex lift component. The Gurney flap
generates a bluff-body wake, giving an increase in profile drag ACp,
that is approximately equal to the relative frontal area S;/S of the
flap.

For the simple flat-plate delta-wing models tested here, Gurney
flaps give very large improvements in induced drag, which tends to
counteract the increase in profile drag due to flap frontal area and
hence gives a relatively small reduction in L/D. This is due to the
nearly 100% loss of leading-edge suction on a flat-plate wing with a
sharp leading edge, which results in unrealistically high induced-
drag factors for the clean wings. The induced-drag reduction with
flap deployment for a flat-plate wing is essentially a geometry effect,
as normal force is increased at a fixed incidence. For practical UCAV

and MAV wings with rounded leading edges, the clean-wing
induced-drag factors (and hence the relative improvements due to
Gurney flap deployment) will be much smaller, and so adverse
effects on L/D are likely to be much larger.

Pitch/lift ratios for delta wings with Gurney flaps are similar to
those for delta wings with trailing-edge control surfaces and are
significantly more negative than for conventional wings with
attached flow. Gurney flaps would appear to have a similar pitch
control capability to conventional flaps, but this is offset by a much
higher trim-drag penalty and by an associated aft (stabilizing) shift of
the aerodynamic center.

The usual effective camber explanation of the effects of Gurney
flaps on 2-D airfoils has some shortcomings when applied to delta
wings. The observed increases in lift, maximum lift, and nose-down
pitching moment are all consistent with a change in effective camber.
However, the drag polars remain symmetric about zero lift, and the
vortex lift component is relatively unaffected. The large aft shift in
aerodynamic center is due to the local separated-flow effects near the
trailing edge, where the pressure difference between upper and lower
surfaces at the trailing edge due to the flap wake leads to an aft shift in
loading and hence to an increase in effective chord.

Data comparisons have highlighted a number of issues with the
limited literature on delta wings with Gurney flaps. In general, many
papers do not clearly specify the moment reference center, the
moment reference length, or the point from which flap height is
measured, which makes comparisons and assessments of trends very
difficult. More specifically, two out of three of the most compre-
hensive data sets available have lift, drag, and pitching-moment data
that are clearly in error, but because no comparison was made with
other (readily available) experimental data sets for delta wings, or
with simple theoretical predictions, these errors were not recognized
before publication.
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