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A Gurney flap is a form of high-lift device, used to increase the lift-to-drag (L/D) ratio
of a wing. The interesting thing about the Newman airfoil shape is that it encounters a
continuous adverse pressure gradient aft of the maximum thickness-to-chord (t/c) position.
This causes the airfoil to be prone to separation near the trailing edge. The provision of
a Gurney flap alleviates this, since it gives the airfoil an effective camber. The aim of
this research was to examine the effect of the height of a Gurney flap in alleviating this
separation and thus to improve the L/D ratio. This was achieved through wind tunnel
experiments, including surface-oil-flow-visualisation to see where the flow separates on the
airfoil. Computational Fluid Dynamics (CFD) simulations were also conducted to com-
pare the experimental data thus validating the CFD and also validating previous research
including the hypothesised trailing edge flow structure around a Gurney flap.
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Nomenclature

Lift Force, [N]
Drag Force, [N]
Thickness of Airfoil/Wing, [m]
Gurney flap Height, [% chord]
Chord Length, [m]
Angle of Attack, [°]
e. Reynolds number (based on the airfoil chord length)
C;  Lift Coefficient (per unit span)
Cy Drag Coefficient (per unit span)
AT ¢ Increase in Circulation due to Gurney Flap, [m?]
A, Circulation of Airfoil (no flap), [m?]
k Base Pressure Parameter
A& Constant defined by Gait

ISR

I. Introduction

The aerodynamic efficiency of an airfoil is measured through it’s L/D ratio. The desire to improve
performance by increasing wing loading and thus the maximum lift coefficient of wings without changing
other flight parameters led to a need for high-lift devices®. In the past, a significant amount of research
has been invested into the design of high-lift devices for use on aircraft to maximize lift. An effective
high-lift system allows for a higher stall speed and increased takeoff and landing performance. If high-lift
devices are permanently deployed, the aircraft becomes capable of transporting a greater payload for a given
gross weight. This allows the aircraft to reach cruise altitude faster, resulting in a more fuel-efficient flight*:°.

A cheap, simple, permanently deployed high-lift device such as the Gurney flap®, increases the lift on the
airfoil since it gives the airfoil an effective camber. There is a small increase in drag however, the lift increase
is much greater than the drag increase up to an optimum Gurney flap height, thus giving the airfoil an
overall improvement in the L/D ratio®. If one can obtain double the lift by fitting a 0.01c Gurney flap to the
trailing edge of an Unmanned Aerial Vehicle (UAV), mission requirements could be extended significantly.

II. Experimental Investigation

II.A. Models, Equipment and Techniques

Wind tunnel experiments were conducted on a Newman airfoil-shaped? wing with Gurney flap attached [Fig.
1(a)]. The wing had a maximum t/c ratio of 0.1. The two Gurney flap heights (h) examined were 0.024c
and 0.04c. The heights of the Gurney flaps needed to be less than the thickness of the boundary layer at
the trailing edge. If they extend beyond the boundary layer, the large drag increase causes an unsteady
wake to form!. Trip strips were used to ensure a turbulent boundary layer over the whole model to induce
a turbulent boundary layer over the wing to simulate the flow over a full-scale aircraft since the Reynolds
numbers were comparatively low (in the transition range for the airfoil). These heights were calculated based
on the turbulent boundary layer equation”:

0.37c

0=~ Te (1)
Fig. 1(b) shows the CATIA design of the model®. The experiments were repeated 3 times and 10 Force
Balance readings were averaged for each angle of attack («). The Force Balance was calibrated® 1011 and
the procedure and results can be found in the Project Specific Deliverable (PSD). The Reynolds numbers
examined were Re, = 1.54x10° (20 m/s) and Re, = 2.31x10° (30 m/s) taking the 1976 Standard Atmosphere
conditions of Canberra’s altitude. Once the experiments were conducted, the data was analysed and the lift
coefficient (C}), drag coefficient (Cy4) and L/D ratio were computed and plotted. The experimental results
are plotted under ‘Comparison of Results’. The full details of the Experimental Investigation can be found

in the PSD.
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(a) Newman airfoil with Gurney flap®. (b) CATIA wind tunnel model design®.

Figure 1. Airfoil and model.

II.B. Experimental Error

There are always various forms of error associated with experimental work. The wind tunnel boundary
corrections'?:13:14 such as blockage and streamline curvature were made to the raw data so that the wing
was in a ‘far-field” and could be compared to the CFD. Various other errors included calibration error, model
warp and twist, imperfections in tunnel such as leaks and chips, pitot probe error, flow inconsistencies across
and along the test section and human error when measuring a.. For the full error analysis, refer to the PSD.

III. Numerical Investigation

ITII.A. Geometry, Mesh and Setup

The CFD package ‘ANSYS’ (including ‘Fluent’) was used for the CFD simulations. A 2D geometry was
created in a far-field of 20 chord lengths. A 2D geometry was decided to reduce the mesh size and thus
computational time. The results are comparable to the experiments since C; and Cy are dimensionless. The
grids were generated using ‘ANSYS Mesher’ and consisted of 330000 cells. This contained 500 points on
the airfoil wall. Fig. 2 shows the geometry and mesh of the Newman airfoil with 0.04c Gurney flap. The
geometry and mesh were slightly modified for the no flap and 0.024c cases.

(a) Geometry. (b) Mesh.

Figure 2. Geometry and mesh used in the 0.04c Gurney flap simulations.

IIILA.1.  Grid Independence Study (GIS)

A GIS was conducted, including a Richardson Extrapolation, to estimate the ‘exact’ (i.e. infinite grid
spacing) value of the Cy (at @ = 0°). This proves if the solution of the fine grid was within the ‘asymptotic
range of convergence’ and thus independent. The GIS calculated an error of 4.8% in the fine grid solution.
The details including the mathematics of the GIS can be found in the PSD.

III.A.2. The Wall y* Value

The wall yT value is a dimensionless wall distance for a wall-bounded flow and gives an indication of the
mesh refinement as the airfoil is approached from the far-field. For far-field airfoil flows, the wall y™ < 1.
Fig. 3 shows the wall y* values of the grids used in the simulations.
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Figure 3. The wall y* values of the grids used in the simulations.

It can be seen in Fig. 3 that all mesh cells at the surface of the airfoil have a wall y* value of < 1.

A pressure-based, steady, planar solution was setup in ‘Fluent’. All parameters were varied to simulate
the experiment most accurately. For example, the air density, air viscosity and reference values were all
matched to the experiment conditions.

II1.A.3. Turbulence Model

The Shear Stress Transport (SST) k — w (2-equation) turbulence model was selected as the best suited
turbulence model for this problem and according to Versteeg & Malalasekera it ‘gives superior performance
for adverse pressure gradient boundary layers’'®.

IT.A.4. Solution Method and Convergence

A Pressure Implicit with Splitting of Operators (PISO) algorithm was used as ‘it is an extension of ‘SIM-
PLE’ with an additional...pressure correction equation to enhance convergence’'®. Second order equations
were used for ‘Pressure’, ‘Momentum’, ‘Turbulent Kinetic Energy’ and ‘Specific Dissipation Rate’ as second
order solution methods are more robust than first order and are more numerically accurate'®. Third order
equations were too time consuming to solve and the level of accuracy required was achieved with the second
order equations. All residual levels were set to 1 x 107° and are within the range of comparable literature.
No under-relaxation factors were used.

The solutions were ran until the above mentioned level of convergence was achieved, writing C; and Cy
to a file. Other convergence monitors such as mass flux was also monitored to ensure a converged solution.
Once the solutions converged, the C;, Cy and L/D ratio were recorded and plotted. The CFD results are
plotted under ‘Comparison of Results’. The full details of the Numerical Investigation can be seen in the
PSD.

III.B. Numerical Error

There are various computational errors that arise within CFD simulations and are the crux of the variation
between the experimental and numerical results. The errors are summarised below!®:

e Discretisation errors arise when an exact solutions to equations can not be obtained and are ap-
proximated.

e Round-off errors exist due to the difference in machine accuracy of a computer. All simulations
were run using the double precision option (uses 15 significant figures) rather than just 7 for the single
precision option.

e Iteration or convergence errors arise when a solution converges to the residual levels set and is
believed to be ‘converged’ however, it is not a solution that has fully converged on a finite grid.
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e Physical-modelling errors arise when there is no such computational model to accurately model
the desired problem.

e Human errors arise from mistakes made by the computer operator at one or several of the crucial
steps mentioned above.

Fig. 4 illustrates the impact of each error as iteration/time step count increases'®. It can be seen in

Fig. 4(b) that the total CFD error increases exponentially when the iteration count becomes large and can

explain the variation in the CFD results discussed in the next section.

d(xt)
Error
Global
error
[ Numerical
Actual solution solution
Discretization
error
Round-off
% error
Step1 Step2 Step3 Optimum Step size
1) 4 [ Iy Time step size
(a) Discretisation error representation. (b) Impact of various computational errors.

Figure 4. Error vs. Iteration/Time Step'®.
For the full error analysis, refer to the PSD.

IV. Comparison of Results

A comparison between the Newman airfoil (no flap) and 0.04¢ Gurney flap is herein as it was the best
way to draw valuable conclusions. The 0.024c¢ results can be seen in the PSD.

IV.A. Lift Coefficient

1
Newman Airfoil (no flap) Experiment

Fig. 5 displays the experiment and CFD lift co-

efficient plotted against angle of attack for the no :E‘ngg/*”y‘:;gff“‘
flap case and 0.04c¢ Gurney flap case. The data 25 =
points were plotted with a 5"-order line-of-best-fit.

\
}
/

It can be seen in Fig. 5 that both CFD results have A s e SN
higher C; values than their experimental counter- ? :
parts. This was predicted since CFD is an ‘ideal’ so- /
lution whereas the experiment contained a number s SR

\\\

of ‘losses’. For example, the slower boundary layer
flow from the tunnel walls and the induced drag
at a > 0° since there were small (approximately /
1 mm) gaps between the tunnel and the model. The

total CFD error at large iteration counts impacts 05
the final CFD values. CFD is relatively new and
the turbulence model selected simulated the prob-
lem best compared with other turbulence models
like the & — € model as the boundary layer did not
separate along the airfoil when the surface-oil-flow- 05
visualisation showed that it did. However, physical .
modelling error accounts for some variation in the Ange of Atack. . )

Lift Coeflicient, G

CFD results. Figure 5. C; vs. o (Re = 1.54 x 10%).
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IV.A.1. Gurney Flap Effects on Alleviating Stall

Both the no flap and 0.04c Gurney flap lift curves are similar in shape between the experiment and CFD.
An important observation is the different behaviour between the two cases at the point where stall occurs.
The post stall (i.e. when « > «gqy) curve characteristics for the 0.04¢ Gurney flap show that the curve
drops off more gradually than the no flap case. Therefore, the Gurney flap assists in alleviating stall. Table
1 summarises the lift curve characteristics of the no flap and 0.04c Gurney flap cases.

\ | Coe Qatar °) a0 (°)

Experiment | Newman Airfoil (no flap) | 1.449 11-12 0
CFD Newman Airfoil (no flap) | 1.576 11-12 0

Experiment 0.04¢ Gurney flap 2.165 9-10 -2
CFD 0.04¢ Gurney flap 2.665 9 -3 to -4

Table 1. Lift curve characteristics (from the data points).

Table 1 illustrates that the stall angle decreases slightly from the no flap case (11° — 12°) to the 0.04c
case (9° — 10°) and agrees with conventional stall characteristics of other trailing edge flaps. Thus, it can be
concluded that the Gurney flap behaves similar to a deflected plain flap since the stall angle decreases with
increasing deflection angle”.

IV.A.2.  Gurney Flap Height on Lift Production

The overall lift increase (experimental) with the addition of a 0.04c Gurney flap is approximately 66.9%
(Table 1). This lift increase can be explained by the increase in circulation provided to the airfoil by the
Gurney flap. Gai' conducted Gurney flap experiments and explains that the circulation ratio of an airfoil
with Gurney flap to an airfoil without Gurney flap can be derived as:

ATl Q(k‘ - 1) h Al Awc
e[ () - [ G) ®
Equation 2 explains the effectiveness of the Gurney flap is dependent on the base pressure parameter
k(experimentally verified by Simmons!” for various bluff-bodies) and the Gurney flap height-to-chord (h/c)
ratio. If h/c and Aw are 0.04 and 0.01 respectively, the increase in circulation depends only on k since
AT /T o = 0.669 (% lift increase). The expression assumes that h is small! to satisfy the Kutta-Joukowski
Theorem”. This means that the addition of a Gurney flap increases the effective chord and camber of the

airfoil. Additionally, if A is increased, it also increases the circulation, and thus lift on the airfoil, up to a
point where the Kutta-Joukowski Theorem is violated.

If the experimental details are inputted into Equation 2, the result becomes:

0.01 x 0.125
2 x 0.005

According to Roshko'®, k > 1 and is dependent on the shape of the body. Thus for Gurney flap heights
in the range of 0.01 < h/c < 0.05, the value of k£ may be taken as approximately 1.06 with an upper limit of
approximately 1.1'. Therefore, a k value of 1.084 for a 0.04c Gurney flap is reasonable and agrees well with
Roshko!® and Gail.

k = 0.669 ( ) + 1 =1.083625 = 1.084 (3)

Furthermore, the k value can be estimated from Liebeck’s® experiment. Liebeck’s data shows that for
a Newman airfoil with 0.0125¢ Gurney flap, AT'¢ /T = 0.222 (22% lift increase). Using these values in
Equation 2 gives k = 1.088 which is extremely close to k = 1.084. If k is estimated as 1.1, for h/c = 0.01 the
lift increases by 20% and for h/c = 0.05, the lift increase is 100%. In the present experiments, for h/c = 0.04,
the lift increased by approximately 67%, which is quite comparable to the preceding estimate. Comparing
this result with other researchers, Myose et al.'® found lift increases of 25%, 36% and 47% with 0.01c, 0.02¢
and 0.04c Gurney flaps respectively, which supports the theory reasonably well.
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IV.B. Drag Coefficient

025

t
Newman Airfail (no flap) Experiment
Newman Airfil {no flap) CFD
—— 0.04c Gumey flap Experiment

—— 0.04c Gumey flap CFD /
02

NN

Drag Cosfficient, G
*
\ \\ £

Angle of Attack. e ()

Figure 6. C4 vs. a (Re = 1.54 x 10°).

Liebeck® were also observed.

IV.C. L/D Ratio

Fig. 7 displays the experiment and CFD lift coef-
ficient plotted against drag coefficient (drag polars)
for the no flap case and 0.04c Gurney flap case. The
data points were plotted with a 5'"-order line-of-
best-fit. Fig. 7 illustrates that both CFD drag po-
lars have greater overall lift and drag, than their ex-
perimental counterparts as discussed previously. If
the experiment and CFD are considered separately,
the no flap case and 0.04¢ Gurney flap case converge
at a point. Before this point (i.e. for low C; and
thus low « values), the curves have a dramatic lift
increase. After this point, there is a dramatic drag
increase and little lift production. On the contrary
of lift production, another way to examine stall and
thus stall alleviation is through drag increase rather
than lift decrease. For example, Fig. 7 demonstrates
that the maximum lift per drag increase is reached
sooner for the no flap case. Therefore, the Gurney
flap improved the L/D ratio considerably however,
it is only effective for a small range of angles of at-
tack, between approximately 0° < a < 8°. Beyond

Fig. 6 displays the experiment and CFD drag co-
efficient plotted against angle of attack for the no
flap case and 0.04c Gurney flap case. The data
points were plotted with a 5*-order line-of-best-
fit. It can be seen in Fig. 6 that both CFD re-
sults have lower C; values than their experimental
counterparts. This was again predicted based on
explanations provided above for the lift curves and
also the 3D wing effects like induced drag on the
model. As expected, the airfoil with the 0.04¢ Gur-
ney flap displayed overall, a greater drag coefficient
for any given angle of attack. Both configurations
had very similar drag characteristics and the typi-
cal drag curve shape was observed (‘bucketing’ at
a = 0° and Cy increasing with increasing «). At
higher angles of attack (« > 8°) for both experiment
and CFD, the 0.04c Gurney flap curve diverged away
from the no flap case, giving the Gurney flap greater
drag efficiency at lower angles of attack where the
0.04¢ Gurney flap curves are closer to the no flap
curves. Typical behaviour of considerable drag in-
crease as Gurney flap height increased reported by

r
Newman Airfil (no flap) Experiment
Newnman Airfoil (no flap) CFD

0.04c Gumey flap Experiment
0.04c Gumey flap CFD

%“
/ .
E S
/

01 0.05 0 0.05 015 02 025 03

[X]
Drag Coeficient, Cy

Figure 7. C; vs. Cgq (Re = 1.54 x 10°).

this a range, the Gurney flap is not as effective due to drag domination. From these findings, Gurney flaps
should be restrained to race car wings due to their small effective o range where the consequences of stall
are not as significant compared with aeronautical applications.
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IV.D. Verification and Validation of Results

1V.D.1. Surface-Oil-Flow- Visualisation and Newman’s Findings

(a) 0.04c Gurney flap oil-flow (o = 0°,
Re = 1.54 x 10%).

Reattachment of

boundary layer.

Separation of boundary layer.

(b) 0.04c Gurney flap CFD (a = 0°,

Re = 1.54 x 10%).

Figure 8. Experiment (oil-flow) cor-

relation with CFD.

1V.D.2. Liebecks’s Findings

Newman conducted experiments on the simple airfoil shape (named af-
ter him) to achieve some understanding of the behaviour of the tur-
bulent boundary layer near separation in incompressible flow. From
the experiments of the re-attachment of a turbulent boundary layer
on a Newman airfoil-shaped wing, he found that at a maximum
incidence of 10.5°, a tuft just behind the spoiler fluctuated in
all directions at random but the tuft near the trailing edge oscil-
lated at approximately 60° on either side of the downstream direc-
tion.  This indicated that the mean velocity was no longer zero
close to the surface and that the boundary layer had reattached af-
ter separation. The Gurney flap had not been invented at this
time.

Fig. 8 are the results of the surface-oil-flow-visualisation (a) and
CFD (b) at Re = 1.54 x 10° and a = 0°. This correlation be-
tween experiment (oil-flow) and CFD is a significant finding as it
proves that the turbulent boundary layer does in fact separate and
reattach due to the decrease in adverse pressure gradient after the
maximum t/c position. The Gurney flap increases the pressure on
the suction (upper) side of the airfoil, further assisting in reattach-
ment. Fig. 8(a) also illustrates the turbulent air within the bound-
ary layer towards the trailing edge of the wing, visible by the ‘wavy’
pattern of the oil. Fig. 8(a) validates Fig. 8(b) and the visi-
ble flow phenomenon occurring in the CFD is occurring in the ex-
periment.  The full-scale images of Fig. 8 can be seen in the
PSD.

Fig. 9 illustrates a comparison between Liebeck’s experimental findings and the experimental findings in
this research. Note that Liebeck used the symbol C}, for his unit of lift as his model had a span of 1 m.

Thus in Fig. 9, CL = Cl.
257 ]
2
£o RS
£51 :
' e / S
40 )
0
O CLEAN
@57 O wire FLaP
o v — b
0 4’ /z’ 4 1 1. 1
& Angle of Attack, o (')
(a) Liebeck’s findings (0.0125¢ (b) Author’s findings (Re = 1.54 x 10).
flap)S.

Figure 9. Comparison of Results.
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It can be seen from Fig. 9 that the clean (without flap) results are very similar and the slight difference
lies in the variation due to the error within the experiment discussed above. Liebeck is very vague in his ex-
planations of the exact method used for his experiment and his 0.0125¢ Gurney flap results are questionable.
He obtained such a large Cj, = for the 0.0125¢c Gurney flap that was only achieved in this research using a
0.04c Gurney flap. Previous research by Rayner!! shows that as Gurney flap height is increased from 1.2%
chord to 4% chord, there is a further increase in Cj It seems optimistic that a C} of approximately
2.2 could be achieved with a 0.0125¢ Gurney flap.

max * max

Liebeck’s theory of the flow behaviour around a Gurney flap was supported by the SOFV results. He
stated that the addition of a Gurney flap would delay separation by creating an increase in the suction force
on the upper side of the airfoil caused by the effective camber of the Gurney flap. This was found to be true.

Liebeck’s statement that ‘Gurney flaps of length greater than 1.25% chord will show a drag penalty’®
was also supported by this research. The drag penalty in this research was found to be greater for the 0.04c
Gurney flap than the 0.024c¢ chord Gurney flap with increasing . This again supports that there is a small
range of angles of attack for which Gurney flaps are most efficient.

IV.D.3. Hypothesised Flow Structure

The flow structure around the 0.04c Gurney flap was examined using the results obtained from the CFD
analysis. The results confirmed Liebeck’s hypothesised flow structure around the Gurney flap. That of the
two counter-rotating vortices that form just aft of the Gurney flap can be seen in Fig. 10. Fig. 10 shows
the steady result at o = 0° and was selected as it is the CFD result that is the closest to the experimental
result thus the phenomenon occurring in Fig. 9 is likely to be occurring in the experiment.

AIRFOIE

UPSTREAM

FLOW PARTLALLY —
TURNED TOWARD 3
FTAP

SEPARATION T
HUBHLE e —————
GURNET

FILAP
TWO VORTRCES
OF OPPOSITE SIGY
(a) Liebeck’s hypothesised flow structure. (b) CFD flow structure (o = 0°).

Figure 10. Flow structure around a Gurney flap.

Since the steady result in Fig. 10 converged to the convergence criterion set (which were refined to
obtain reliable convergence), it can be concluded that the flow structure at zero degree angle of attack
is quasi-steady. This means that no large vortex shedding or Von Karman vortex steet is forming aft of the
Gurney flap thus validating Liebeck’s hypothesised flow structure.

V. Conclusions

The Gurney flap improved the L/D ratio of the Newman airfoil significantly and extended the lift coef-
ficient considerably due to the effective camber provided by the Gurney flap. The lift increase was found to
be greater than the drag increase. However, the addition of a Gurney flap was found to only be effective
for a small range of angles of attack and decreased the stall angle of the airfoil as the Gurney flap behaves
like a deflected trailing edge flap. The Gurney flap alleviated stall for this airfoil compared to the no flap
case as the lift coefficient post stall decreased more gradually than the no flap case. The surface-oil-flow-
visualisation proved that the effective camber provided by the Gurney flap created a greater suction force on
the upper side of the airfoil and explains the more gradual decrease in lift post stall. CFD simulations were
conducted and compared to the experimental data thus validating the CFD. Previous research including the
hypothesised trailing edge flow structure around a Gurney flap were also validated.
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VI. Recommendations

From the findings of this research, recommendations into future research on Gurney flap aerodynamics
are summarised herein. The Reynolds number should be increased to conduct a detailed comparison of
full-scale aircraft. Various improvements to the CFD simulations should be made to improve the similarity
of CFD and experimental results. For example, a thorough transient investigation of the unsteadiness of the
wake flow at high angles of attack should be examined. Does this unsteadiness come from the wake flow or
the flow separating forward of the Gurney flap? Through increasing the Gurney flap height, the optimum
height for this airfoil can be found. The Newman airfoil shape should be modified so that the flow is ‘turning’
less around the leading edge thus reducing the adverse pressure gradient aft of the maximum t/c position to
examine the effects on stall - Can an increase in stall angle be achieved by this simple modification?
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