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SUMMARY

The aerodynamic performance of a regional, propeller-powered strut-braced wing is investigated. The main
wing planform and operating conditions are based on an ATR72, to which a strut and jury strut are added.
The research focuses on the different drag components in cruise. The first research objective is to quantify
the effect the different wing components have on the change in induced drag caused by the propeller. The
second objective deals with viscous effects, such as separation and friction. At the strut-wing and strut-jury
strut junctions, it is tested whether the propeller affects the size and location of any separated regions. In
addition, the influence of the propeller on the skin friction drag is quantified. The final objective deals with
interference and compressibility. The close proximity of the strut, jury strut and wing, combined with the
increased slipstream velocity of the propeller, and the change in angle of attack caused by swirl recovery
might lead to high supervelocities. The regions with the highest supervelocities are localised, and it is verified
whether any supersonic flow exists.

Induced drag is calculated with a panel method (Flightstream), which allows simulating different configu-
rations in a relatively short time. By simulating different combinations of wing elements (with and without
strut, jury strut and propeller) it is possible to isolate their contributions. The research objectives about vis-
cous effects and interference were investigated using unsteady RANS. The CFD simulation were also used
to validate the panel method. In general, it agreed well with CFD. Some discrepancies were caused by the
absence of vortex dissipation and an offset in the pressure distribution inside the propeller slipstream.

The propeller reduced induced drag significantly, around 58% for all configurations. The main strut had the
largest effect. Both the strut itself and interference of it with the wing lead to an additional reduction of 1%
in induced drag. The jury strut had limited effect. Under the influence of a propeller, it had a small induced
thrust component. Interference with the main wing cancelled out this benefit. These results were obtained
using unoptimised loading distributions, optimising these would increase the gains for both the conventional
and strut-braced wings.

The strut-wing junction only showed separation at the strut leading edge. The local flow behaviour was not
influenced by the propeller. The strut-jury strut junction also exhibited leading edge separation, in addition
to corner separation at the trailing edge of the jury strut, and separation at the trailing edge of the main strut.
The size of the corner separation reduced under the influence of the propeller, by favorably changing the
pressure gradient on the jury strut. The net effect of the propeller on the separated region at the trailing edge
of the strut was to move it inboard, by increasing the pressure gradient there, and moving the location of
the horse-shoe vortex system inward. Friction drag increased by roughly 3%, insignificant compared to the
reduction in induced drag.

Finally, the region most sensitive to high supervelocities was the strut-jury strut junction. The closely spaced
elements, combined with the higher slipstream velocity and increased angle of attack lead to a small super-
sonic pocket. Due to its limited size, it is expected that using a slightly different airfoil for the jury strut can
already eliminate it.

While some attention needs to be payed to junction flows and interference effects, this work has shown the
advantage of a propeller-powered strut-braced wing for regional aviation, compared to conventional aircraft.
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INTRODUCTION

In the quest for more sustainable aviation, different pathways towards the ultimate goal of carbon-free air
travel are studied. Changing the way aircraft are operated can yield reductions in emissions and operating
cost. Flying lower and slower reduces wave and friction drag, at the cost of longer travel times. While the
lower speed may be prohibitive on long-haul flights, its effect on low distance flying is less. Eurocontrol
found that 25% of all aviation-attributable CO, in Europe is emitted by flights under 1500 km [16], illustrating
the possible savings that can be made.

While wave and friction drag decrease at lower speeds, induced drag grows. Increasing the aspect ratio is a
common way to counter this increase. However, it comes at the cost of a heavier wing, which in turn requires
more lift and may offset the advantage of the increased aspect ratio. A solution for this is the strut-braced
wing (SBW). Its high aspect ratio reduces the induced drag, while a supporting strut keeps the weight within
bounds.

The concept of a strut-braced wing is not new. The first generations of aircraft often required multiple ex-
ternal structural members to ensure sufficient strength of the wing. Advances in aircraft structures, such as
the use of metals and load-carrying skins, soon made the use of struts obsolete. Eliminating them meant a
reduction in interference and parasitic drag. However, these are part of the profile drag, which is typically
only half of the total drag in cruise. The other component, induced drag can be reduced by employing high
aspect ratio wings. As a method to keep the weight down and still use a high aspect ratio, the strut made
a comeback in the 1950s. French aircraft manufacturer Hurel-Dubois produced several SBW aircraft. They
proved the practicality of the concept with the HD.10 research aircraft, results of which were applied in the
design of the HD.31. This aircraft had a wing with an aspect ratio of 20, and was used as an airliner and for
aerial photography [46]. However, the aircraft was not as successful as anticipated, possibly because of its
disadvantage in cruising speed compared to the new jet airliners of that time. More recently, the strut-braced
wing has received renewed attention; rising fuel costs and the need to reduce emissions in aviation made the
aircraft interesting again.

Figure 1.1 shows the geometry of a propeller-powered strut-braced wing, annotated are the different compo-
nents. Apart from the main strut, it also employs a so-called jury strut. This can be employed to increase the
buckling resistance of the strut. Because of its slender shape, buckling is often the main sizing criterion for
the structure of the strut [34]. A pylon is employed to separate the wing and main strut, to reduce interference
effects.
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Figure 1.1: Definition of wing components of a strut-braced wing

SBW concepts have been researched by multiple institutions. The most well-known is SUGAR Volt, designed
by a team led by Boeing. Reductions in fuel burn were estimated at 54%, but this includes gains from other
new technologies as well. The most recent iterations of the concept use turbofan engines, and cruises at Mach
0.8. In January 2023, NASA awarded Boeing nearly half a billion dollar to build an SBW technology demon-
strator, designated the X-66. Another study, performed by Gundlach et al. [19] studied an SBW aircraft with
a slightly higher cruise speed of Mach 0.85. Compared to a generic cantilever wing aircraft, this yielded more
modest reductions in fuel burn of around 14%. These may be attributable to the higher cruise speed, where
induced drag plays a smaller role, and the lower aspect ratio of the wing (12.17 instead of the 19.5 employed
by SUGAR Volt). Ma et al. [29] compared the application of a strut-braced wing at different market segments.
They found that the strut-braced wing was more efficient than conventional aircraft on all market segments.
On a short range mission, 28% of fuel weight was saved by using a propeller-powered SBW, compared to the
ATR 72-600.

Aside from Ma et al., most research focuses on transonic SBW concepts. At this speed regime, wave and
friction drag are the dominant drag sources. The contribution of induced drag is higher when flying slower.
A high aspect ratio, strut-braced wing might therefore be more beneficial at lower speeds. In this report, a
regional propeller-powered strut-braced wing is researched. More specifically, the effects of the propeller on
the cruise performance of the aircraft are analysed. This is done by looking at the different components of the
drag. For the induced drag, the contributions of the strut and jury strut on the change in induced drag caused
by the propeller are quantified. Viscous drag is looked at in a more qualitative way. Regions of separated flow
are identified, and it is checked whether they change under the influence of the propeller. In addition, the
change in friction due to the propeller is treated. Finally, it is verified whether any regions of supersonic flow
exist due to interference or propeller effects. Two methods are used for the analysis. Induced drag is obtained
using a panel method, which can give results in a short time frame. Viscous and compressible effects are
simulated using an unsteady Reynolds-Averaged Navier Stokes (RANS) solver.

The report starts with a short overview of relevant theory in chapter 2. This summarises a literature review
on topics relevant for strut-braced wing aerodynamics. It includes a treatment of aerodynamic mechanisms,
with and without propeller. Next, the research questions and approach are presented in chapter 3, together
with the geometry of the different configurations used. The settings used for the flow solvers and meshing
are given in chapter 4. Additionally, this chapter contains mesh convergence studies to quantify the spatial
discretisation errors. Validation of the panel method used for induced drag computations follows in chap-
ter 5. Finally, the research questions are answered in chapter 6, which shows the results of the research. The
findings are summarised in chapter 7, and recommendations for future work are given.



RELEVANT AERODYNAMIC PHENOMENA

Regional, propeller-powered strut-braced wings have received relatively little attention in literature. Some de-
sign studies have been done, but none of them go deeply into the aerodynamics. In this chapter, the result of
a literature study into topics relevant for the aerodynamics and analysis of a propeller-powered strut-braced
wing aircraft are presented. section 2.1 is about the unpowered aircraft, focusing on induced and interfer-
ence drag. This is followed by a treatment of propeller-wing aerodynamics in section 2.2. While virtually all
literature researched conventional wings, some of the concepts are translated to SBW aircraft.

2.1. STRUT-BRACED WING AERODYNAMICS

A short review of aerodynamic phenomena relevant for a strut-brace wing is given in this section. Induced
drag is where the main advantage of a strut-braced wing originates from, it is treated in subsection 2.1.1. It
elaborates on the induced drag due to the non-planar wing planform of a SBW. The advantage of high aspect
ratio wings is well-known, and is not explained here. Interference between the different wing elements is
expected to play an important role. Most literature specific to strut-braced wings target the transonic speed
regime, where interference largely manifests itself in the form of shockwaves. This is not directly of interest
for a regional strut-braced wing. Instead, subsection 2.1.2 focuses on phenomena that are also present at
lower speed, such as junction flows.

2.1.1. INDUCED DRAG

The most evident benefit in terms of induced drag for the strut-braced wing is the increased aspect ratio
that is possible. Indeed, wings with aspect ratios around 20 are being studied [39], potentially leading to
large savings in induced drag. The effect of aspect ratio on induced drag is well-documented, and will not be
treated here.

A more interesting aspect of the induced drag of strut-braced wings, is the non-planarity. In most SBW con-
cepts, the strut is a lifting surface as well. According to Kroo [26], non-planar wings have the potential of
an increased span efficiency factor, given an optimal loading distribution. This is supported by a paper of
Takahashi and Donogan [50]. They studied different non-planar wing concepts more in depth using an in-
viscid numerical model. One of the concepts evaluated is an SBW. They found that an SBW can have a span
efficiency between 1.02 and 1.04, depending on the ratio between strut height and wing span, where a larger
strut height was more beneficial.
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Figure 2.1: Spanwise loading and drag of the baseline and optimised SBW configurations by Secco and Martins [39].

When considering the most efficient loading distribution of a strut-braced wing, there is no unique solution.
All closed elements have an optimal loading distribution, to which a vortex ring of constant, arbitrary strength
can be added [11] [26]. This opens possibilities, especially for the low speed regime. The loading of the strut
and main wing can be tuned such that they both achieve their maximum lift at the same moment, increasing
the usable lift of the SBW. However, in their optimisation of an SBW, Secco and Martins [39] found that the
optimal loading of the strut with respect to drag is negative. This is possibly to reduce supervelocities on the
upper side of the strut. The lift distribution is shown in Figure 2.1. It can be seen that the negative lift of the
strut is compensated by an increased lift of the inboard section of the main wing. Effectively, the optimiser
added a vortex ring to the closed inboard section. Note how the total lift distribution closely follows the
elliptical. In their research for SUGAR Volt, Boeing came up with a similar lift distribution, although the strut
provides negative lift only near the junction [12]. When jury struts are added in addition to the main strut,
they are ideally unloaded, or at least have a constant loading [11].

2.1.2. INTERFERENCE DRAG

Interference drag is defined as the difference between the drag two individual bodies experience and the drag
felt when adding these two bodies together. When connecting two surfaces together, their pressure fields and
boundary layers will interact with each other. These junction flows have been studied in the past, mostly at
the wing-fuselage connection. This location is also of interest for a strut-braced wing, but there are some
additional regions where junction flow may play a role. These could be all the connection points between
wing, strut, jury strut and fuselage. The junction flows between lifting elements of a strut-braced wing may
be more complex than those found in literature, as the intersections deal with multiple lifting elements. Still,
fuselage-wing junction flows may qualitatively be similar. Some studies of these flows are presented here.

Near the leading edge of the root airfoil, the stagnation point is present. Around this point, the flow decel-
erates from free-stream velocity to virtually standstill. Accordingly, the static pressure will also increase. The
adverse pressure gradient associated with this can lead to separation of the fuselage boundary layer around
the leading edge region of the root. Maughmer et al. [30] experimentally observed this effect on a glider model
at relatively low Reynolds numbers (250 000 - 400 000). They noted that the separated boundary layer con-
sequently formed a horseshoe vortex wrapping around the complete root of the wing, leading to increased
vortex drag. An illustration of this flow is provided in Figure 2.2. The same phenomenon is observed at higher,
more representative Reynolds numbers. Kegerise et al. [24] experimentally investigated the junction flow be-
tween a wing and fuselage at a Reynolds number of 2.4 million. They also observed separation of the fuselage
boundary layer near the leading edge of the root, as well as the horseshoe vortex. While the Reynolds number
is not yet representative of full flight, it approaches the Reynolds number of a typical turboprop transport of
around 15 million.
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Figure 2.2: Typical flow near the leading edge of a wing-fuselage Figure 2.3: Separation near the trailing edge of a wing root,
junction. Image taken from [44]. visualised by oil. Image taken from [24].

Another critical region is the rear portion of the suction side of the intersecting element. Here the flow decel-
erates from its maximum velocity at the suction peak, back to something near freestream velocity. This can
lead to separation of the merged boundary layers of the fuselage and wing. Such a portion of separated flow
is shown in Figure 2.3. The vortex originating from the separation near the leading edge may complicate the
flow field further. Gand et al. [17] studied the unsteady behaviour of this vortex, and found that its position
oscillated with a Strouhal number of around 0.2. The boundary layer thickness at 0.5 chord lengths ahead of
the wing root leading edge was used as length scale. This could introduce unsteady loading, and complicates
the analysis of fuselage-wing junction flow. It could also prevent separation near the trailing edge. According
to Barber [5], the drag penalty associated with a junction flow depends mainly on the thickness of the in-
coming boundary layer. A thick boundary layer is more prone to separating, and will thus lead to a large and
relatively strong horseshoe vortex. Near the trailing edge of the intersecting element, the vortex increases the
momentum of the flow, and prevents or reduces separation. When the incoming boundary layer is thin, the
horseshoe vortex may not be strong enough to prevent corner separation. For strut-strut and strut-wing in-
tersections, the incoming boundary layers will be relatively thin. Hence, it is expected that corner separation
will be observed.

The angle between two intersecting elements can have a large effect on corner flows. Tétrault et al. [51] looked
at the effect of strut angle and thickness ratio on interference between a surface and a strut, using a RANS
simulation. They found that an angle of 90 degrees is most optimal with respect to interference drag. At this
angle, a thicker strut resulted in negative interference drag, because the wall boundary layer attenuates the
strength of a shockwave present on the strut. At smaller angles interference dragrises, an effect aggravated by
thicker struts. Furthermore, it was noted that increasing the Reynolds number reduced interference drag in
all cases. An important limitation of this study is that only the drag of the strut was considered. Following [30]
and [58], a thick strut at 90 degrees may well cause the boundary layer of the surface to separate, cancelling
the favourable interference drag found by the study. Practically, ensuring a 90 degrees angle between the
different wing elements of a strut-braced wing is done by adding a pylon between the strut and wing. This
has the additional benefit of increasing the area of the channel between the two elements. According to Ko et
al. [25], the flow in this region behaves almost two dimensional. If the area between wing and strut becomes
too shallow, choked flow and shockwaves may result.

2.2. PROPELLER-WING AERODYNAMICS

The main research area of this report is propeller integration. It is hypothesised that gains in drag due to
aero-propulsive interactions in strut-braced wings exceed those of conventional wings, due to the possibility
of swirl recovery by the additional wing elements. However, this is a topic that has not received any attention
in literature. The following section therefore mostly draws on literature for conventional propeller-wing com-
binations, and tries to extrapolate results to a strut-braced wing. Induced drag reduction are possible due
to swirl recovery and slipstream contraction. These are treated in subsection 2.2.1. In addition, propeller-
induced changes in viscous drag is treated in subsection 2.2.2. Finally, compressibility is treated in subsec-
tion 2.2.3. The limited literature available about this topic focused on transonic propeller-powered aircraft.
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2.2.1. INDUCED DRAG

The integration of a tractor propeller can reduce the induced drag of a wing significantly. The decrease in
induced drag can be attributed to the swirl velocity induced by the propeller. These locally alter the angle of
attack of the wing. Since lift is defined perpendicular to the incoming flow, a change in angle of attack induces
a component of the lift in freestream direction. This leads to a thrust component behind the upgoing blade,
but increases drag behind the downgoing blade. If the upgoing blade influences a wing portion with a higher
local lift than the downgoing blade, the net effect is a thrust component. It is for this reason that inboard up
rotation is more beneficial for the performance of a propeller-wing system [55]. The optimal lift distribution
for a propeller-wing combination exploits this effect, by increasing the local lift behind the upgoing blade and
vice versa for the downgoing blade. Witkowski et al. [60] found reductions of up to 60% in a combined numer-
ical and experimental study. In a different experimental study at low Mach (0.1) and Reynolds number (470
000) Johnson et al. [22] achieved slightly lower reductions, of around 45%. The difference in drag reduction
may be caused by the difference in configuration used. While both studies use a wing with a similar aspect
ratio, [60] places the propeller more outboard on the wing which yields higher gains in drag, as explained
later.

To achieve these gains, the optimal lift distribution differs significantly from the elliptical, as illustrated in
Figure 2.4. This figure is the result of an optimisation with respect to total drag by Kroo [27]. While the optimal
loading distribution of a wing and tractor propeller is very different from the elliptical, it is often created
almost automatically by the swirl and axial velocity in the propeller slipstream. Indeed, the lift distributions
behind an optimised and non-optimised wing are very similar, as demonstrated by Chauhan and Martins [9].
While they confirm the savings in induced drag by the integration of a tractor propeller, they found that a wing
optimised with or without propeller yield about the same gains. The main variables affecting the induced drag
were the propeller rotational direction, and wing planform shape and twist. The wing configuration used has
alow aspect ratio of 5.3. If the conclusion of the study holds for large aspect ratio, non-planar wings, it would
mean their lift distribution could be optimised cheaply without considering the propeller.
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Figure 2.4: Lift distribution giving minimal drag when including a Figure 2.5: Effect of spanwise propeller position on L/D ratio.
propeller. Image taken from [27] Image taken from [55]

Aswas mentioned earlier, savings in induced drag of the wing by a propeller mainly come from a difference in
lift between the upgoing and downgoing blades. This can be achieved in a conventional wing by moving the
propeller outboard, as there usually a large gradient in lift is observed. The extreme case of this is a wingtip
propeller. Here only the slipstream from the upgoing blade washes over the wing, giving an increase in lift and
a reduced induced drag not offset by the downgoing blade. The effect of this on lift-to-drag ratio estimated
by Veldhuis [55] on an unoptimised low aspect ratio wing is shown in Figure 2.5.
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Propeller-strut interaction Because of one-engine-inoperative controllability requirements, the engine is
usually located close to the fuselage. In a strut-braced wing, this would be inboard of the strut-wing junction.
As a consequence, the propeller is located above the strut. In terms of induced drag, two effects will have an
influence. First, the strut will recover some of the propeller swirl. Even though the swirl components of the
velocity are not perpendicular to the strut, they will likely still affect the loading distribution. Another effect is
the slipstream contraction, which would put the strut under an increased angle of attack and tilt the lift vector
forward [56]. The slipstream contraction affects the strut even if it is below the propeller slipstream. This is
confirmed by Wang et al. [59], who tested the influence of a propeller on a wing at multiple positions. When
placing the propeller over the wing, such that the slipstream does not wash over it, they found an increase
in lift and a decrease in drag. The most beneficial position was with the propeller positioned somewhere
along the wing chord, but a propeller in front and above the wing also led to a higher lift-to-drag ratio. Still,
a vertical propeller position as close to the wing as possible seems to give the largest increase in L/D, see
Figure 2.6. They attribute the gain in performance to the decrease in static pressure in front and increase
behind the propeller disk, which respectively act on front facing and rear facing faces of the wing when the
propeller is placed along the wing chord. However, this does not explain why a propeller in front of the wing
also benefits the lift and drag. Instead, this may have been due to the slipstream contraction.
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Figure 2.6: Effect of vertical and longitudinal propeller position on lift-to-drag ratio. The vertical position AZ is the distance from the
lowest part of the propeller disk to the chord of the airfoil. Image taken from Wang et al. [59].

Another consideration of strut-propeller interaction is that the strut will be immersed in a portion of the
slipstream with a different axial velocity than the main wing. The axial velocity will reach a maximum around
three quarters of the propeller radius. An increased slipstream velocity would favorably influence the lift of
the wing but also increase drag [56].
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Figure 2.7: Effect of vertical propeller positioning on the drag and lift of a wing at high speed (HSC) and low speed (LSC). The low speed
case has a lower advance ratio than the high speed case. Image taken from [56].



8 2. RELEVANT AERODYNAMIC PHENOMENA

Figure 2.7 shows how the lift and drag of a wing change with respect to the vertical position of a propeller.
Note that the change in drag mainly originates from the profile drag, due to the increased slipstream veloc-
ity. Furthermore, even though the local angle of attack increases when moving the propeller upward, the
induced drag does as well. This may be because moving the propeller away from the wing or strut results in a
component of the swirl velocity that is in the plane of the wing, which does not contribute to swirl recovery.

Propeller-jury strut interaction In some SBW configurations, a jury strut provides an additional connec-
tion point between the strut and the wing. Its function is to increase the buckling resistance of the main strut,
which is its critical sizing criterion according to Park [34]. When ignoring the connection with the strut, they
can be considered as swirl recovery vanes (SRV). In most studies, the swirl recovery vanes are considered as
part of the propulsion system, and their effect on the performance of the aircraft is expressed in terms of
propulsive efficiency. A design with multiple vanes can typically achieve increases in propeller efficiency of
roughly 2% by reducing the kinetic swirl energy in the propeller wake by around 50% for an isolated propeller-
SRV system [4] [57]. The presence of a wing is usually found to reduce the gains in efficiency, since the up- or
downwash ahead or after the wing interacts with the SRV’s, and the wing itself already recovers a large part
of the swirl [57]. The first effect should not affect SBW’s much, as the strut and pylon are located somewhere
along the chord of the wing, where the down- or upwash is relatively small. The second effect might also have
a limited influence, as the jury strut and pylon are usually at almost right angles with the wing, and should
thus be influenced by different parts of the slipstream.

The length of the pylon or jurystrut may play a role in the effectiveness of it as swirl recovery device. Avallone
et al. [4] investigated how the length of an SRV impacts the aerodynamic performance. They found that most
of the thrust generated by the SRV comes from the blade wake, corresponding to the more central sections
of it. The central part of a propeller blade is also the location where the swirl velocity reaches a maximum.
However, the outward part of an SRV can get some additional thrust from the impingement of the blade tip
vortex. It is unclear how this would translate to a strut-braced wing. Depending on the location of the jury
strut and propeller, the propeller tip vortices may or may not interact with it.

Unlike most SRV systems, the jury strut or pylon consists only of 1 blade. This specific case was investigated
by Li et al. [28]. They performed research into the interaction between propeller, wing and swirl recovery
vanes. One of their findings is that when the SRV’s are aligned with the plane of the wing, they will reduce
the effectiveness of the wing to recover swirl. When placing the SRV in front of the wing (behind the upgoing
blade), the downwash of the SRV will reduce the lift of the wing and increase its induced drag. This to the
extent that the induced drag benefit of the SRV was cancelled out completely. When positioning the vane be-
hind the wing (most effective behind the downgoing blade), the vane produces negative lift, forcing a higher
lift coefficient of the main wing and consequently increasing induced drag. Still, the study concludes that
positioning the SRV behind the wing gives the best performance in terms of induced drag and SRV thrust.
However, when looking at Figure 2.8, it seems that moving the SRV more to the front may benefit the combi-
nation of induced drag and thrust of the wing and SRV system. In addition, the jury strut and wing will recover
the components of the slipstream swirl perpendicular to their plane, and will thus not compete. Finally, it is
noted that Li et al. [28] is the sole research towards single swirl recovery vanes considering the influence of
the wing. More research into this topic would benefit the understanding of propeller-jury strut integration in
the strut-braced wing.
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Figure 2.8: Effect of axial swirl recovery vane position on the induced drag of the wing and thrust produced by the SRV. Note that the
position is defined relative to the trailing edge of the wing root. Image taken from Li et al. [28].

2.2.2. VISCOUS DRAG

A lot of effort is also put into reducing viscous drag of modern transport aircraft. The addition of a propeller
may pose an additional challenge. The slipstream has been observed to move the transition point far up-
stream, increasing friction [8]. Miley et al. [31] performed flight tests using a GA-7 Cougar and wind tunnel
tests on a NACA0012 wing section and propeller. The objective was to measure the effect of the propeller
slipstream on the boundary layer. It was found that the propeller slipstream caused periodic transition of
the boundary layer at the blade passage frequency. These were caused by the turbulence in the wake of the
propeller blades. The periodically increased turbulence level in the external flow caused by the wake caused
strips on the wing surface to transition as well. The length of these turbulent strip became longer as the lam-
inar boundary layer stability reduced. Contrary to what could be expected based on the Reynolds number,
this increases with aircraft speed. At high speed, the angle of attack is low, and a favorable pressure gradient
is present. At low speed, the opposite is true, which causes the length of the turbulent strips to grow, up to the
point where most of the wing boundary layer immersed in the slipstream becomes turbulent.

Another viscous effect comes from the propeller tip vortices. These are cut by the wing, such that the vortex
core travels along the wing surface. The vortex core causes a low pressure region on the wing, while the vortex
itself induces an increase in velocity on one side and a decrease on the other side. It is possible that either
the pressure fluctuation due to the core, or the pressure gradient due to the induced velocity may cause the
boundary layer to transition or separate. Although the specific cause is not mentioned, Johnston and Sullivan
[23] observed a separation bubble preceding the vortex core on a wing surface. However, it seems that no
fundamental research on boundary layer interaction with a perpendicular vortex has been performed.

The discussion above is mainly concerned with the nature of the boundary layer, which will to a large extent
determine the friction coefficient. The earlier transition to a turbulent boundary layer will increase the fric-
tion. This is further aggravated by the velocity increase in the slipstream. To minimise this, the portion of the
wing and strut immersed in the slipstream should be minimised. This would counter the benefits with respect
to induced drag as well. As a compromise, the propeller could be placed such that only the regions where the
slipstream benefits the induced drag are immersed. Based on the previous section, it is hypothesised that the
region around the jury strut-wing junction yields the highest improvements.

2.2.3. COMPRESSIBLE EFFECTS

The increased velocity in the slipstream can give rise to additional wave drag. This was researched by Rizk
[36] for a wing section immersed in a propeller slipstream at a freestream Mach number of 0.8. He found
an increase in wave drag due to the axial and circumferential induced velocities of the propeller. The main
effect of the swirl velocity is to alter the local angle of attack of the wing sections. This gave rise to increased
supervelocities on the suction side and decreased velocities on the pressure side behind the upgoing blade,
the opposite happening at the downgoing blade. The axial induced velocity increases the Mach number over
the entire submerged wing section. This led to an aft movement and subsequent increase in strength of the
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shock wave on the upper surface behind both the upgoing and downgoing blades. On the lower surface, a
new shock wave formed due to the increased supervelocities of the swirl behind the downgoing blade. Behind
the upgoing blade, this did not happen. The pressure distributions behind the up- and downgoing blades are
shown in Figure 2.9. The work of Rizk was performed for a transonic aircraft already exhibiting shock waves,
It is not clear how this would translate to a regional aircraft, flying at a little more than half the Mach number.
No research into the effect of a propeller on compressibility of a regional aircraft was identified.

At the speed of a regional aircraft, no shock waves are expected in a conventional aircraft. For a strut-braced
wing, there is the potential for more interference. If the propeller slipstream washes over the strut-wing junc-
tion, the magnitude of the supervelocities could be aggravated by the channel flow effect described by [25].
This is a topic that may benefit from further research.
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Figure 2.9: Pressure distributions of wing sections at different locations in a propeller slipstream. Image obtained from [36]



RESEARCH OUTLINE

In this chapter, the research plan is laid out. It is started with the research questions in section 3.1. A strategy
was devised to answer these, which is presented in section 3.2. Apart from the methodology, all wing config-
urations that will be simulated are summarised there. Finally, these configurations are defined in more detail
in section 3.3. Here the propeller, nacelle and wing are shown, along with their operating conditions.

3.1. RESEARCH QUESTIONS

Following the discussion in chapter 2, it is expected that the advantage in aerodynamic performance of a
strut-braced wing comes in the form of a reduced induced drag. The effect of aspect ratio on induced drag is
well known, and is not of interest in this research. More interesting would be to assess the change in induced
drag caused by the strut and jury strut. It is already known from literature that unpowered strut-braced wings
have the potential of a lower induced drag than a wing without strut, provided that both have an optimal
loading distribution. No literature was found on the cruise drag of a propeller-powered strut-braced wing,
which will be the objective of this report. The research is split up in three parts. The first, and most important
part deals with the induced drag. The second looks at viscous effects, while the aim of the last part is to
find out whether compressibility affects the performance of the wing. Based on this, the following research
questions and sub-questions were formulated:

1. How does a propeller affect the induced drag of a strut-braced wing?
(a) What influence does the main strut have on the induced drag change by a propeller?
(b) What influence does the jury strut have on the induced drag change by a propeller?
2. What is the effect of a propeller on the viscous aerodynamics of a strut-braced wing?
(a) Are there regions of separated flow, and do they change due to the propeller?
(b) How much does the addition of a propeller change the friction drag?
3. What effect does the propeller have on compressible and interference drag?
(a) Does the propeller lead to areas with supersonic flow, and associated shock waves?

(b) Does the propeller increase interference between the different wing elements?

3.2. RESEARCH STRATEGY

In this section, the strategy to answer the research questions is laid out. First, the plan for question 1 is given
in subsection 3.2.1. In addition, the different strut-braced wing configurations that will be simulated are pre-
sented. Next, the approach for the second and third research questions is treated shortly in subsection 3.2.2.
Finally, it is explained how the different methods will be validated in subsection 3.2.3.

11
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3.2.1. INDUCED DRAG

The first research question deals with induced drag, and the effect different sub-components of the wing have
on it. The effect a certain wing component has on the induced drag is evaluated by comparing the induced
drag of the wing with and without that component. In order to investigate the effect of the jury strut and
main strut on the induced drag, 3 different aircraft configurations will be used. All of these will be tested
in powered and unpowered conditions, to isolate the effects of the propeller. The unpowered condition will
include the nacelle, but not the propeller. All configurations are shown in Figure 3.1. Because of the relatively
large number of configurations, a panel method is used to keep the computational cost manageable. It will
be used only to answer the research questions on induced drag.

— — LN
(a) Strut-braced wing with jury strut and propeller (JSBWP) (b) Strut-braced wing with jury strut (JSBW)
B B ©
(c) Strut-braced wing with propeller (SBWP) (d) Strut-braced wing (SBW)
— { I

@\ [ — \@

(e) Conventional wing with propeller (CWP) (f) Conventional wing (CW)

Figure 3.1: Different configurations to be used in the experiment

3.2.2. VISCOUS AND COMPRESSIBLE EFFECTS

Induced drag can be evaluated accurately with a panel method. Some panel codes include options to calcu-
late viscous effects and to correct for compressibility. For attached flows at moderate Mach numbers, these
are usually reasonably accurate. However, research questions 2a and 3a deal with separation and supersonic
flow. To answer these with some accuracy, RANS simulations will be used. Depending on the turbulence
model, RANS can have issues with the location and presence of flow separation. This introduces an addi-
tional uncertainty to the results. Since the goal of the research is not to resolve the exact location and size
of separated regions, but instead to qualitatively assess whether they are present and how they change due
to a propeller, this is acceptable. However, for a quantitative treatment of separation and the effect it has on
drag, a higher fidelity method may be necessary. For answering research questions 2 and 3, it is sufficient to
simulate the JSBW and JSBWP configurations in CFD.

3.2.3. VALIDATION

In order to validate the results of the panel method, two configurations will be simulated using RANS. Before
starting the main tests, a simplified model will be tested. This model contains a propeller, wing and nacelle,
where the wing is mounted some distance below the propeller, see Figure 3.2. It will experience two effects
that are expected to be important for strut-propeller interference. First, the slipstream contraction of the
propeller should alter its angle of attack. This effect may be reduced because the flow has to go around the
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nacelle. Second, the swirl velocity components will not be perpendicular to the plane of the wing. If these
are simulated accurately by the panel method, it is assumed that subsequent simulations of the strut-braced
wing will yield accurate results as well. When simulations with CFD and the panel code have been performed
on the strut-braced wing with jury strut, this assumption is verified by a second validation using the JSBW
and JSBWP configurations.

Figure 3.2: Simplified configuration for initial validation

The RANS simulations will not be validated separately. Due to its large popularity, it has been validated nu-
merous times, including propeller-wing configurations. No validation cases for strut-braced wings have been
found. Validating this would require either higher fidelity simulations or wind tunnel tests. These would re-

quire too much resources for this report.

3.3. GEOMETRY

The design and operating conditions of the different configurations are presented in this section. First, the
propeller and nacelle geometry are given in subsection 3.3.1. Next, the geometry used for the initial validation
is shown in subsection 3.3.2. This simplified configuration consists of only a propeller, nacelle and wing.
Finally, in subsection 3.3.3 the design of the strut-braced wing including jury strut (JSBWP) configuration is
shown.

3.3.1. PROPELLER AND NACELLE

The propeller and nacelle were chosen to be representative of a conventional turboprop. The propeller used
was a scaled up version of XPROP. Because it has been used in multiple studies at the TUDelft, data about pro-
peller performance and geometry were openly available. The propeller geometry was obtained from Stokker-
mans and Veldhuis [47]. The twist, chord and airfoil distribution is shown in Figure 3.3.
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(a) Local pitch and chord distribution for XPROP (B 7g = 20deg). (b) Airfoils used for XPROP
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Figure 3.3: XPROP geometry, image based on Stokkermans and Veldhuis [47]
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The nacelle was modelled after that of the ATR72 regional airliner. The height and width distribution of the
nacelle were modelled using Class-Shape Transformation (CST) functions. The cross-sectional shape was
defined by superellipses. Their shape is defined by a height, width and exponent. Based on this exponent, the
cross-section can be varied from a rectangle to a circle. It was given a value of three everywhere, which yields
a rounded rectangle. At the spinner connection, an exponent of two was used, which represents a circle.
The height, width and offset in z-direction are determined from their distributions prescribed by the CST
coefficients. The current representation of the shape of the nacelle allows changing it to a different nacelle
with relatively few parameters, which could be useful in optimisation studies, although this is outside the
scope of this work. Some information about the nacelle geometry has been given in Table 3.1. An isometric
view of the nacelle shape, including the superellipses is shown in Figure 3.4.

- Nacelle Base Region

:? Width Superellipse Sections

o

N

z Q

Spinner Connection
Figure 3.4: Schematic drawing of the nacelle definition
Table 3.1: Nacelle specifications

Parameter Value
Length 3.4 [m]
Height CST coefficients 618 1230, 1106, 1343, 1278, 1082, 860, 400
Width CST coefficients 618, 1024, 885, 667, 1336, 494, 700, 100
z-offset CST coefficients 0, -58, -209, 91, -156, 108, 75, 181
CST characteristic shape parameters (N1 and N2) | 0
Superellipse exponent 2 at the spinner connection, 3 elsewhere

3.3.2. INITIAL VALIDATION

The geometry of the initial validation case represents a simplified representation of a propeller-strut com-
bination, designed to capture effects such as slipstream contraction and swirl velocities not perpendicular
to the strut. In addition to validating Flightstream, it is used to select some key settings at a modest com-
putational cost. To represent the strut, a straight wing with an aspect ratio of 20 was chosen. The wingtip
is positioned relatively far away from the propeller, so that it does not influence the propeller-wing aerody-
namics. A propeller is positioned halfway the wing, 0.75 times the propeller radius above the wing plane.
The airfoil for the untwisted wing planform is a NACA0012. A drawing of the configuration is provided in
Figure 3.5.
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Figure 3.5: 3-view drawing of the validation case. Some key dimensions have been indicated in mm. The hatched areas represent the
root of the wing.

The initial validation is ran at conditions representative for a regional turboprop-powered aircraft, to prove
that Flightstream can accurately predict the aerodynamic loads at this regime. These are summarised in
Table 3.2, together with a short summary of the wing planform.

Table 3.2: Initial validation parameters

(a) Geometry (b) Operating conditions

Parameter | Value Parameter | Value
b 20 [m?] ) 0.6597 [kg/m?]
S 20 [m] p 47181 [Pa]
C, 1 [m] T 249.15 [K]
A 1 Voo 133 [m/s]
A 20 My 0.42

a 0 [deg]

n 15.92 [Hz]

J 2.13

Bo.z5r 45 [deg]

3.3.3. STRUT-BRACED WING CONFIGURATION

The geometry of the full strut-braced wing was loosely based on that of an ATR72. The planform shape is
almost identical, consisting of a double tapered wing. Because of a lack of data, and to simplify the analysis,
the wing was kept untwisted. In addition, it consisted of a single airfoil, namely the NACA43015, shown in
Figure 3.6. The ATR72 wing has a relatively low aspect ratio compared to most SBW concepts. This is justified
by the fact that the wing design presented here will not be used in an actual aircraft. It will just be used to
identify relevant aerodynamic phenomena, located around the strut region. It is expected that these will not
be affected significantly by the aspect ratio of the wing, as long as the tip vortex is situated far enough from the
strut. The operating conditions for the strut-braced wing are the same as those of the initial validation. The
only exception is the angle of attack, which is 2 degrees for the strut-braced wing. This was chosen because it
results in a lift coefficient of 0.4, which is representative for a regional aircraft in cruise conditions.

The strut and jury strut were both given a symmetric airfoil, the NACA 65015, see Figure 3.7. This was done
because it can be loaded both positively and negatively at different locations. Although using different airfoils
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along the span could lead to a more efficient wing, it was decided to keep the airfoil constant. This is justified
because the focus of this report is on identifying aerodynamic phenomena, and not on creating the most
optimal strut-braced wing. Both the main and jury strut were kept untwisted for the same reason. The chord
of the strut is 500 mm, or 10.6% of the wing root chord. The jury strut has a chord length of 200 mm, or 40%
of the main strut chord.

0.05 0.05
0.00 0.00
—-0.05 -0.05

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure 3.6: NACA43015 airfoil used for the wing Figure 3.7: NACA65015 used for the strut

The main strut was rounded with a radius of 200 mm near the pylon and near the root. This was done to
reduce the interference effects of junction flows, and to allow a better mesh quality at those locations. Ad-
ditionally, to facilitate meshing the geometry, fillets of 10mm were added to the nacelle-wing, jury-nacelle,
jury-main strut and main strut-wing junctions. A smaller, 5mm fillet was added to the wingtip. A three-view
drawing of the strut-braced wing configuration is shown in Figure 3.8. In addition, some key geometric pa-
rameters for the wing, strut and jury strut are listed in Table 3.3.

Table 3.3: Geometric parameters for the strut-braced wing.

(a) Main Wing (b) Strut (c) Jury Strut
Parameter | Value Parameter | Value Parameter ‘ Value
b 27.13 [m] Nstrut 0.5 Njury 0.286
S 61 [m?] x/ Cstrut 0.25 x/ Gjury 0.25
Tkink 0.35 Cstrut 0.5 [m] Gury 0.2 [m]
Cr 2.626 [m] hy 3 [m] hjs 0.87 [m]
Akink 1 Iy 0.16 [m]
Achord 0.59
A 12
c 2.235
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Figure 3.8: 3-view drawing of the strut-braced wing, with dimensions in mm. The positive directions for lift, drag and sideforce have

been indicated in blue.






COMPUTATIONAL SETUP

This chapter explains the computational tools that were used for the simulations. section 4.1 is a short theory
section on the different methods that were used for simulating, and how errors are estimated. The setup
for the panel method and CFD simulations for the initial validation case is given in section 4.2. That for the
strut-braced wing follows in section 4.3. The aim is to justify some of the most influential settings for both
CFED and Flightstream. This is only done for the initial validation. As the operating conditions are the same,
it is assumed that the conclusions will hold for the strut-braced wing as well. In addition, mesh refinement
studies are done for both methods, to quantify the spatial discretisation error and select a suitable mesh for
further study.

4.1. METHODOLOGY

In this section, the theory behing the methods that will be used for the research are explained. First, an
introduction is given to panel methods in subsection 4.1.1. It is started by a brief overview of the capabilities
of panel methods in general, followed by some of the methods used by Flightstream, which is the panel code
used in this report. Next, CFD is treated in subsection 4.1.2. Some examples are given of a few relevant studies
that used RANS, along with a few limitations they discovered. In addition, the turbulence model used is
explained. Finally, subsection 4.1.3 goes over the different types of errors that arise in numerical simulations.

4.1.1. PANEL METHODS

Panel methods are a relatively cheap way to simulate aerodynamic flows. They solve the potential flow equa-
tion, which represents the velocity field based on one variable only, the potential function ¢. To achieve this
simplification, the assumption of irrotational, incompressible flow is made. Luckily, the flow is usually irro-
tational outside boundary layers and shockwaves. Instead of having to mesh the entire flow domain, only the
surfaces of bodies in the flow have to be discretised, together with their wakes. This leads to a much smaller
system that needs to be solved. Propeller integration studies can be performed using unsteady panel meth-
ods. Accurate results for a wing and tractor propeller were obtained by Ahuja and Litherland [3], especially
at low to moderate angles of attack. Furthermore, because thickness of bodies is simulated, the resulting
flowfield can give an idea of interference effects. Shock waves can be avoided indirectly by eliminating high
supervelocities found with the panel method [20]. Results obtained by Valazero [54] for an aircraft with tail
mounted engines show good agreement of the pressure distribution on the fuselage between experiment and
panel code. He used dipoles to model the lifting surfaces and wake. Combining the pressure fields obtained
from the panel method with a boundary layer calculation can allow viscous effects to be considered as well.
Panel methods can be coupled to boundary layer calculations using an iterative procedure [21], where the
effect of the boundary layer thickness on the external flow is captured as well.

The panel code that will be employed for the research is Flightstream. This is a commercial package de-
veloped by Research In Flight. To model wakes, it uses vortex elements. It has been used successfully by
several researchers. Ahuja and Litherland [3] used Flightstream to simulate a propeller-wing combination.
They found good agreement with unsteady Reynolds Averaged Navier-Stokes (URANS) solutions and delayed
detached eddy simulations (DDES) at moderate angles of attack. However, behaviour of separation was not
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simulated well by Flightstream. Separation is modelled by the empirical condition proposed by Stratford [49],
and is valid only for turbulent flows.

An inherent limitation of panel codes when simulating propeller-wing interactions is the absence of viscous
dissipation in the wake. In reality, viscosity reduces the strength of propeller tip vortices. In Flightstream, the
propeller wake convects through any panels in its path. This may lead to local peaks in lift and drag, as the
unattenuated vortex core gets very close to a wing panel and induces a large velocity there.

A short explanation on the boundary layer model of Flightstream is given here, largely based on Ahuja et al.
[2]. The boundary layer is implemented in Flightstream by solving boundary layer equations along surface
streamlines. There is the option to use a laminar, turbulent or transitional boundary layer. The laminar
boundary layer is modelled using Thwaites method [52]. The turbulent model used is a modified version
of the model derived by Standen [45]. Transition is accounted for by changing the boundary layer type at
a prescribed location. This location is found using the method of Dvorak et al. [13]. Flightstream has the
option of iterating between the boundary layer model and the inviscid flow calculation. First the inviscid
solution is calculated, which is used for the boundary layer calculation. Based on the displacement thickness
of the boundary layer, a normal velocity component is found. This normal velocity accounts for the boundary
layer growth by blowing the flow streamlines away from the surface of the body. The magnitude of it is found
based on the momentum flux into the boundary layer. In a second inviscid calculation, they are accounted
for by modifying the Neumann boundary conditions. This procedure is iterated until the inviscid and viscous
solutions converge [2].

Flightstream has the option to correct for compressibility, but uses the Prandtl-Glauert or Karman-Tsien cor-
rection, depending on the freestream Mach number. These correction factors do not capture any shock-
related phenomena. As a consequence, it is not possible to answer the research question about wave drag
using Flightstream.

To obtain the magnitude and distribution of forces and moments, there are two methods in Flightstream; one
based on surface pressure integration and another based on vorticity, using the Kutta-Joukowski theorem. As
the name suggests, surface pressure integration integrates the pressures along the surface of the body. For
lift, surface integration is relatively accurate. However, it is very sensitive to the panelling when considering
pressure drag. To capture all gradients in pressure, extremely dense panelling is required, both in chord-
wise direction [53] and spanwise direction [42]. The Kutta-Joukowski method for calculating lift and induced
drag is less sensitive to panel density. In Flightstream, it works by dividing the wing in multiple sections in
spanwise direction, located at the nodes of the trailing edges of the wing [1]. The local lift of a wing section
is obtained from the circulation around that section, based on the velocity induced by the bound vorticity,
using Equation 4.1. Using the local circulation at all sections, lifting line theory can be applied to find the
downwash at a section located at y, with the help of Equation 4.2. In the case of a wing consisting of multiple
elements and a propeller, their respective downwash components should be added too. This, combined with
the local circulation can be used to find the local induced drag, with Equation 4.3.

Lioc = Poo Vool 'y 4.1)

Wy

b
1 (2 1 \-dr
( ) Y dy, 4.2) Dijoc = PoottyTy 4.3)

Tan)p\y-y) dy

4.1.2. COMPUTATIONAL FLUID DYNAMICS (CFD)

Reynolds-averaged Navier Stokes (RANS) solvers are a popular method to numerically solve the Navier-Stokes
(NS) equations. To reduce computation time, only the averaged solution of the NS equations is solved for, ig-
noring fluctuations. This may limit their applicability for propeller-wing interaction, which are per definition
unsteady. This can be solved by including slow unsteady effects, and solving the URANS equations. Since
fluctuations in the flow due to the propeller can be considered slow compared to typical turbulent fluctua-
tions, URANS is generally applicable to these problems.

Sinnige et al. [40] used URANS to evaluate the aerodynamic performance of a propeller with swirl recovery
vanes. The flow fields obtained both by CFD and Particle Image Velocimetry (PIV) of a wind tunnel experi-
ment were compared. It was found that RANS approximated the velocity profile near the center of the pro-
peller disk rather well. However, numerical diffusion reduced the accuracy of the outboard part of the blades,
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due to the large velocity gradients in the tip vortices. It was concluded that RANS approximated the flow well
enough to be used as a tool to asses the relative trends in efficiency of swirl recovery vanes. When compar-
ing actual torque and thrust coefficients, the CFD simulation was found to predict the torque within 2% for
all power settings. The thrust coefficient was only accurate to within 10%, being least accurate at low thrust
conditions.

Validation of the Flightstream results will be performed with RANS. In addition, it will be used to answer the
final research questions, about viscous effects, interference and wave drag. Still, turbulence modelling re-
duces the accuracy of boundary layer lows in RANS, which may not yield accurate results for junction flows,
such as between wing and nacelle or wing and strut. In these regions, boundary layers of different compo-
nents will interact with each other and be influenced by the pressure fields around the different bodies. As
described by Gand et al. [17] for a wing-body, RANS does not simulate these interactions very well. The issue
in the present research might however not be as large as that described by Gand et al., as here the incoming
boundary layer on the nacelle and wing or strut will likely not have developed a large thickness yet. Addi-
tionally, this report aims to qualitatively identify flow phenomena relevant to propeller-powered strut-braced
wings. For example, the exact location of a separated region is not of interest, as long as it is present at the
approximate location.

A. TURBULENCE MODELLING

Since turbulence is modelled through the Reynolds stress tensor, boundary layer aerodynamics depends on
which model is used. This can affect the location of transition and separation, which are not always accurate
when using RANS. Therefore, it is important to properly validate results, for example by comparison to wind
tunnel experiments. Stokkermans et al. [48] compares the Spalart-Allmaras (SA) and k-w models to experi-
mental data for the simulation of a wingtip propeller whose slipstream impinges on a flap. It was found that
the SA model predicted separation on the flap much better. Furthermore, it exhibits less numerical diffusion
than k-w, which mainly benefits the rear part of the wing. The SA model predicted lift and drag very accu-
rately as well. The study concludes that the SA model is suitable for simulation of wingtip-mounted tractor
propellers, as long as the numerical diffusion is quantified by a grid refinement study. Since a lot of the phe-
nomena are the same for strut-braced wings, this model could be useful to investigate propeller integration
effects. It has however not been checked whether it also applies at a higher speed regime, since the study was
done at a freestream velocity of 40 m/s. [48]

Due to the good results obtained by Stokkermans et al, it is decided to use the Spalart-Allmaras model for the
CFD simulations in this report. The Spalart-Allmaras model is a one equation eddy viscosity model, which
solves for the turbulent viscosity ¥. The transport equation is given by Equation 4.4 [43]. By default, the flow
is turbulent everywhere in the boundary layer. It is possible to add a laminar region by setting ¥ to zero,
although this requires a slight modification to the turbulence production term to ensure numerical stability.
In the present report, the fully turbulent model is applied.

bv_ §v+l[v-((v+f/)vm+ (V9)?] - [Er (4.4)
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Originally, a y* value of 1 was required to fully resolve the viscous sublayer of the boundary layer. However,
using wall functions, this is no longer needed in Fluent. By assuming an (empirical) model for the variation of
velocity and other important quantities for the boundary layer, such as ¥, it is possible to fill in the part of the
boundary layer not resolved by the mesh. While this is generally accurate for attached flow, it can introduce
errors when trying to model separation. Eca et al. [14] found that the location of separation on a cylinder was
not estimated well when using wall functions. Furthermore, no literature was found on how wall functions
perform in junction flows and when dealing with propeller wake-boundary layer interaction. For this reason,
it was decided to resolve the boundary layer with a y* in the order of 1 everywhere.

4.1.3. ERROR ESTIMATION

There are multiple types of errors associated with numerical modelling. They are listed below. Not all of
these can readily be calculated. In this report, only discretisation errors will be estimated. Modelling errors
can be estimated by performing validation. Propeller-wing aerodynamics have been simulation using RANS
in numerous publications, some of which included validation with wind tunnel simulations (see [48], [61]).
Therefore, the CFD simulations in this report will not be validated separately. Instead, they will be used as
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validation case for the panel code results. Iteration errors are also not quantified here. To ensure them being
small enough, it is sufficient to let the CFD and Flightstream simulations reach sufficiently low residuals.

* Modelling errors These stem from simplifications and uncertainties in the physical model used. For
example, turbulence modelling in the RANS equations reduces the cost of a simulation, but introduces
a modelling error.

* Discretisation errors Introduced by representing the governing equations on a discrete grid. This way,
a finite number of algebraic equations is reached, which can be solved for the solution. This only ap-
proximates the real solution. The discretisation error is the difference between the real solution of the
governing equations and those obtained on the finite grid.

* Iteration errors Iterative procedures are usually applied to solve the algebraic system. This is to avoid
the high computational cost of directly solving a large matrix. When reaching a certain accuracy or
number of iterations, the iterations are terminated. The exact solution of the algebraic relations is
usually not yet reached at this point, introducing the iteration error.

* Round-off errors Round-off errors follow from the number representation on computers. They only
have a finite precision, depending on how many bits are used to store the number. Usually this kind of
error is smaller than the other 3, and can be ignored.

A. DISCRETISATION ERRORS

It is important to quantify discretisation errors. It serves as a verification tool, ensuring that the mesh used for
a simulation is fine enough to capture all gradients. In addition, for CFD simulations it gives an estimate of
the magnitude of numerical diffusion. This is especially important in propeller-wing studies, as the propeller
tip vortex is particularly susceptible to numerical diffusion due to the large gradients [48]. Finally, it can
explain differences between the results of two methods during validation. If the difference between those
results are larger than the discretisation error, one can be reasonably sure that the error does not originate
from the mesh.

The discretisation error associated with spatial discretisation will be estimated for both the panel method and
CFD. This will be done using the method of E¢a and Hoekstra [15]. According to Richardson extrapolation, the
discretisation error of a solution on grid i (¢p;) can be calculated as in Equation 4.5. In this equation, p is the
observed order of accuracy of the method, h the grid cell size and a a constant. Note that higher order terms
in the error are ignored, it is assumed that the grid is fine enough for the solution to be in the asymptotic
regime.

ORE=¢i— o= ahf (4.5)

In theory, one needs only the solutions on three different grids to find a, ¢po and p. However, usually higher
order terms are present, and the solution does not converge monotonically over the different grids. Therefore,
Eca and Hoekstra proposed using solutions on more than three grids, and applying least squares to find the
three unknowns in Equation 4.5. The function to be minimised is then Equation 4.6. The standard deviation
is found by Equation 4.7. In these equations, ng represents the number of grids.

ng flg L _ hp 2
S(¢po, @, p) = Z(¢i—¢o—ah§’)2 (4.6) Us = Zl=1(¢’n ¢°3 ah;) 4.7)
i=1 g~

In order for Richardson extrapolation to be applicable, the solution should converge monotonically over the
different grids, which is characterised by p > 0. For a second order method, such as the CFD simulations
performed in this report, the error can be found according to Equation 4.8. With Ap; = max (|(l>i —¢; |)

Up =1.256 g + U if0.95<p<2.05
Up =min(1.256 gg + Us, 1.25A 1) if0<p<0.95 (4.8)
Up = max (1.256 gg + Us, 1.25A ) ifp=2.05
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For a panel method, it is less clear what the order of accuracy is. It depends on how the panels are mod-
elled (straight/curved), what distribution of vorticity is used (linear, quadratic,...). According to Oskam [33], a
quadratic doublet distribution leads to third order accuracy, whereas piecewiece constant doublet strengths
over panel gives first order accuracy. Flightstream uses vortex panels, which might give another order of ac-
curacy. To simplify matters, Equation 4.9 will be used to estimate the discretisation error for the Flightstream
simulations.

Up =1.256 g + U (4.9) Utor = \/ Uj,'cho,d + Ui,s,mn (4.10)

Panel density in chord- and spanwise direction are refined in two separate studies. This is necessary to en-
sure monotonic convergence. The total discretisation error of the wing is then found by adding the chord-
and spanwise errors together, according to Equation 4.10. Disadvantages of this method are that faces can
become very skewed at high refinements and that interactions between chordwise and spanwise panel den-
sity are not captured. The former can lead to a degradation in accuracy, and can be avoided by not refining
the mesh too much. The latter is harder to asses, and introduces another uncertainty.

4.2, INITIAL VALIDATION

The initial validation case was conceived as a relatively cheap way to validate Flightstream. In addition, it is
used to investigate the effect of propeller and boundary layer modelling and to find a suitable timestep for
further simulations. The results of these are presented in subsection 4.2.1, together with a mesh refinement
study for the wing. The setup for the CFD simulation of the initial validation is given in subsection 4.2.2. Here
the computational domain is shown, including refinement regions and the settings used to create the mesh.
Solutions on three different grids are shown as well, to demonstrate the independence of the results on the
mesh.

4.2.1. FLIGHTSTREAM

The setup for the initial validation in Flightstream is treated in this section. Since an unsteady panel code
simulation still has a reasonably high computational cost, it is tried to reduce the computational effort where
possible. Some gains are possible by making simplifications in the propeller model, which is explained qual-
itatively in subsubsection A. Next, iterating between the boundary layer model and the potential flow solver
increases the time needed for the solver to converge. In subsubsection B, the necessity of such a viscous
iteration is considered, by comparing the results with and without it. One of the settings having the largest
influence on the computational cost of an unsteady panel code is the timestep used. The temporal discretisa-
tion error is estimated in subsubsection C. Finally, the influence of the panel density on the initial validation
wing is quantified in subsubsection D, the same procedure is repeated for the propeller in subsubsection E.
The mesh settings found based on these refinement studies are presented in subsubsection F.

A. PROPELLER MODELLING

There are different ways of modelling a propeller in a panel code. The most accurate way is to mesh the actual
blade, and simulate it directly in the panel code. This is also the most computationally expensive method,
as it requires a relatively high number of faces. A reduction in mesh faces can be obtained by instead only
using the mean camber line of the propeller. Essentially, this means using the Vortex Lattice Method (VLM).
The propeller is replaced by a curved plane, roughly halving the size of the mesh. While this significantly
changes the flowfield in close proximity to the propeller itself, it should still be reasonably accurate for the
induced velocities in the farfield. It is these farfield velocities that are of interest in this report, more specifi-
cally their interactions with the wing. Finally, the simplest method is to represent the propeller by an actuator
disk. Using an actuator disk allows the propeller-wing combination to be simulated in steady state. Flight-
stream has this option, which is based on the method from Conway [10]. An actuator disk greatly reduces
computational cost, but comes at the price of several disadvantages. First, the propeller is not simulated. The
thrust and rotational speed are provided by the user, based on which swirl and jet velocities are calculated.
In Flightstream, these are found based on the assumption that the load distribution on the propeller blades
is elliptical. Additionally, the propeller slipstream is superimposed on the freestream, and does not deform
under the influence of the wing.

The disadvantages of the actuator disk model were considered too great, so it was not considered for the
research. Instead it was decided to use the mean camber line to model the propeller, as it provides a good
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trade-off between accuracy and computational cost. Later on, in section 5.1 the thrust and torque distribu-
tion of the full blade and VLM are compared to CFD to validate the propeller modelling.

Because of the proximity between the spinner and nacelle, stability issues were observed when the spinner
rotated with the propeller, as would be the case in reality. To prevent these and simplify the meshing process,
the propeller blades were detached from the spinner. When rotating, the blades ’slide’ over the spinner. A
disadvantage of this method is that the flow can leak between the blades and the spinner, introducing an
additional uncertainty.

B. BOUNDARY LAYER MODEL

As explained in subsection 4.1.1, Flightstream can solve boundary layer equations based on the potential
flow solution. There are multiple options to simulate the boundary layer. The two expected to be the most
influential are the type of boundary layer (turbulent, laminar or transitional), and whether to include an
iteration between the boundary layer calculation and the potential flow solution, to account for the effect of
the boundary layer thickness.

As for the boundary layer type, it was decided to go with a fully turbulent boundary layer. For the initial vali-
dation case, the wing is operated at a Reynolds number of 5 million. According to a wind tunnel test at C;, =0
and Re = 5.2- 108, the transition location for a NACA0012 airfoil lies at around x/c = 0.29 [6]. Assuming fully
turbulent flow ignores the laminar flow at the leading edge, but gives a more conservative estimate of friction
drag. The strut, which uses a NACA63015 airfoil, exhibits transition at x/c = 0.54 at the same Reynolds num-
ber according to XFOIL. This makes the use of a fully turbulent boundary layer harder to defend. However,
in reality transition will happen before this point due to contamination of the wing surface. In addition, the
CFD simulations were done using the Spalart-Allmaras model, which also assumes fully turbulent flow. Since
the actual friction drag is not of interest for the Flightstream simulations, the only function of the boundary
layer calculation would be to have the correct thickness when iterating between the panel code and viscous
model, to account for the decambering effect. For this reason, using the turbulent model is deemed suffi-
ciently accurate.

In addition to the turbulence model, it was also investigated how much effect the viscous coupling has on the
results of the simulation. When viscous coupling is turned on, Flightstream first calculates the flow around a
body assuming inviscid flow. After this, the boundary layer thickness is calculated. Next, Flightstream does a
new inviscid calculation, which accounts for the boundary layer thickness.

The effect of viscous coupling has been assessed by comparing the lift, friction and pressure drag with viscous
coupling on and off. The results of this are shown in Figure 4.1. The simulations were done using the actuator
disk model because it fast. It was mentioned earlier that this was not accurate enough for the initial validation
and SBW aircraft. However, for assessing the effect of viscous iterations it is adequate. Surprisingly, the lift
increases slightly because of viscous-coupling. It is unclear why this is the case, normally the decambering
effect reduces the effective curvature of the airfoil, thereby reducing the lift. The friction drag is unchanged
by turning on viscous coupling, which is expected, as only one boundary layer calculation is done. Another
surprising result is seen in the pressure drag, which remained mostly unchanged. One would expect the
decambering effect to increase the pressure drag, as it reduced the pressure on the trailing edge of the airfoil.
Because the viscous coupling option only introduced small changes to the results, it will not be used for the
remainder of the report. Instead, all friction drag presented from Flightstream is obtained by performing a
boundary layer calculation on the inviscid solution directly, without feeding the boundary layer thickness
back into a second inviscid iteration.
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Figure 4.1: Effect of viscous-coupling on the lift, friction drag and pressure drag distributions of the initial validation configuration.

C. TIMESTEP CONVERGENCE

Since the number of timesteps has a large influence on the computational time of a panel method, it was at-
tempted to find the largest timestep that still gave sufficiently accurate results. 4 simulations were performed
using a very coarse mesh, consisting of roughly 29000 cells. The geometry was the same as that used for the
initial validation. Over these simulations, the timestep was decreased, while keeping the total simulated time
constant at 0.0629 sec, which corresponds to one full propeller rotation. The different timesteps were chosen
to represent 20, 15, 10 and 5 degrees of propeller rotation per step.

Table 4.1 summarises the timesteps and total wall clock times needed for each simulation. In addition, the
wing lift and drag and propeller thrust averaged over 60 degrees of propeller rotation are given. Due to the
dramatic increase in wallclock time beyond a timestep corresponding to 10 degrees of propeller rotation, it is
decided not to use a smaller timestep.

Table 4.1: Investigation of the effect of the timestep on the accuracy and run-time of Flightstream. The values obtained by Richardson
extrapolation have been added in the final column.

Deg per timestep 20 15 10 5 Richardson
Timestep 0.003491 0.002618 0.001745 0.0008725 Extrapolation
Iterations 18 24 36 72

Time needed [min.] | 10.6 47.5 44.8 197 /

CLavg [-] 0.0216 0.0182 0.0172 0.0164 0.0161

Cpavg [cts] 47.2 48.1 48.9 50.2 49.8

Cr,avg [-] 0.221 0.217 0.211 0.202 0.205

In Figure 4.2, the lift, drag and thrust are plotted versus the timestep, together with the error bar correspond-
ing to the time discretisation error at a timestep corresponding to 10 degrees of propeller rotation, calculated
following the method from subsection 4.1.3. According to Richardson extrapolation, the lift converges to a
value of 0.0161. The drag converges to 49.8 counts. Because the lift is very small, the induced drag represent
less than 1% of the total drag. From this it can be concluded that profile drag is not influenced much by the
timestep. The thrust coefficient, shown in Figure 4.2b does not level off at a constant value. Instead it seems
like the difference in thrust increases when reducing the timestep. Since the convergence is not monotone,
the estimated error may not be representative.
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Figure 4.2: Wing lift and drag and propeller thrust coefficients averaged over 60 degrees of propeller rotation. The estimated temporal
discretisation error and observed order of accuracy are given in the grey text boxes.

Figure 4.3 shows the average lift and drag distribution for three of the time steps. The lift distribution for
15 degrees of propeller rotation per step has been omitted for clarity. These plots have been obtained by
integrating surface pressure and shear forces at different spanwise stations of the wing in Flightstream. It can
be seen that all distributions follow the same trend. While the largest timestep is quite different, especially in
terms of drag, the two smallest timesteps agree more closely. For lift, the largest differences are in the peaks at
2.-y/b=0.45and 2-y/b=0.58. In addition to this, the coarsest step overestimates lift almost everywhere on
the domain. At the first location, the largest timestep differs 25% from the smallest, whereas the 10 degrees
per timestep gives a difference of 8%. The second peak has a lower error absolute error, but since the values
of lift are lower, the relative error is large. The graph corresponding to 20 degrees/step has an error of 60%, a
timestep of 10 degrees gives a difference of 39%.
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Figure 4.3: Lift and drag distributions for different timesteps.

For drag, the three timesteps agree well outside the propeller slipstream, which extends from 2- y/b = 0.37
to 0.63. The largest differences are at the edges of the slipstream, where there is a difference of 9% between
20 and 5 degrees per step, and 13% between 10 and 5 degrees per step for the inboard edge. At the outboard
edge, the difference with the smallest step is 15% and 6% for 20 and 10 degrees per step, respectively. In the
slipstream itself, the largest timestep differs 8% from the smallest step on average. A timestep of 10 degrees
propeller rotation per step gives a smaller difference, of roughly 2%. It was already confirmed that using a
timestep of 10 deg/step gives a small integral error in lift in drag. The force distribution graphs also prove that
the behaviour of lift and drag for this step does not differ significantly from a finer timestep.
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D. WING MESH REFINEMENT STUDY

To make sure the results of Flightstream were not mesh-dependent and to have an idea of the mesh error
in the results, a mesh convergence study was done. Contrary to CFD, the mesh was not refined uniformly.
Instead, the number of cells in chord- and spanwise direction were varied separately. This was done because
it gave more uniform convergence, making it easier to calculate the discretisation error. A disadvantage of
this method is that mesh faces can become too stretched at high refinements, which can cause issues with
the stability of the solver. To prevent this, the refinement had to be kept within certain bounds. For the initial
validation geometry, a mesh convergence study was only performed for the wing. Since only the lift and drag
of the wing was of interest, the nacelle and spinner were ignored. The lift, induced drag and zero-lift drag
were obtained using the Kutta-Joukowski Theorem. This gives more accurate results than surface pressure
integration.

To save time, no unsteady simulations were performed for the mesh convergence study. The propeller was
instead modelled using an actuator disk. It has already been established that this is not sufficiently accu-
rate. Among other reasons, the influence of the wing on the propeller is not captured. Since the propeller
is relatively far away, the mesh density should not impact these interactions too much. The actuator disk
still imposes a representative swirl and jet velocity on the wing at a very modest computational cost. When
assessing whether a mesh is fine enough to capture all propeller-induced effects, it is assumed sufficient.

Chordwise mesh spacing First, the number of cells in chordwise direction was varied. Initially, no growth
scheme was applied to the cells in chord direction. The number of cells in spanwise direction was kept con-
stant at 316. The values for lift, profile and induced drag are given in Table 4.2. The values obtained using
Richardson extrapolation are given in the last column. Based on these values, the discretisation error was cal-
culated for each mesh, also shown in the table. The errors for lift and induced drag reduce relatively quickly.
On the other hand, the profile drag exhibits very slow convergence. This is visualised in Figure 4.4. For this
research, the profile drag will be analysed using CFD, and hence it is not necessarily to resolve the boundary
layer properly in Flightstream.

Table 4.2: Lift, profile drag and induced drag for different numbers of chordwise nodes. The values for each variable, obtained by
Richardson extrapolation have been added as well. In the bottom three rows, the discretisation error for each mesh is given, based on

the extrapolated value.
Mesh Convergence Study Richardson Extrapolation
Nodes 10 20 40 80 160 ®o Pobs
Cr[-] 0.0066 0.0176 0.0198 0.0221 0.0222 | 0.02224 1.75
Cp,o [cts] | 42.4 60.6 77.4 91.2 106.7 285.0 0.65
Cp,i [cts] | 0.58 0.60 0.65 0.64 0.65 0.67 0.79
U, [%] | 90.9 29.0 16.6 4.0 3.4
Ucp, [%] | 106.7  98.7 91.3 85.3 78.5
Ugy, [%] | 185 141 48 6.0 4.4
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Figure 4.4: Plot showing the evolution of lift, induced and profile drag for different numbers of nodes in chordwise direction.
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Because it is not necessary to capture the profile drag accurately, it was decided to use 80 panels for the
simulation. To better capture the larger pressure gradients near the leading and trailing edge, a growth rate of
1.05 was applied there. This is also the number of cells Ahuja and Litherland used on a similar configuration
[3].

Spanwise mesh spacing After doing the refinement study in chordwise direction, the same was done for
the amount of nodes in spanwise direction. The number of chordwise cells was fixed at 80. The results of the

refinement study are summarised in Table 4.3, and plotted in Figure 4.5.
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Figure 4.5: Evolution of lift, induced and profile drag for different numbers of nodes in spanwise direction.

When looking at the profile drag, it can be seen that it converges much better in spanwise direction than
in chordwise direction. The reason for this is because Flightstream integrates the boundary layer equations
along a streamline. Since the flow is largely in chord direction, the amount of spanwise cells has limited
influence on this. Furthermore, there is no curvature in spanwise direction, hence the geometry can be rep-
resented accurately with relatively few nodes.

At 316 nodes, the error in lift and profile drag starts to increase. This is possibly because cells start to become
too stretched. However the error in induced drag still reduces. It is not worth wile to refine the mesh more
than that as it would only increase numerical issues. As a result, it is decided to use the mesh with 316 nodes
for the rest of the analysis.

Table 4.3: Lift, profile drag and induced drag for different numbers of spanwise nodes. The discretisation error for each mesh is given in
the bottom rows.

Mesh Convergence Study Richardson Extrapolation

Nodes 66 110 188 237 316 bo Pobs

CL 0.0209 0.0220 0.0226 0.0225 0.0221 | 0.02239 0.43

Cp,o [cts] | 91.5 91.7 91.7 91.5 91.3 91.6 0.16

Cp,i [cts] | 0.61 0.64 0.65 0.64 0.64 0.65 1.28

Uc, [%] 9.8 3.3 2.3 2.0 3.0

Ucy, [%] | 0.37 0.45 0.38 0.30 0.52

Ug,,; [%] | 7.6 2.3 1.8 1.5 1.3

Total Spatial Discretisation Uncertainty Based on the mesh refinement study, the spatial discretisation
error can be estimated for the initial validation wing. The chordwise and spanwise uncertainties are added
together following Equation 4.10. A mesh with 80 chordwise and 316 spanwise nodes has a discretisation
error of 4.5% in lift, 78.5% in profile drag and 4.58% in induced drag.

E. PROPELLER MESH REFINEMENT STUDY
In this section, the mesh settings for the propeller are obtained using a mesh refinement study. As for the
wing, the chordwise and radial node distribution are done separately. In addition to finding the mesh den-
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sity, the discretisation uncertainty is obtained. All results in this section come from unsteady simulations,
performed at the same operating conditions as the initial validation case. The propeller blades were simu-
lated in isolated conditions, without nacelle or spinner. Following subsubsection C, a timestep of 0.001745s
was used. The thrust and torque converged after 150 degrees of propeller rotation, so only 15 timesteps were
needed.

Chordwise Mesh Spacing Table 4.4 gives the results for the chordwise refinement study of the propeller,
the amount of radial nodes was kept constant at 60. Both thrust and torque converge relatively well, although
their orders of accuracy are relatively low. It was decided to use 30 nodes for the chordwise discretisation.
This has an uncertainty error of around 5% for the thrust, which is considered acceptable. The error for the
torque is much lower, at around 3%.

Table 4.4: Thrust and torque coefficient for different numbers of chordwise nodes. The extrapolated values, observed orders of accuracy
and uncertainties for all meshes are given as well.

Mesh Convergence Study Richardson Extrapolation
Nodes 15 30 60 120 bo Pobs
Cr 0.1624 0.1580 0.155 0.154 | 0.152 0.80
Cqlcts] | 0.185  0.183  0.182 0.182 | 0.180 0.43
Uc, [%] | 8.8 5.2 2.9 1.8
UCQ [%] | 3.6 2.7 1.9 1.5

Radial Mesh Spacing The mesh convergence study for the radial nodes is shown in Table 4.5. Now the
amount of chordwise nodes was fixed, at 30. For the radial spacing the thrust converged well, having an
observed order of accuracy of 0.59. The torque converged much slower, having on order of accuracy of 0.06.
However, the values are already close to the extrapolated value, hence the error is relatively small. It was
decided to go with 60 radial nodes. Although this specific value was not part of the mesh refinement study,
it was the amount of nodes used for the chordwise mesh refinement study. Using the results from the radial
mesh convergence study, this would have a discretisation error of 3.69% for the thrust and 3.94% for the
torque.

Table 4.5: Lift, profile drag and induced drag for different numbers of spanwise nodes. The discretisation error for each mesh is given in
the bottom rows.

Mesh Convergence Study Richardson Extrapolation
Nodes 10 20 40 80 bo Pobs
Cr 0.1643 0.1605 0.156 0.157 | 0.154 0.59
Cq [cts] | 0.184 0.184 0.183 0.183 | 0.178 0.06
Uc, [%] | 8.9 5.9 4.2 2.9
UCQ [%] | 4.2 4.1 3.9 3.7

Total Spatial Discretisation Error Combining the results of the chordwise and radial mesh convergence
studies, the total discretisation error for thrust and torque can be calculated. The selected mesh consisting of
30 chordwise nodes, and 60 radial nodes. This lead to a discretisation error of 6.4% for the thrust, and 4.8%
for the torque.

F. RESULTING MESH

Following the results of the mesh refinement study, the meshes for the wing and propeller were made. The
meshes for the spinner and nacelle were much coarser. This is because the specific flowfield near these bodies
is not of interest, as long as they impose the correct flowfield on the wing and propeller. Since disturbances
die out with increasing distance in potential flows, it is not necessary to fully resolve the nacelle and spinner.
The parameters used for the meshing are listed in Table 4.6. For the spanwise nodes of the wing, no growth
scheme was applied. Instead, the cells behind the propeller were made half the size of those outside the
slipstream. The growth rates applied to the wing chord nodes and the propeller radial and chordwise nodes
are all double-sided, meaning the growth rate is applied to both sides of the chord or span. In a panel method,
the wake also needs to be meshed. The spanwise distribution of nodes in the wake follows directly from the



30 4. COMPUTATIONAL SETUP

node distribution on the trailing edge of the wing, which sheds the wake. The streamwise panelling depends
on the timestep. The wake is modelled as a free wake, so elements deform based on the local velocity. The
panelling density in freestream direction thus depends on the local velocity. All the structured meshes (wing,
nacelle and propeller) were given quadrilateral elements in Flightstream, the spinner consisted of triangular
elements.

Table 4.6: Resulting mesh parameters for the initial validation in Flightstream.

wing nacelle propeller spinner
nodes growth rate | nodes growth rate | nodes growth rate | cell size
80 (chord) 1.0/1.05 40 (circ.) 1.0 30 (chord) 1.05 51 mm
320 (span) N/A 40 (long.) 1.0 60 (radial) 1.05 unstruct.

In addition to selecting a suitable panel density for the wing mesh, the spatial discretisation error for the
distributions of lift, pressure drag and friction drag was estimated. This was done by systematically coars-
ening the selected mesh (Table 4.6), in span- and chordwise direction. Smaller steps in mesh size were used
compared to subsubsection D. The chordwise panel density varied from 50 to 80 nodes, the spanwise den-
sity from 238 to 316 nodes. Both used 4 different meshes. The discretisation error was estimated for the lift,
pressure drag and friction drag distributions. The wing was divided into 250 equispaced stations. For each
of these locations, the local lift and drag could be found by integration of C, and ¢y graphs. (Note that this
is a different method than used for the mesh refinement study for the integral values, where the forces were
obtained using the Kutta-Joukowski theorem.) The method from E¢a and Hoekstra [15] (see subsection 4.1.3)
was applied to each station to find the local discretisation error.

The spatial discretisation error bands for the different force distributions are superimposed on the solutions
of the finest Flightstream mesh in Figure 4.6. For lift, the uncertainty is very small. There are some locations
where it locally increases, such as around 2- y/b = 0.2. These are caused by local oscillations in some of
the meshes, which interferes with the least-squares fit. Adding more meshes might improve the behaviour,
by reducing the weight of the individual meshes and oscillations in the fit. The pressure drag exhibits large
error bands. This is due to the inherent difficulty of calculation pressure drag by surface integration, already
mentioned in subsection 4.1.1. The friction drag has relatively small error bands, which do not vary noticeably
across the span.
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Figure 4.6: Uncertainty bands for the lift and pressure and friction drag

4.2,2. CFD

A CFD simulation of the initial validation configuration was performed to validate Flightstream. This was
done with unsteady RANS, ran with second-order upwind spatial discretisation. For temporal discretisa-
tion, a first-order implicit scheme was used. The timestep of 0.0001745s was chosen such that a step corre-
sponds to one degree of propeller rotation. This is smaller than the two degrees per step used by [48]. The
Spalart-Allmaras model was used to model turbulence. As a consequence, the boundary layer is turbulent
everywhere. For the initial validation case, no formal mesh refinement study was done to estimate spatial
discretisation error. Instead, the results for three different meshes are compared to verify that there are no
significant differences between their lift and drag distributions. If the differences between these graphs are
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much smaller than the difference with the results from the panel method, it is assumed that the CFD mesh
density will not affect validation results.

A. COMPUTATIONAL DOMAIN

The domain used for the CFD simulation is sketched in Figure 4.7. It consists of a quarter of a sphere with a
radius of 100 times the chord of the wing, which equals 100 meter. The aft part of the sphere was extruded
with the same length. This is 23 times the length of the model including nacelle, which is slightly smaller
than the 25 body lengths recommended in the best practices document from Goetten et al. [18]. To achieve
sufficient mesh refinement near regions of interest, several bodies of influence were defined. The first is a
rectangular body completely enclosing the wing. Next, the wake of the propeller was refined in a cylindrical
body, extending from the propeller up to 10 meters downstream of the wing quarter chord. This distance
was chosen because the Flightstream simulations were ran for 42 iterations, in which the lift, drag and thrust
reached steady state (they were oscillatory with constant amplitude and mean). Over these iterations, the
wake convected 10m downstream. It was assumed that if the part of the wake further than 10m downstream
does not significantly impact the wing and propeller in Flightstream, it is unlikely to do so in CFD. Hence,
there is no point refining it beyond this distance. Finally, a body to capture the wing wake was made. It
also extends downstream up to 10 meters from the quarter chord line. It has the same thickness as the wing
everywhere except at the wingtip, where it is made bigger to encapsulate the wingtip vortex.
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(a) Overview of the boundaries of the domain. (b) Close-up view of the wing. Bodies of influence (BOI) and wing
surfaces are annotated.
Figure 4.7: Computational domain for the CFD simulation of the initial validation case.
B. MESHING

The meshes for the initial validation were made using Ansys Fluent meshing. While the walls and inflation
layers are meshed with triangular and tetrahedral elements, the rest of the domain consists of a hexcore mesh.
This allows using parallel computing, significantly reducing the time needed to construct a mesh. The pro-
peller rotation was modelled using a sliding mesh. The rotating propeller domain and stationary external
domain were meshed separately, and added together in the solver.

In order to capture the boundary layer well, an inflation layer was used at all no-slip walls. It consisted of 31
layers, and a growth rate of 1.3. A y* value of 1 was used over the entire wing to resolve turbulence production
in the boundary layer. In order to find the required height of the first cell of the inflation, the definition
of y* is applied (Equation 4.11). In order to solve it for y, the skin friction 7,, is needed. This is obtained
using Prandtl’s one-seventh power law [35], see Equation 4.12. Note that this law is derived for a flat plate
without pressure gradient. In a real wing, the presence of pressure gradients can locally increase the friction
coefficient and thus require a lower y* value.
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Filling in the above equations, using the local Reynolds number at the trailing edge of the root of the wing

yields a required cell height of 0.00523mm. While the skin friction at the trailing edge of the wing is generally



32 4. COMPUTATIONAL SETUP

smaller than at the leading edge, using this spacing gave a y* distribution below unity everywhere on the
domain, except at the leading edge of the propeller blades, where it was slightly larger (order of 1.5). Since the
boundary layer behaviour of the propeller itself is not of interest for this report, this was deemed acceptable.

Table 4.7: Mesh size settings in mm for the external domain.

outside domain
wing | propeller | wingboi | nacelle, wing | interface | nacelle, wing
wake wake face size face size | curvature size
coarse 15 30 100 20 30 2
intermediate | 12 24 80 16 24 2
fine 10 20 66 13 20 2

Table 4.8: Mesh size settings in mm for the mesh of the propeller domain.

propeller domain
propeller | spinner | propeller, spinner | domain | interface
face size | face size curvature size size face size
coarse 20 30 1 30 30
intermediate | 16 24 1 24 24
fine 13 20 1 20 20

The initial validation case was simulated on three different meshes. The sizing settings used to generate these
are given in Table 4.7 and Table 4.8 for the external and propeller domain, respectively. The resulting mesh
size and average lift, drag and thrust can be found in Table 4.9. The three meshes give very similar forces.
For drag and thrust, the difference in integral forces are below 1% for all the meshes. In lift, there are slightly
larger variations. Between the fine and intermediate mesh, the total lift differs by 2.1%, which is still relatively
small. The lift and drag distributions are plotted in Figure 4.8. They agree well for the three different meshes.
The differences in lift are negligible for most of the span, except near the maximum in lift at 2- y/b = 0.45,
where the intermediate mesh underestimates the peak in lift by 2%. The drag distribution is noisy, which is a
result of the pressure integration method used to calculate it. The wing is divided in multiple sections, over
which the C), and ¢y values are integrated. The pressure drag is only a very small component of the pressure
force acting on a wing mesh cell. Depending on where the cells are located, they have a different slope, which
leads to a slightly different pressure drag. To conclude, the differences between the three meshes are very
small, making it suitable for validating Flightstream.

Table 4.9: Lift, drag and thrust for the different meshes. All forces are averaged over 60 degrees of propeller rotation.

| coarse intermediate fine

Million cells | 63.8 145.5 158.6
Cy [-] 0.0278 0.0275 0.0280
Cp [cts] 94.3 94.3 94.4

Cr[-] 0.201 0.201 0.201
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Figure 4.8: Lift and drag distributions for the three different CFD meshes.

4.3. STRUT-BRACED WING

In this section, the computational setup for the strut-braced wing is presented. As in the previous section,
first a mesh refinement study is done in Flightstream. This is presented in subsection 4.3.1. Next, the setup
for the CFD simulation is treated in subsection 4.3.2. A more formal mesh refinement study is done there,
estimating the spatial discretisation uncertainty.

4.3.1. FLIGHTSTREAM

Contrary to the initial validation case, the strut-braced wing consists of several elements of interest (wing,
strut and jury strut). For the wing and main strut, a mesh refinement study was done for the isolated ele-
ment, see subsubsection A and subsubsection B respectively. This was not done for the jury strut, which was
instead given the same mesh spacing as the main strut. After refining the elements separately, they were put
together, and the refinement study was redone for each element to estimate the discretisation error for the
force distributions. For this, smaller changes in mesh density were used. The procedure for this is outlined in
subsubsection C, along with the resulting mesh density.

A. WING MESH REFINEMENT

First the number of chordwise nodes was varied. This was done while keeping the number of spanwise nodes
constant at 161. The lift, induced and profile drag for each mesh are given in Table 4.10. Using Richardson
extrapolation, the values on an infinitely refined mesh are estimated. These values are used to find the dis-
cretisation uncertainty on each mesh. Similar to the initial validation, the lift and induced drag converged
well, and have a low discretisation error. The profile drag is not converged yet at 80 nodes. Because the lift
and induced drag are most important, it was decided to use 80 chordwise cells for the wing, with a growth
rate of 1.05 on the leading and trailing edges of the wing.

Table 4.10: Lift, profile drag and induced drag for different numbers of chordwise nodes on the wing. The extrapolated values, using the
method from [15] are also given, together with the discretisation uncertainty for each mesh.

Mesh Convergence Study Richardson Extrapolation
Nodes 5 10 20 30 40 80 bo Pobs
CL 0352 0376 0.379 0382 0388 0.389 | 0.388 1.31

Cp,o [cts] | 27.0 42.3 59.1 71.9 78.9 86.7 310.5 0.12
Cp,i [cts] | 51.9 46.6 42.6 41.5 42.0 42.0 41.2 1.36
Uc,, [%] 12.5 4.6 3.8 2.8 0.96 1.4
Ucp, [%] | 1145 1084 101.6 96.5 93.6 90.5
Ugy, [%] | 34.3 18.0 6.1 2.7 4.3 4.2

Similarly, the number of spanwise nodes was varied (see Table 4.11). The chordwise nodes were selected
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based on the results of the chordwise study above. The selected number of spanwise cells is 161, which gives
a good balance between accuracy and computational cost. The junction regions (nacelle-wing and strut-
wing) are given a node spacing half the size of the rest of the wing, to capture any interference effects and the
gradients due to the propeller slipstream.

Table 4.11: Lift, profile drag and induced drag for different numbers of spanwise nodes on the wing, together with extrapolated values
and uncertainties.

Mesh Convergence Study Richardson Extrapolation
Nodes 79 107 161 215 271 | ¢p Pobs
CL 0.385 0.388 0.391 0.393 0.393 | 0.397 0.55

Cpolcts] | 96.1 946 931 91.8 904 |85 153
Cp,lcts] | 405 411 421 425 427 |439 047
Ug, [%] |39 30 17 13 12
Ucy, [%] | 21.0 187 165 145 124
Uc,, [%] | 101 83 54 45 38

B. STRUT MESH REFINEMENT

The results of the chordwise mesh refinement of the strut are given in Table 4.12. Lift, induced and profile drag
converge almost monotonically. At 40 nodes, the lift and induced drag are converged sufficiently well, so it is
decided to use this amount of nodes, again with a growth rate of 1.05 at both ends. In fact, the discretisation
error for lift and induced drag is lowest at 40 nodes. This may be because the error increases when cells are
stretched too much.

Table 4.12: Chordwise mesh refinement of the strut, together with extrapolated values and uncertainties.

Mesh Convergence Study Richardson Extrapolation
Nodes 5 10 20 40 80 bo Pobs
CL 0.0171 0.0210 0.0228 0.0233 0.0233 | 0.0236 0.024
Cp,o [cts] | 5.0 7.6 11.0 13.5 15.1 28.8 8.2
Cp,i [cts] | 0.61 0.65 0.66 0.65 0.64 0.65 2.11
Uc, [%] 35.0 14.2 4.8 2.1 2.1
Ucy,, [%] | 1048  93.6 78.6 67.9 60.7
Ucy,; (%] | 9.7 2.0 4.4 2.2 4.3

In spanwise direction, there was relatively little variation of the different force components when varying the
amount of nodes. The results are given in Table 4.13. The regions close to the wing-strut and strut-jury strut
junctions are refined by a factor of 2 compared to the rest of the wing. Itis decided to use 160 spanwise nodes.
Beyond this, the error increases again for lift and induced drag.

Table 4.13: Spanwise mesh refinement of the strut.

Mesh Convergence Study Richardson Extrapolation
Nodes 40 63 102 164 260 ®o Pobs
CL 0.0229 0.0230 0.0231 0.0232 0.0232 | 0.0232 11.7

Cpy [cts] | 13.1 13.1 13.1 13.1 13.1 12.5 0.12
Cp, [cts] | 0.63 0.63 0.64 0.65 0.64 0.65 0.30

Uc, [%] 1.8 1.3 0.75 0.37 0.48
Ucyp, [%] | 6.3 6.3 6.4 6.2 5.6
Ugy,; [%] | 5.1 3.8 2.8 0.9 1.9

C. RESULTING MESH AND UNCERTAINTY ESTIMATION

The mesh resulting from the mesh convergence study is summarised in Table 4.14. The nacelle and spinner
have a different kind of mesh than the initial validation. They are unstructured, which makes it easier to
connect the nacelle mesh with the wing and jury strut. The propeller mesh was not changed, and can be
found in Table 4.6.
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Table 4.14: Resulting mesh parameters for the strut-braced wing in Flightstream. c stands for chordwise, s for spanwise.

wing strut jury strut nacelle/spinner
nodes refinement | nodes refinement | nodes refinement | cellsize refinement
80(c) 1.05growth | 40(c) 1.05growth | 30 (c) 1.05 100mm matches mesh of
jury at junction
157 (s) 2Xrefined | 164(s) 2Xrefined | 30(s) 1.05 curvature
at junctions at junctions refinement

For the uncertainty estimation, the number of nodes on each element was reduced to roughly two thirds of
the selected amount of nodes in four steps. The resulting amount of nodes for each element is given in Ta-
ble 4.15. While varying one parameter, all the other were kept constant. The error associated with chordwise
and spanwise spacing where calculated according to subsection 4.1.3.

Table 4.15: Number of nodes used in spanwise and chordwise direction for each element to estimate the discretisation uncertainty.

wing strut jury strut
span chord | span chord | span chord
97 50 114 25 21 21
118 60 132 30 24 24
139 70 148 35 27 27
157 80 164 40 30 30

The resulting error bands are shown in Figure 4.9. For the wing, the error bands for lift are relatively wide,
especially inboard of the strut-wing junction. Also in pressure drag there is a region with a relatively large error
band, around 2 - y/b = 0.75. This is likely caused by the transition from quadrilateral to triangular elements
at the trailing edge of the wing. This is done automatically in Flightstream, and causes some oscillations in
induced drag. It is illustrated in Figure 4.10. The error bands for the strut are much less significant. The jury
strut has large bands in pressure drag, which is caused by surface integration. The low number of chordwise
cells makes this method relatively unreliable.
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Figure 4.9: Discretisation error for the local lift, pressure drag and friction drag.
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Figure 4.10: Transition from quadrilateral to triangular mesh faces at the trailing edge of the wing.

4.3.2. CFD

The setup for the CFD simulations of the strut-braced wing are presented here. The computational domain
and refinement regions are treated in subsubsection A. Contrary to the initial validation, a formal mesh re-
finement study is performed. The different mesh settings and discretisation errors are presented in subsub-
section B.

A. COMPUTATIONAL DOMAIN

The CFD domain of the strut-braced wing is shown in Figure 4.11. It is similar to that of the initial validation
case. The spherical part has a radius of 100 times the wing root chord. The cylindrical part has the same
length, see Figure 4.11a. Again, some refinement regions were added to capture all relevant flow phenomena
near the wing. Refinement bodies for the wakes of the wing, strut, jury strut and propeller were extruded 10 m
downstream. In addition, a body of influence was added around the entire strut-braced wing. The refinement
regions are displayed in Figure 4.11b.

Farfield |

Outlet

Wing BOI Wing Wake

Propeller Wake

Inlet /
/ | |

Symmetry \ Propeller Domain
| Strut-braced Wing Strut Wake Jury Strut Wake
(b) Close-up view of the strut-braced wing, including bodies of
(a) Overview of the boundaries of the domain. influence.
Figure 4.11: Computational domain for the CFD simulation of the strut-braced wing.
B. MESHING

The CFD meshes for the strut-braced wing were made in the same way as those for the initial validation case.
Since the CFD results for the strut-braced wing are of interest for answering the research questions, more
effort was put into quantifying the discretisation errors. For this reason, the strut-braced wing mesh was sys-
tematically refined 5 times. Following Roache [37], the inflation layer was kept constant at 31 layers, with a
fixed first layer height of 0.005mm and a 1.3 growth rate. The mesh settings for the 5 different meshes are
given in Table 4.16. Those for the external domain can be found in Table 4.17. A simulation of the same con-
figuration without propeller was also performed. No mesh refinement study was done for this configuration.
Instead, the settings for the M5 mesh were reused, but without propeller.
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Table 4.16: Sizing settings in mm for the mesh of the propeller domain.

propeller
propeller propeller spinner spinner domain size | interface face size
facesize | curvature size | facesize | curvature size
M1 | 20 2 20 4 40 40
M2 | 175 1.75 17.5 3.5 35 35
M3 | 15 1.5 15 3 30 30
M4 | 125 1.25 12.5 2.5 25 25
M5 | 10 1 10 2 20 20
Table 4.17: Mesh size settings for the external domain, given in mm.
outside domain
wing | propeller | wingboi | nacelle, wing, strut | interface | nacelle, wing, strut
wakes wake jury face size face size curvature size
M1 | 20 40 150 80 40 2
M2 | 175 35 131.25 70 35 1.75
M3 | 15 30 112.5 60 30 1.5
M4 | 125 25 93.75 50 25 1.25
M5 | 10 20 75 40 20 1

The size of the different meshes and the lift and drag averaged over 60 degrees of propeller rotation are shown
in Table 4.18. A grid convergence study was done for the 5 grids, using the method of Eca and Hoekstra [15].
It was done for both the integral lift and drag of the entire strut-braced wing, and the distributions of lift,
pressure drag and friction drag. The results of the refinement study for the integral lift and drag are plotted in
Figure 4.12, and are tabulated in Table 4.18. Superconvergence in lift is detected, meaning that the observed
order of accuracy is higher than the theoretical order of accuracy (2 in this case). This leads to an error band
relatively large compared to the values encountered during the convergence study, even though the lift looks
well converged. Also note the small range in Cr, on the y-axis, indicating that the error is small in absolute
numbers. The convergence in drag is less clear than that for the wing. The observed order of accuracy is
closer to the theoretical value, leading to the smaller error band.
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Table 4.18: Average lift, drag and thrust for the different meshes. Extrapolated values (¢g), observed order of accuracy (p,p,) and fitting
constant for the error (@) are given as well, together with the discretisation error Uy.

mesh name M1 M2 M3 M4 M5 ‘ bo Pobs & Uy
Cells (Millions) 43.2 53.89  59.91 81.01 115.76

Average Cy, [-] 0.3924 0.3908 0.3916 0.3912 0.3912 | 0.3914 6.17 0.0006268 0.5134%
Average Cp [cts] 159.0262 | 158.3 157.4 157.1 158.2 157.6 157.8 1.75 0.001004 0.5239%

The error bands are plotted over the lift and drag distributions for the wing and strut in Figure 4.13. The
discretisation error for the lift distributions is very low, while that for the pressure drag is significantly higher.
Pressure drag consists of induced drag, viscous drag and wave drag, although the last is likely very small since
no shockwaves were observed. Given the low error bands of the wing lift distribution, it is unlikely that the
error in the pressure drag comes from induced drag. Instead, it may originate from viscous drag or from a too
coarse surface mesh. Given the low error of the friction drag, it is more likely to be caused by the latter.
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Figure 4.13: Uncertainty bands for the lift and drag distributions of the wing and strut.

The error bands for the jury strut are shown in Figure 4.14. The discretisation error in side force is small
everywhere except near the strut-jury strut junction. The pressure and friction drag also exhibit larger errors
around this region. The flow around this junction is very complex, there is the junction flow combined with
the increased velocity due to the propeller slipstream. This possibly requires a very fine grid.

0.0 -
= _05 “A“\;ﬂ_k///// -
5
o
= _10H
S _
. -15
(S
—2.0{
0.00 025 050 0.75 1.00
Z/Ljury [-]
(a) Lift

o
o
a

Ca,p- /€ (-10%) [-]
S o o
= o o
o V] S

0.00 0.25 0.50 0.75

Z/Ljury [-]

(b) Pressure Drag

i T 0.0201
I\ = | e
N S 0.0157 | T
2 0.010
o
gso.oos \
0.000 \
1.00 0.00 025 050 0.75 1.00
Z/Ljury [-]

(c) Friction Drag

Figure 4.14: Uncertainty bands for the lift and drag distributions of the jury strut.



VALIDATION

In this chapter, the results obtained by Flightstream are validated with RANS. First, the propeller modelling
in Flightstream is validated with CFD in section 5.1. Next, the simplified initial validation case is considered
in section 5.2. It consists of a propeller and nacelle mounted above a straight wing. The goal of this validation
is to check whether Flightstream can capture some of the fundamental mechanisms thought to have an in-
fluence on the aerodynamics of a propeller-powered strut-braced wing. The validation is done by comparing
lift, drag and pressure distributions. The real strut-braced wing geometry is validated in section 5.3. The goal
of this second validation is to confirm the results of the initial validation, and is done less in-depth. Only lift
and drag distributions are compared for the different elements of the strut-braced wing (wing, strut and jury
strut).

The lift and drag distributions in this section are obtained using integrated surface pressures. This method
is known to be inaccurate, especially for the calculation of induced drag [42]. However, surface pressure
and friction data is available for both Flightstream and CFD results. For validation, it is considered better
to analyse both cases with the same method. If the lift distribution and pressure drag distribution found by
surface integration agree well with the CFD results, it is assumed that the induced drag found by Flightstream
will be accurate as well. When analysing the Flightstream results in chapter 6, the Kutta-Joukowski theorem
will be applied to eliminate the errors associated with surface pressure integration.

5.1. PROPELLER MODELLING

As mentioned before, the propeller was modelled using the mean camber line of the airfoil sections. This is
essentially the same as using a vortex lattice method. It was considered acceptable, as the propeller itself is
not of interest for the present research. Only its influence on the wing should be accurate. To verify whether
this is the case, the thrust and power distributions of an isolated XPROP was used as a metric. If these are
accurate, it means that the vorticity distribution in the wake is similar to the real propeller, and so should
be the induced velocities. The comparison was made between two propeller modelling options in Flight-
stream, namely the VLM propeller and a propeller of which the full blade was meshed. The actuator disk was
not considered. In addition, a CFD simulation was done with the same propeller configuration, to validate
Flightstream itself.

The integral values for thrust and torque coefficients are listed in Table 5.1. Both modelling methods in Flight-
stream predict a higher thrust than CFD. The difference is the largest for the full blade propeller, at 11%. The
VLM blade is slightly more accurate at 10%. The torque coefficient is more accurate. It is underestimated by
2% by the VLM blade, and less than 1% for the full blade.

Table 5.1: Integral thrust and torque coefficients for the different propeller models

| VLM Blade  Full Blade CFD
Cr | 0.199 0.208 0.178
Cq | 0.048 0.050 0.051

39
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The comparison between the local thrust and torque distributions is shown in Figure 5.1. In the case of
thrust, The VLM and full blade propellers are accurate for the inboard part of the propeller, but overestimate
the maximum local thrust by 23% and 30%, respectively. The full blade and VLM agree well, their maximum
thrusts are within 6%. For the local torque, Flightstream underestimates it on the inboard part of the blade
by a relatively constant value of 0.01, except near the tip. Again, the maximum torque is overestimated, by 6%
for the VLM blade and 12% for the full blade. The underestimation at the inboard part cancels out the peak
at the tip for both modelling options in Flightstream. This is why the integral values are more accurate.
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Figure 5.1: Comparison of thrust and torque distribution of the isolated XPROP propeller using different modelling methods.

As an additional validation tool, the propeller wakes simulated in CFD and Flightstream are visualised in
Figure 5.2, based on the vorticity. The figure for CFD has contour lines for the vorticity in Flightstream added,
for easier comparison. The tip vortex locations agree well between CFD and Flightstream. The shape of
the blade wakes is harder to compare, although the locations seem to be accurate. In the CFD simulations,
they have been diffused too much to make out their shape clearly. This also happened to the tip vortices.
The absence of (numerical) diffusion in Flightstream leads to a much more defined wake shape there. The
concentration of vorticity in the Flightstream propeller wake leads to some peaks in lift and drag when adding
a wing in the slipstream, as will be explained later.

Another conclusion based on the wake of the isolated propellers is that the slipstream contraction is very
limited. For the Flightstream simulation, the radius of the slipstream reduces by 0.6% over a distance of 4
propeller radii downstream. It was initially thought that slipstream contraction would increase the angle of
attack of a wing or strut mounted below a propeller, and so tilt the lift vector forward and reduce the induced
drag. With such a small contraction in the slipstream, this effect will likely have a negligible influence on the
lift of the wing.
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(a) CFD, with contour lines for the Flightstream simulation overlaid

(b) Flightstream

Figure 5.2: Visualisation of the wake of the isolated propeller. The CFD simulation has been ran for 360 degrees of propeller rotation.
Only the upper half of the wake system is shown, the sections have been taken at the propeller centerline. The freestream is aligned
with the positive X-axis.

5.2, INITIAL VALIDATION

Flightstream is validated with RANS using the initial validation geometry described in subsection 3.3.2. The
mesh used for the Flightstream simulation is that resulting from the mesh convergence study, see Table 4.6.
First, the lift and drag are validated in subsection 5.2.1. Next, in section subsection 5.2.2, the pressure distri-
bution obtained by Flightstream is validated. The pressure distribution at the wing surfaces is compared, as
well as C,, plots at different stations along the wing. Additionally, the cf distribution on one of these sections
is considered.

5.2.1. LIFT AND DRAG

The most important indicators of the aerodynamic performance of an aircraft are the lift and different com-
ponents of the drag. In this section, the lift and drag obtained by Flightstream are validated. This is done by
first looking at the integral values for lift, drag and thrust in subsubsection A. Next, the distributions of lift,
pressure drag and friction drag are compared with a CFD simulation in subsubsection B.

A. AVERAGE LIFT AND DRAG

The average lift, drag and thrust coefficients for the initial validation are shown in Table 5.2. The Flightstream
values have been obtained by application of the Kutta-Joukowski theorem, whereas the CFD results come
from surface integration. In both cases, they are the averages from 60 degrees of propeller rotation.

Flightstream estimates both lift and drag with roughly 10 percent accuracy. The discretisation uncertainty
for lift was calculated at 4.5% for the Flightstream simulations, indicating that the difference observed here
has other origins, such as modelling errors. The drag has a very large uncertainty in Flightstream due to the
inaccuracy in profile drag. Still, given that the CFD and Flightstream results agree rather well, it is possible
that the discretisation error in profile drag was overestimated. As will be shown later, the different drag com-
ponents differ slightly more than 8.16%, but overestimates the pressure drag and underestimates the friction
drag, thus partially cancelling out the error. The thrust is more different from the CFD simulation. There are
multiple possible explanations for this. First, the propeller blades are modelled by their camber line alone in
Flightstream, as opposed to the full blade geometry used for the CFD simulations. This introduced an error in
thrust of 10%, as shown in section 5.1. Second, the discretisation error of the Flightstream propeller was es-
timated at 6.4%, which could have contributed to the discrepancy. Finally, since the error in propeller thrust
is larger here than for the isolated propeller, it is possible that the effect of the nacelle and spinner on the
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propeller are not simulated well in Flightstream. This may have been caused by the small gap between the
stationary spinner and rotary blades in the panel code, or the inability of it to capture junction flow effects.
These are only present when the nacelle and spinner are added to the simulation.

Table 5.2: Lift, drag and thrust coefficients averaged over 60 degrees of propeller rotation.

| CFD  Flightstream  Difference [%]

Cr -] 0.0277  0.0246 -12.6%
Cp [cts] | 94.5 87.3 -8.16%
Cr[-] 0.183 0.229 20.3%

B. LIFT AND DRAG DISTRIBUTIONS

The distributions of lift, friction drag and pressure drag of the initial validation wing are shown in Figure 5.3.
The lift distributions of Flightstream and the CFD simulation agree well. Overall, the lift from CFD is higher
than that from Flightstream, which is consistent with the integral values given earlier. In addition, the Flight-
stream lift distribution exhibits peaks in lift at 37% and 63% of the span. These may be caused by the tip
vortices of the propeller wake. In Flightstream, they pass through the wing without being attenuated by (nu-
merical) diffusion or interactions with the wing boundary layer. The velocity induced by a vortex in a panel
method goes to infinity when approaching its core. A real, viscous vortex does not exhibit this behaviour and
has zero velocity at its core. The more smoothed vortices in CFD do not induce large pressure gradients as
Flightstream does. As a result, the lift distribution is smoother.
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Figure 5.3: Comparison between CFD an Flightstream. The blue error bands represent the discretisation error in Flightstream. The
region of the wing submerged in the slipstream is marked in grey.

The pressure drag is compared in Figure 5.3b. Here, Flightstream overestimates it everywhere except in the
slipstream. The pressure drag was found to be rather sensitive to the chordwise spacing, see the large er-
ror bands in Figure 4.6b. This is because it is calculated by integrating the surface pressures. According to
Smith and Kroo [42] induced drag is very sensitive to panel density and angle of attack when using surface
integration. The Flightstream mesh is coarser than the CFD mesh, and thus relatively inaccurate for pressure
drag calculations. However, since the lift distributions agreed closely, the induced drag and thus pressure
drag should be very close as well. For this reason it is decided that the differences in pressure drag are mostly
due to errors in integration in post-processing. For the actual analysis, the Kutta-Joukowski theorem will be
applied for the induced drag in Flightstream. For friction drag (Figure 5.3c), there is a slight difference in
behaviour between Flightstream and CFD in the wing portion submerged in the propeller slipstream, where
Flightstream underestimates the friction.

5.2.2. PRESSURE DISTRIBUTIONS

In this subsection, the pressure distributions obtained from Flightstream are validated. First, the isobars of
the wing are compared in subsubsection A. This is followed by a comparison of C, plots at several locations
on the wing in subsubsection B. Additionally, this includes a ¢ plot to validate both CFD and Flightstream.

A. SURFACE PRESSURE
In Figure 5.4, the pressure contours for the upper and lower sides of the initial validation wing are compared.
The behaviour of Flightstream and CFD is largely similar. Flightstream predicts the pressure peaks in the slip-
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stream at the correct location, and with the correct magnitude. However, there is a more pronounced border
between the part of the wing inside the slipstream and the part outside of it. This is consistent with the lift
and pressure drag distribution (Figure 5.3), where large peaks are observed at the edge of the propeller slip-
stream. In addition, it seems like the lower pressure regions on the Flightstream wing are slightly larger than
those in CFD. This could point at a higher slipstream velocity, which is not inconceivable, given that Flight-
stream estimated a 20.3% higher propeller thrust than CFD. Outside the propeller slipstream, Flightstream
and CFD agree almost perfectly. Using actuator disk theory, the slipstream velocity would increase by 0.6%
due to the higher thrust found in Flightstream. This is very limited, and might not be the reason for the offset
in pressure.
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Figure 5.4: Wing pressure contours. The nacelle and propeller have been drawn in the CFD plots to visualise the location of the
propeller slipstream.

B. PRESSURE AND SKIN FRICTION PLOTS

The pressure contours in Figure 5.4 provided a qualitative validation of the pressure distribution of the initial
validation wing. It was suspected that Flightstream overestimated the pressures inside the slipstream. To
verify this, plots have been made of the pressure distribution along several spanwise stations.

First, the pressure distribution was obtained outside the slipstream, near the center of the wing. In addition to
comparing CFD with Flightstream, an XFOIL simulation was done as well. It was done at a Reynolds number
of 5.4 million, and an N factor of 9. Since the location on the wing is far enough from the propeller slipstream,
the flow at that station should be mostly 2D. Indeed, it can be seen that the three methods agree very well
(Figure 5.5a). Since the pressures predicted by XFOIL agree so well with CFD, it is assumed that the flow is
indeed predominantly 2D. This allows using XFOIL to verify the turbulence modelling used in CFD. It has
already been proven to be at least as accurate as CFD in predicting single element airfoil aerodynamics, such
as pressure and skin friction distributions [32] [38]. The goal of this verification is to check whether the mesh
was sufficiently refined near the surface to properly capture the boundary layer. It is done by comparing the
skin friction coefficient of XFOIL with that of CFD and Flightstream, although the latter is of limited interest.
To be consistent with the fully turbulent boundary layer in CFD and Flightstream, the transition point in
XFOIl was fixed at the leading edge. The results are shown in Figure 5.5b. Apart from a peak not captured at
the leading edge, the CFD simulation agrees well with XFOIL. Flightstream is slightly more different, but still
reasonably accurate.
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Figure 5.5: Pressure and skin friction plots outside the propeller slipstream, at2- y/b =0.1.

Figure 5.6 shows pressure plots at two stations on the wing within the propeller slipstream, 1 meter on each
side of the propeller. Here the difference between CFD and Flightstream is much bigger than outside the slip-
stream. Flightstream overestimates the magnitude of the pressure. As mentioned before, this may be caused
by a higher slipstream velocity than the CFD simulation. Even though the Flightstream plots are shifted up-
wards, they still have roughly the same area within the Cj, plots as CFD, which is why the lift distribution is so
similar in Figure 5.3a.
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Figure 5.6: C) plots at different location of the span of the initial validation configuration

5.2.3. DISCUSSION OF RESULTS

One of the goals of the initial validation case was to find out whether Flightstream is able to capture all rele-
vant flow phenomena. This is discussed in subsubsection A, based on the validation results presented earlier.
Previously, the method of validation was already outlined. CFD force distributions are compared with those
of Flightstream, based on surface integration. For later analysis, the lift and drag distribution based on the
Kutta-Joukowski theorem are used, since they are less sensitive to panel density. In subsubsection B, the
results of both analysis methods are compared.

A. APPLICABILITY OF FLIGHTSTREAM FOR SLIPSTREAM CONTRACTION AND OUT-OF-PLANE SWIRL RECOVERY

The goals of the initial validation case were to find the best setup for Flightstream and CFD at a modest
computational cost, and to investigate whether Flightstream could capture certain flow phenomena. The
two most important are the effect of the propeller slipstream contraction on the wing lift and drag, and the
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ability of the wing to recover swirl velocities that are not perpendicular to the wing plane. These are assumed
to be captured by CFD, so if Flightstream agrees well with CFD, it should be able to simulate these phenomena
as well. The good agreement of CFD and Flightstream for lift, drag and pressure distributions seem to suggest
that this is the case. Whether these phenomena actually played any role is investigated here, based on the
Flightstream simulations.

As already mentioned in section 5.1, the slipstream contraction is negligibly small, as will be its effect on the
angle of attack of the wing. It is thus not possible to conclude whether Flightstream captures the effect or
not, but also not relevant to the discussion in this report. On the other hand, the lift does increase for the
wing when mounted below the propeller, as can be seen in Figure 5.3a. This may be caused by an increased
circulation on the wing, due to the higher slipstream velocity on the upper side of it.

The results obtained with Kutta-Joukowski in Figure 5.7 suggest that Flightstream is able to capture swirl
velocity when it is not perpendicular to the wing. Swirl velocities would increase the angle of attack behind
the upgoing blade and decrease it behind the downgoing blade. Since the freestream angle of attack of the
initial validation case is zero, this leads to positive and negative lift behind the up- and downgoing blades,
respectively. This is indeed visible in the plots. As already explained, the lift vector tilts forward in both cases,
and leads to local negative induced drag. This behaviour is observed in Figure 5.7b, which suggests that
Flightstream indeed captures swirl velocities not perpendicular to the plane of the wing.
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Figure 5.7: Comparison between surface integration and the Kutta-Joukowski theorem for obtaining aerodynamic force distributions.

B. CALCULATING AERODYNAMIC FORCES USING SURFACE INTEGRATION AND KUTTA-JOUKOWSKI

For the validation, force distributions have been obtained using surface integration for both CFD and Flight-
stream. Using surface integration has some inherent drawbacks. The requirement for a prohibitively fine
mesh has already been mentioned in subsection 4.1.1. Another challenge is that it gives different results
compared to using the Kutta-Joukowski theorem, combined with lifting line theory. When using the latter,
the analysis of a wing including nacelle (as seen on the SBW configuration) implicitly adds the effect of the
nacelle to the lift distribution. It only looks at the vorticity shed at the trailing edge of the wing, part of which
comes from the nacelle. Surface integration would only include the indirect interference effects of the nacelle
on the wing.

The difference between surface integration and the Kutta-Joukowski theorem is illustrated for the initial val-
idation case in Figure 5.7. Both methods analysed the same simulation in Flightstream. For the lift, the two
methods agree rather well. Surface integration gives better result for calculations in lift than for induced drag.
This is because the orientation of mesh cells is less important for calculating lift, hence it is less dependent on
the mesh density. Induced drag gives larger differences between the two methods. Surface integration pre-
dicts a constant drag everywhere, with an increase behind the propeller slipstream (0.37 <2-y/b < 0.63). The
Kutta-Joukowski results do not give any drag outside this region, and yields negative induced drag behind the
propeller slipstream. The surface integration clearly overestimated the induced drag. The integrated value
would be 88 counts. When assuming a span efficiency of 0.8, this is the induced drag the unpowered wing
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would have at a lift coefficient of 0.67. The Kutta-Joukowski results seem more reasonable. Since the wing is
at zero angle of attack, all lift results from a change in angle of attack caused by the propeller or nacelle. These
would locally tilt the lift vector forward, even in the case of negative lift, and so lead to negative induced drag.

5.3. STRUT-BRACED WING

In the previous section, it was shown that Flightstream adequately predicts lift, drag and pressure distribu-
tions for the simplified initial validation configuration. This allowed selecting the right settings for Flight-
stream at a reasonable computational cost. It also suggested that phenomena relevant for a strut-braced
wing, such as out-of-plane swirl velocities are captured well by Flightstream. Furthermore, it was found out
that slipstream contraction does not play a significant role, even though that was expected initially. In this
section, the JSBW configuration is validated, both with and without propeller. First, the integral values for lift
and drag are used for validation in subsection 5.3.1. Next, the lift and drag distributions for the wing, strut
and jury strut are validated in subsection 5.3.2, subsection 5.3.3 and subsection 5.3.4, respectively.

5.3.1. INTEGRAL LIFT AND DRAG

The integral, time-averaged values for lift and drag are compared in Table 5.3. The largest differences between
Flightstream and CFD are for the lift. Especially the propeller-on case has a large difference, more than twice
that of the propeller-off case. Drag is much more accurate, being well within 5% for the powered and unpow-
ered aircraft. Both methods predict a decrease in total drag for the propeller-powered strut-braced wing, but
Flightstream predicts a larger advantage. This may either be caused by the simplifications of a panel method,
it could also be attributed to the different analysis method used for both. Flightstream used Kutta-Joukowski
for the induced drag, combined with the profile drag calculated from the boundary layer equations applied
to surface streamlines on the body. The CFD drag comes from the integration of pressure and friction drag
over all the surfaces of the aircraft.

Table 5.3: Lift and drag averaged over 60 degrees of propeller rotation.

CFD FHlightstream Difference [%]
CLll | 0390 0418 6.7%
Propeller-Off | " o | 1621 165.9 2.2%
CLl-] | 0391 0453 15.9%
Propeller-On | o1 | 1581 153.1 3.2%

5.3.2. WING

The comparison between CFD and Flightstream for the wing lift and drag distributions is given in Figure 5.8.
In the propeller-off case, lift and pressure drag agree very well. Inboard of the strut-wing junction, Flight-
stream seems to overestimate the lift slightly. This may be caused by interference between the strut and wing,
which would cause the flow speed inside the wing-strut channel to increase. Compressibility might increase
the interference, which is not captured by potential flow. When looking at the C,, plot at 2-y/b = 0.35 in
Figure 5.9a, Flightstream slightly overestimates the pressure at the pressure side of the wing. Whether this is
caused by compressible interference with the strut, or something else is unclear. In the same region, Flight-
stream also overestimates the pressure drag slightly, although the differences are small. Surprisingly, Flight-
stream predicts a higher friction drag away from the propeller region in the propeller-off case, compared to
the propeller-on case.
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Figure 5.8: Lift and drag distribution of the wing of the JSBW configuration, with and without propeller. In the propeller-on case, the
discretisation uncertainty bands for the CFD simulation have been added.

In the propeller-on case, Flightstream overestimates the lift everywhere. This is most apparent between the
nacelle and strut junctions (0.29 < 2y/b < 0.5) . According to the C), plot in Figure 5.9b, the discrepancy is
mostly caused by an overestimated suction at the suction side of the wing. A similar offset was observed in
the propeller slipstream of the initial validation case. In addition, Flightstream fails to capture the pressure
peak near the leading edge of the airfoil. This may have been caused by an inadequate panel density. Similar
to the initial validation, some peaks are present in the lift distribution at the edge of the propeller slipstream
(marked in grey), these are caused by the propeller tip vortices, which do not loose their strength in Flight-
stream.
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Figure 5.9: Cp plotsat 2- y/b = 0.35 of the main wing.

The pressure drag is also overestimated by Flightstream. the CFD simulation predicted a region around the
nacelle (2 y/b = 0.29) where the pressure drag is negative. This region is also present in Flightstream, but is
much smaller. Finally, the friction drag on the wing agrees well with that predicted by CFD. As was the case
for the initial validation, Flightstream underestimates the friction drag in the propeller slipstream, but slightly
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overestimates it outside of it. Still, the error is relatively small, and may have been caused by the chordwise
panel density in Flightstream. There was still a large discretisation error in friction drag for the current mesh.

5.3.3. STRUT

The lift and drag of the strut are generally simulated well by Flightstream, see Figure 5.10. For the unpowered
configuration, Flightstream and CFD are very close, especially for lift and pressure drag. When considering
propeller effects, there are some peaks in the lift distribution predicted by Flightstream that are not found by
CFD. At2-y/b = 0.43, there is a peak in the lift distribution of Flightstream. It is possible that this is caused by
the interaction between the propeller tip vortex and the strut, which is not captured perfectly by Flightstream.
This was already observed for the initial validation.

Near the edges of the slipstream, the pressure drag predicted by Flightstream diverges from CFD. At 2-y/b =
0.25, there is an increase in pressure drag inboard, and a decrease outboard. The shape of this oscillation
looks as if it has been caused by a vortex rotating in the direction of the freestream. This is consistent with
the hypothesis that it is caused by a propeller tip vortex. At high advance ratios, the propeller vortex system
becomes more aligned with the freestream. When it intersects a wing or a strut, it will induce velocities in
its plane. This locally changes the angle of attack, and alters the lift and induced drag. It is likely that this is
what causes the oscillations in lift and pressure drag. In the CFD simulation, the vortex loses strength due to
diffusion and viscosity, which limits the effect of the vortex on the strut. Again, the skin friction drag agrees
well with that of CFD.
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Figure 5.10: Lift and drag distribution of the strut of the JSBW configuration, with and without propeller.

5.3.4. JURY STRUT

Figure 5.11 shows the comparison between CFD and Flightstream for the jury strut. Instead of lift, the side
force is used for validation in Figure 5.11a and Figure 5.11d. The force distributions are plotted from the
bottom up, so a z-location of zero is the strut-jury strut junction, and 1 the nacelle-jury strut junction.
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Figure 5.11: Lift and drag distribution of the jury strut of the JSBW configuration, with and without propeller.

As was the case for the wing and main strut, Flightstream is very accurate in the propeller-off case. It overes-
timates the side force by a factor of almost 2, but the magnitude of the force is small, giving a small absolute
error. The propeller-on case is more different, Flightstream underestimates the magnitude of the side force,
although the shape of the plot is similar. Surprisingly, the side-force becomes positive (outboard) near the
strut-jury strut junction. Given that the propeller rotates inboard up, one would expect the jury strut to be
loaded inboard, due to the propeller swirl. This is also what was predicted by the CFD simulation.

As a consequence of the near-zero loading of the jury predicted by Flightstream, the pressure drag is also very
low (remembering that no viscous iterations were performed, hence pressure drag equals induced drag). CFD
predicted a negative pressure drag over almost the entire jury strut. This is also the case for the Flightstream
simulation, but the magnitude is very small. One of the hypothesis put forward at the beginning of this report
is that the jury strut would act as a swirl recovery vane. The large difference in side-force and pressure drag
makes this difficult to confirm using Flightstream alone, although it makes a conservative estimate.

Finally, the friction drag is predicted very well by Flightstream. Given the similar agreements for the strut
and the wing, it is concluded that Flightstream gives a reliable estimate for this. This is somewhat surprising,
given that the chordwise distribution of the skin friction drag was not particularly accurate, see Figure 5.5b.






RESULTS

In this chapter, the research questions are answered. It is started with a treatment of the induced drag in
section 6.1. First the effect of the propeller on the overall drag of the aircraft is considered. It is followed by
a breakdown of the contributions the different wing components have to the change in induced drag caused
by the propeller. In this configuration induced drag represents about a quarter of the total drag. Hence it is
important to consider viscous drag as well, which is done in section 6.2. Regions of flow separation are iden-
tified, and the effect of the propeller on their size is treated. Next, the effect of aero-propulsive interactions
on friction drag are considered. Not treated in this report are the effects of viscosity on the pressure drag, as
the methods used do not allow calculating it. To obtain this component of the drag, wake analysis is required,
which is outside the scope of this report. Finally, a short treatment of compressibility and interference effects
is given in section 6.3.

6.1. INDUCED DRAG

This section focuses on induced drag, and the effect the propeller has on it. The results presented in this
section are obtained using a panel method, where the lift and drag are calculated using Kutta-Joukowski. First,
the overall effect of the propeller is investigated in subsection 6.1.1. In this section, the lift and induced drag
with and without propeller are compared for the different configurations (conventional wing (CW) and strut-
braced wing, with (JSBW) and without jury strut (SBW)). Next, the effect of the different wing components
on the propeller-induced change in induced drag are quantified. This is started with the main strut, which is
done by comparing the conventional wing with the strut-braced wing without jury in subsection 6.1.2. Next,
the effect of the jury strut is treated in subsection 6.1.3 by comparing the SBW and JSBW configurations.

6.1.1. OVERALL EFFECT OF THE PROPELLER

The overall effect of the propeller on the lift and induced drag of the different configurations was evaluated.
This is summarised in Table 6.1. The total lift of the three configurations is similar for propeller-on and -off
conditions, with the strut-braced wings having a slightly larger lift. This is likely due to the additional lifting
surfaces. While the jury strut increases the lift of the strut, it also decreases the lift of the main wing, see Fig-
ure 6.1. These roughly cancel each other out. In the propeller-off case, the conventional wing has the lowest
induced drag. This is surprising, given that Takahashi and Donogan [50] found that a strut-braced wing could
achieve higher span efficiencies than conventional wings. Note however that none of the configurations used
in this paper are optimised. By optimising the loading distribution, it should be possible to achieve a lower
induced drag for all the configurations. This might make the difference between the strut-braced wings and
conventional wing either larger or smaller. While it is outside the scope of this report, it would be interesting
to study at a later stage.
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Table 6.1: Effect of the propeller on the total lift and induced drag of the different configurations. The final three rows give the induced
drag when the lift coefficient is corrected to 0.4.

Prop-off Prop-on | Difference [%]
Ccw 0.402 0.438 9.0%
Cy [-] SBW | 0.420 0.453 7.9%
JSBW | 0.418 0.453 8.3%
CwW 40.5 20.5 -49%
Cp, [cts] SBW | 43.6 21.3 -51%
JSBW | 42.9 21.3 -50%
CwW 40.1 17.0 -58%
CD,icL=oA4 [cts] | SBW | 39.5 16.4 -59%
JSBW | 39.2 16.4 -58%

When considering propeller effects, the case is altered. In all cases, the propeller increased the lift by roughly
8%, and reduced the induced drag significantly. For the conventional wing, the induced drag reduced by
49%, while the strut-braced wings experienced an additional 2% and 1% reduction (without and with jury
strut respectively), which is not enough to have a lower induced drag than the conventional wing. Contrary
to what was expected in the theory section in the beginning of the report, the jury strut does not lead to an
additional decrease in induced drag, reducing the gain by one percent. This is investigated in more detail
later on.

To make the comparison more fair, the induced drag should be compared at a constant lift coefficient. If the
drag polar is given by Equation 6.1, the change in induced drag for a given change in lift coefficient can be eas-
ily calculated by linearising around the lift coefficient resulting from the simulation. This is a simplification,
most drag polars do not have minimum drag at zero lift. However, assuming that the lift coefficient corre-
sponding to minimum drag is small, it can still be used. Note also that the propeller-on cases are assumed
to have a parabolic drag polar to correct the induced drag, results obtained by Sinnige et al. [41] suggest that
this is reasonable. The induced drag for all configurations, corrected to a lift coefficient of 0.4 are given in the
bottom part of Table 6.1. Now the two strut-braced wings perform better than the conventional wing both
with and without propeller, which is more in line with Takahashi and Donogan [50]. The difference between
prop-off and -on increases by almost 10% at constant lift. In unpowered condition, the JSBW configuration
performs slightly better than the SBW. With propeller, this advantage disappears.

2

Cp=Cpo+ n_/fe (6.1)

The lift distributions of the different configurations, with and without propeller are shown in Figure 6.1. The
two strut-braced wing configurations have very similar wing lift distributions. While it is almost invisible in
the plots, the SBW configuration has a slightly higher wing lift than the JSBW configuration. The jury strut
(located at 2- y/b = 0.29) causes a small increase in strut lift inboard of the strut-jury strut junction. Since the
jury strut is separated from the wing by the nacelle, its influence on it is limited. When comparing with the
conventional wing, it can be seen that the strut reduces the lift of the main wing. This may be caused by the
velocity the strut induces on the main wing, illustrated in Figure 6.2. Because the strut induces a downwash
at x = 0.75¢ of the main wing, the circulation of the main wing reduces. This could also explain why the
difference between the lift of the (J)SBW and CW configuration gets smaller near the wing root. The strut and
wing are spaced farther apart, reducing the influence of the strut.
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Figure 6.1: Effect of the propeller on the lift distribution of the different configurations. For the two strut-braced wings, the lift
distribution on the strut is shown as well. In the propeller-on plot, the portion of the wing submerged in the propeller slipstream is
highlighted.

In the propeller-on case, the effect of the propeller on the main wing is clearly visible. The lift increases behind
the upgoing blade, and decreases behind the downgoing blade. The effect on the strut is smaller. The lift also
increases and decreases behind the up- and downgoing blades, respectively. The propeller also increases
the lift just outboard of the slipstream. This cannot be caused by slipstream contraction, which was already
proven to be negligible. It is possible that a similar effect as shown in Figure 6.2 is responsible, but with the
effect the wing has on the strut. Because of the swirl velocity, the lift on the wing and strut reduces behind
the downgoing blade. The portion of the strut just outboard of the slipstream is still under the influence of
the vorticity of the main wing portion inside of it. Because the circulation of that part of the wing reduces, its
downwash on the strut also reduces. In turn, the bound vorticity of the strut needs to increase to maintain
flow tangency, increasing the lift there.

Figure 6.2: Effect of the vorticity of the strut on the wing circulation.

The effect of the propeller on the induced drag distributions is shown in Figure 6.3. Because the induced drag
distributions obtained by Kutta-Joukowski gave relatively noisy graphs, they have been filtered using a 4™
order Butterworth filter, with a cut-off frequency of 30.

Without propeller effects, the induced drag of the wing is fairly constant, except at two locations. At the
strut-wing junction (2- y/b = 0.5), the SBW and JSBW configurations exhibit an oscillation in induced drag.
Inboard of the junction, it increases, while decreasing outboard of it. This cannot be caused by the change
in wing lift at that location (see Figure 6.1a). An increase in wing lift in spanwise direction would shed a
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vortex that rotates in the negative x-direction (inboard up), causing a downwash outboard of the nacelle,
and an upwash inboard of it. This is sketched in Figure 6.4a. As a result, the induced drag would decrease
inboard, and increase outboard, the exact opposite of what is observed. Instead, the cause is more likely
the tip vortex shed by the strut, which rotates in the opposite direction, see Figure 6.4b. The net effect of it
is a reduction in wing induced drag for the strut-braced wings. A similar effect is seen at the nacelle-wing
junction (2-y/b = 0.29), although the behaviour is much less clear there. It is likely caused by the trailing
vorticity of the nacelle, which was added to model flow separation on the base region. As already noted for
the lift distributions, the jury strut has no noticeable effect on the wing drag.
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Figure 6.3: Effect of the propeller on the induced drag distribution of the different configurations. The locations where the wing
elements are submerged in the slipstream have been highlighted.

The induced drag of the strut without propeller is similar for the JSBW and SBW, except near the strut-jury
strut junction (n = 0.29). There, the jury strut causes an increase in induced drag outboard, and a decrease
inboard of the junction.
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Figure 6.4: Schematic of the lift distribution and shed vorticity of the main wing and strut in propeller-off conditions.

With propeller, the induced drag of the wing changes significantly, see Figure 6.3b. Some trends can be made
out. First, the induced drag reduces inboard of the nacelle, and increases outboard. The propeller swirl
velocity induces an increase in angle of attack behind the upgoing blade, and decrease behind the downgoing
blade. As explained by Veldhuis [56], this tilts the lift vector forward behind the upgoing blade, and aft behind
the downgoing blade. The effect is known as swirl recovery. A schematic drawing of it is shown in Figure 6.5,
where the swirl velocity is denoted as V;. For the main wing, the differences between the two strut-braced
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wings are minimal, although they behave slightly different than the conventional wing. The conventional
wing is influenced more by the propeller, having a larger increase and decrease induced drag behind the
down- and upgoing blades. This may again be because the strut reduces the circulation of the main wing, thus
damping the propeller-induced effects. In the slipstream (the shaded region in the plot), the conventional
wing has an induced drag 1 count lower than the two strut-braced wing configurations. This advantage is
offset outboard of the propeller slipstream, where the induced drag of the SBW and JSBW is 1.5 counts lower
than for the CW. This is caused by the strut-wing junction, where the tip vortex shed by the strut induces an
oscillation in the wing induced drag. Because of the larger lift of the strut near the junction, this vortex is
stronger in the propeller-on case.
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(a) Behind the upgoing blade (b) Behind the downgoing blade

Figure 6.5: Drawing of the swirl recovery mechanism.

Inside the slipstream, the induced drag of the strut is qualitatively similar to that of the main wing, with a
reduced and increased induced drag behind the up- and downgoing blades, respectively. Just outboard of
the slipstream, the strut has negative induced drag. This may be caused by the decrease in lift on the main
wing inside the slipstream, which reduces the downwash on the strut portion outside the slipstream. It is
interesting to note that the jury strut has very little effect on the induced drag of the strut, even though they
are spaced very closely together.

6.1.2. EFFECT OF THE STRUT

The first research question is concerned with the effect the main strut has on the change in induced drag due
to the propeller. To answer this research question, the induced drag values will not be corrected to a constant
lift coefficient. While the correction may be reasonably accurate for complete wings, it is not certain whether
it applies to the drag breakdown for the individual wing elements as well. The contribution of propeller-
strut interaction to the induced drag of a strut-braced wing is found by first calculating the contribution of
the propeller to the induced drag. This is done by subtracting the induced drag of the configuration with
propeller from that without propeller. To isolate the effect of propeller-strut interactions, the propeller effect
on induced drag from the strut-braced wing is subtracted from that of the conventional wing. The above
procedure is summarised in Equation 6.2.

ACp,; = (CD,I'SBWP - CDviSBW) - (CD,iCWP - CD,iCW) (6.2)

Applying the equation above, it is found that the strut increases the reduction in induced drag due to the
propeller by 2.3 counts. The total reduction in induced drag due to the propeller of the SBW configuration is
22.3 counts, meaning the strut is responsible for 10% of the change. This is rather large, given that the strut
only contributes to 6.8% and 4.6% of the total induced drag, for the propeller off and on cases, respectively.
This can be derived from Table 6.2. Additionally, the reduction in induced drag of the strut itself due to the
propeller is 2 counts. The additional 0.3 counts come from interactions with the main wing. While the strut
reduces the swirl recovery for the wing portion inside the propeller slipstream, it sheds a vortex at the strut-
wing junction that leads to a net reduction in wing induced drag. These effects were described in more detail
in the preceding section.
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Table 6.2: Induced drag in counts of different components for the conventional and (jury) strut-braced wing configurations.

Prop-off Prop-on | Diff. [%]
CW wing | 40.5 20.5 -49
wing | 40.7 20.4 -50
SBW strut | 3.0 1.0 -67
wing | 39.9 20.5 -49
JSBW | strut | 3.0 1.0 -67
jury |0 -0.2 -00

6.1.3. EFFECT OF THE JURY STRUT

The effect of the jury strut on the change in induced drag due to the propeller is smaller than that for the strut.
Similar to the previous section it is calculated using Equation 6.3. It is found that the jury strut counteracts the
drag reduction due to the propeller by 0.8 counts. Based on the literature review, it was thought that the jury
strut would be an effective swirl recovery device. To some extent, this is true. The jury strut itself experiences
a thrust component instead of drag, likely caused by swirl recovery. This can be seen in Figure 6.6b, where the
strut experiences an induced thrust component over most of its span in the propeller-on case. The propeller-
off configuration also has this, but much smaller in magnitude. It is offset by a relatively large peak in induced
drag near the strut-jury strut junction. The reduction in induced drag in the powered case is caused by the
swirl velocity of the propeller, which increased the angle of sideslip of the jury strut. This caused an inboard
force, and tilted the sideforce vector forward. The loading of the jury strut is shown in Figure 6.6a. Note how
the direction of the sideforce changed from outboard to inboard when turning on the propeller.

The drag reduction of the jury strut due to swirl recovery is not significant, at 0.2 counts. This means that the
negative net effect of the strut on the propeller-induced drag change is caused by its interference with the
other wing elements. Indeed, the reduction in induced drag by the propeller is counteracted by 1 count for
the wing when adding the jury strut. It does not have any effect on the drag reduction by the main strut.

ACp,; = (CD:i]SBWP - CDJ']SBW) - (CD:iSBWP - CD,iSBW) (6.3)
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Figure 6.6: Loading distributions on the jury strut

It might be possible to increase the swirl recovery by the jury strut by optimising its loading distribution. An
upper bound for the reduction in induced is obtained using the average swirl angle in the slipstream. Using
the Flightstream results, this was found to be 2.3 degrees. This is the angle with which the sideforce vector is
tilted forward. Maximising the sideforce would also maximise the component of it in the freestream direction,
giving induced thrust. Using XFOIL at a Reynolds number of 1-10° (representative for the jury strut in cruise)
and an N factor of 9, a maximum lift coefficient of 0.94 was found for the strut airfoil. The component of this
lift vector acting in freestream direction under the influence of the swirl velocity would be equivalent to 378
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drag counts, with respect to the surface area of the jury strut. Converting this to the reference area of the wing
gives a maximum induced thrust of 1.1 counts for the jury strut. The jury strut of the current configuration
already had a thrust component of 0.2 counts. The net effect of increasing the jury strut loading would be to
further reduce the induced drag of the JSBWP configuration from 21.3 to 20.4 counts. Note that this method
does not take into account the increased normal-wash due to the side force on, which would locally reduce
the angle of sideslip on the strut. Furthermore, negative influence of it on the wing and strut are ignored,
these would further offset the gain in induced drag from the jury. To conclude, the jury strut has a very
modest influence on the induced drag reduction by the propeller, even when its loading distribution would
be optimised.

6.2. VISCOUS EFFECTS

This section deals with viscous effects. For this, the CFD simulation of the JSBW configuration on the finest
mesh (M5) is used, both with and without propeller. First, separation is dealt with in a qualitative way in
subsection 6.2.1. Flow separation was only observed at junction regions, the two most important of which
are presented. Next, the effect of the propeller on friction drag is treated in subsection 6.2.2. First, the increase
in friction drag is obtained from the CFD simulations. It is then attempted whether actuator disk theory is
able to predict this value.

6.2.1. SEPARATION

Separation was observed in multiple regions of the wing, but only in the context of junction flows. The
criterion to detect separation was a negative local skin friction coefficient, indicating flow reversal. Junc-
tion regions susceptible to separation include the propeller-spinner connection, the nacelle base region, the
nacelle-wing junction, the strut-jury strut junction and the strut-wing junction. As only the latter two are rel-
evant for a strut-braced wing, only these will be treated in this section. A consequence of the Spalart-Allmaras
turbulence model is that the boundary layer is turbulent everywhere. This may have resulted in an optimistic
estimate of the separated regions, as a turbulent boundary layer is more resistant to separation than a laminar
one.

Strut-Wing Junction Even though it was identified as a sensitive region by Secco and Martins [39], only
minor separation was observed at the wing-strut junction (its location is highlighted in Figure 6.8). This is
possibly because of the relatively low Mach number of the strut-braced wing in this paper, along with the
absence of shock waves in the junction region. The only separation identified was at the leading edge of the
strut-wing junction, marked in red in Figure 6.7. Separation in this figure is detected based on the wall shear
stress; namely where the component in freestream direction is negative. This is likely a consequence of the
junction flow as explained by Stanbrook [44]. The boundary layer ahead of the junction separates, which
causes a horseshoe vortex wrapped around the root of the strut. The low pressure of the vortex causes it to
attach to the surface of the wing or strut, which explains why separation is only observed at the leading edge
of the strut. The horseshoe vortices are visualised in Figure 6.9, for the wing with and without propeller. The
structure and location of the horse-shoe vortex system is almost unchanged between the two cases. This
is remarkable, especially since the pressure field on the inboard part of the junction did change under the
influence of the propeller.

Strut-Wing Junction

Figure 6.7: Separation at the leading edge of the strut. Areas where Figure 6.8: Location of the strut-wing junction
the component of the shear stress in freestream direction are
negative are marked in red.
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(a) Propeller-off (b) Propeller-on

Figure 6.9: Horseshoe vortex system wrapped around the strut-wing junction. The vortices are visualised using iso-surfaces for the
Q-criterion, equal to 1000s~2. The location of these figures is indicated in Figure 6.8.

Strut-Jury Strut Junction More significant separation is observed at the strut-jury strut junction (Figure 6.11).
In addition to separation at the leading edge of the jury, corner separation is observed at the trailing edge of
the jury strut. It only occurs at the outboard part of the jury, due to its sharper angle with the main strut.
According to Barber [5], corner separation depends largely on the incoming boundary layer thickness, where
a thinner boundary layer will lead to a larger separated region. In the case of the strut-jury strut junction, the
boundary layer is much thinner than at the wing-strut junction, where corner separation was not observed.
In addition, the jury strut has a smaller chord length, which leads to larger pressure gradients that can cause
the boundary layer to separate. The corner separation is present for both the propeller-on and -off case, but
the separated region is smaller with the propeller on, as can be seen in Figure 6.10.

;
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Horseshoe Vortex System Jury Strut 2-y/lb =0.294

(a) Propeller-off (b) Propeller-on

Figure 6.10: Surface shear lines around the strut-jury strut junction region. Areas with separation (negative skin friction) are marked in
red. The location shown in these figures is highlighted in Figure 6.11.

The smaller region of corner separation in the propeller-on case can be caused by the swirl velocity of the
propeller. Figure 6.10 shows the shear lines on the strut around the jury strut junction. In the propeller-off
case, the boundary layer travels outboard on the strut. There are two possible reasons for this. First, the large
dihedral angle of the strut causes part of the incoming flow to be in the plane of the wing. This component can
be calculated according to Vr = Vo, sinasinI's. Given that the dihedral angle of the strut I' is 24.2 degrees,
the tangential component of the freestream is 1.9 m/s, leading to an effective sweep angle of 0.82 degrees.
This very moderate angle may not explain the outward travelling of the boundary layer sufficiently. Another
explanation could be the lower pressure near the wing-strut junction, which could pull the boundary layer
towards it. As a result of the outward movement of the boundary layer, the jury strut is at an angle of attack.
This induces a larger adverse pressure gradient on the suction (outboard) side of the jury strut, which causes
the already sensitive boundary layer to separate. The swirl velocity induced by the propeller counteracts the
outboard flow, and reduces the angle of attack of the jury strut. As a consequence, the separated region at
the trailing edge is much smaller, see Figure 6.10b. Also visible in Figure 6.10 is the horseshoe vortex system
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resulting from the junction flow. Behind the trailing edge of the jury strut, the shear lines move outwards due
to the velocity induced by the primary vortex system. Refer to Figure 2.2 for a schematic drawing of this vortex
system.

Strut-Jury Strut Junction

Figure 6.11: Location of the strut-jury strut junction

A second region of flow reversal is present near the trailing edge of the strut. In the propeller-off case, it is
located at the outboard side of the jury strut, whereas it is located inboard in the propeller-on case. Initially,
it was thought that separation is caused by an adverse pressure gradient on the strut. This was investigated
by looking at C,, plots at both sides of the strut, the locations of which are shown in blue on Figure 6.10b.
An adverse pressure gradient may indeed explain the presence of the separated region on the inboard (left)
side of the strut in the propeller-on case. In Figure 6.12a, a larger pressure gradient can be seen between
0.35x/c and 0.6x/c. It may have been caused by the increased angle of attack of the strut, and the increased
interference with the jury strut, due to the propeller swirl velocity. The larger pressure gradient may well have
caused the boundary layer to separate.
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Figure 6.12: Pressure coefficients inboard and outboard of the strut-jury strut junction.

On the other had, there are no significant differences in pressure gradient between propeller-on and -off
cases on the outboard region, see Figure 6.12b. In fact, the propeller-on case exhibits the highest adverse
pressure gradient, near the leading edge. A possible explanation could be that the boundary layer is thinner
in the propeller-on case, due to the increased slipstream velocity. Using actuator disk theory, this would
increase the Reynolds number by 0.6%, which would reduce the boundary layer thickness by 0.12% according
to Prandtl’s fifth power law (6/x = 0.37/ Re)lc’ %). This is negligible, as can be seen in Figure 6.13. It shows the
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shape factor, boundary layer thickness and boundary layer profiles on the upper side of the strut. They have
been taken at the same location as the C, plots of Figure 6.12b. The boundary layer thickness according to
Prandtl’s fifth power law has been plotted too, it is very accurate until halfway the strut. Until around 70% of
the strut chord, the boundary layers in the propeller-on and -off case have very similar velocity profiles and
shape factors. This means that they are hardly altered by the increased slipstream velocity of the propeller.
Behind 70% of the chord, the shape factor of the propeller-off case starts to increase. According to Castillo et
al. [7], a turbulent boundary layer separates around a shape factor of 2.73, which is reached at x/c = 0.8 for
the propeller-off case. No separation is present for the prop-on boundary layer. Since there is no significant
difference in boundary layer profile before reaching this and the pressure gradient is very similar, there must
be another reason for the separation in the unpowered configuration. It is likely that it is caused by the
horseshoe vortex system, which is only present at this location in the propeller-off case. Further research
into corner flows and vortex breakdown mechanisms may provide more clues about this.
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Figure 6.13: Shape factor, boundary layer thickness and velocity profiles near the strut-jury strut junction. Boundary layer profiles
where taken along the outboard section shown in blue in Figure 6.10b.

Finally, the results of this section are put in perspective by noting that the location and size of the separated
regions near the strut-jury strut junctions varied between the different meshes. Qualitatively, the behaviour
of the finest mesh (used for this section) was similar to the second finest mesh, which suggests that the con-
clusions drawn here are still to some extent valid. Studying this sensitive region with either a finer mesh or a
higher fidelity method such as a Large Eddy Simulation (LES) should yield more definite conclusions.

6.2.2. PROPELLER EFFECT ON FRICTION

The effect of the propeller on the friction drag is shown in Figure 6.14. As expected, the skin friction increases
under the influence of the propeller slipstream. Furthermore, it is proportional to the slipstream velocity, this
is evident from the wing skin friction coefficient. The increase in wing friction is higher behind the downgoing
blade than behind the upgoing blade. This may be caused by interference between the different elements in
the strut-wing-jury strut channel. The Mach number and velocity inside the channel is higher than outside
of it, see Figure 6.15. This could have lead to a higher skin friction drag in that region.
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Figure 6.14: Effect of the propeller on the friction drag distribution.

The actual values for the friction drag of the different wing parts are given in Table 6.3. The effect of the
propeller is limited. In total, the propeller causes an increase in friction drag smaller than 3%. Recall that
the propeller reduced the induced drag by 37.92%, which is much more significant, even though the total
induced drag is less than a third of the friction drag. It is also noted that the table only gives the friction
drag. Viscous effects also cause a pressure drag component, due to flow separation and decambering. It was
concluded earlier that the propeller reduced the size of separated regions, and likely reduces the pressure
drag. The effect of the propeller on decambering is harder to assess. The boundary layer profiles plotted in
Figure 6.13 suggest that the effect is limited. Assuming that the trailing edge separation is caused by vortex
interactions, the boundary layer growth seems largely unaffected by the propeller. Finally, it is added that
the results presented here may give an optimistic view of the propeller effects. The Spalart-Allmaras model
causes the entire boundary layer to be turbulent, and hence ignored transition. According to Miley et al. [31],
the propeller can move the transition point forward and increase the friction drag of the wing. On the other
hand, at a Reynolds number of 5 Million, the size of the laminar region will be small.

Table 6.3: Friction drag of the different components of the strut-braced wing, with and without propeller

Prop-off [cts] Prop-on [cts] Diff. [%]
Wing 118.2 120.6 2.0
Strut 16.6 18.0 8.4
Jury Strut | 0.02 0.04 100
Nacelle 9.2 9.4 2.2
Total 144.0 148.0 2.8

The increase in friction drag looks proportional to the slipstream velocity behind the propeller. To verify
whether this is the case, a simplified model is used to predict the increase in friction drag due to the propeller.
It assumes a constant skin friction coefficient, and calculates the propeller slipstream velocity using actuator
disk theory. If the increase in skin friction is proportional to the slipstream velocity, this should be able to
predict the friction drag increase with some accuracy. In a wing with a propeller, the inflow velocity is no
longer constant, so the definition of cf is written as in Equation 6.4, where V;j, is the local inflow velocity. The
wing friction drag coefficient can be calculated according to Equation 6.5.
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The inflow velocity is assumed to be equal to V, everywhere, except in the propeller slipstream. Using actu-
ator disk theory, the average velocity increase in the slipstream is given by Equation 6.6. Given that the inflow
velocity behind the slipstream is given by (1 + a) V., (assuming the wing is positioned closely to the propeller,
the slipstream velocity increases to (1 +2a)V, far away), the wing friction drag can be calculated according
to Equation 6.7.

1 8T 2
1 3 1 Sl Vv 1 Sost
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Assuming a constant skin friction coefficient and slipstream velocity, this reduces to Equation 6.8. In the case
of a wing without propeller, it can be simplified further to Equation 6.9. Using this equation, the average skin
friction coefficient for the unpowered aircraft is calculated. Given that the wetted area is 159.7m?, the skin
friction coefficient equals 0.00275. The wetted area inside the slipstream equals 65.24m?. Plugging this into
Equation 6.8 yields an estimate for the skin friction drag of 147 counts for the propeller-powered strut-braced
wing.

c S
Cp= ?f (st +@?* + Syg1) (6.8) Cpy= ?wcf 6.9)

This is somewhat lower than the value of 148 counts found using CFD. The estimated increase in skin friction
dragis 3 counts, compared to an increase of 4 predicted by CFD. This is an underestimation by 25%, indicating
the increase in skin friction drag is not linearly proportional to the increase in slipstream velocity predicted
by actuator disk theory. There are multiple possible causes for this. First, the presence of separation violates
the assumption of a constant skin friction coefficient. Second, the velocity in the slipstream does not increase
uniformly. Since the skin friction dag increase is proportional to the square of the velocity, the average velocity
increase obtained using actuator disk theory introduces another error. Finally, the slipstream development
was ignored. Normally, the velocity increases from (1+a) Vo, to (1+2a) Vi, far away in the propeller slipstream.
The velocity at the wing should be something in between the two.

6.3. COMPRESSIBLE EFFECTS

Initially, there was some concern with respect to local supersonic flow and shock waves. These could cause
flow separation, and increase the drag. Even though the aircraft flies at a relatively low Mach number of 0.42,
the flow is accelerated in the propeller slipstream. Furthermore, interference between the different elements
of a strut-braced wing can locally lead to high supervelocities. Indeed, when comparing the propeller-on and
-off case in Figure 6.15, there are several regions where the local Mach number is increased by the propeller.
The increase in Mach number due to the propeller itself is limited. According to actuator disk theory, the
average Mach number in the slipstream would be 0.431. In reality, the velocity inside the slipstream reaches
higher values. This happens because the flow also has to move around the different wing elements, which
may interfere with each other. Furthermore, the propeller swirl velocity locally alters the angle of attack,
leading to higher supervelocities. Finally, an actuator disk gives a uniform slipstream velocity. In reality, there
is significant variation in slipstream velocity behind the blade in radial direction.

>

(a) Propeller-off (b) Propeller-on

Figure 6.15: Mach contours at a section located at the quarter chord point of the wing.

There are several regions where the propeller slipstream causes high supervelocities. First, on the suction
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side of the wing there are two peaks. Since they are present behind both the upgoing and downgoing blades,
they are not only caused by the swirl velocity. Supervelocities induced by the wing thickness may be a con-
tributing factor. Second, interference between the strut, wing and the propeller slipstream velocity leads to
high supervelocities near the strut-wing junction, behind the outer part of the propeller disk. If the propeller
was spaced more outboard, this may have lead to even higher supervelocities in the strut-wing junction itself.
Finally, the largest increase in Mach number is present at the strut-jury strut connection. The largest change
is inboard of the jury strut. Initially, it was expected that the outboard part would be most vulnerable, due to
the sharp angle between the strut and jury strut. However, the loading of the strut, caused by the propeller
swirl velocity led to high supervelocities on the inboard part of the jury. Indeed, a small pocket of supersonic
flow was detected at the inboard part of the jury strut, shown in Figure 6.16 (this is a front view of the region
highlighted in Figure 6.11). The size of the pocket based on the time-averaged Mach number is relatively
small. Along the jury strut, some slices were made to compare C, plots, based on the mean flow. On all sec-
tions, a sharp pressure peak is present at the leading edge. Only for the section closest to the wall, the critical
Cp is exceeded. Depending on the flight speed and the propeller setting, the pressure peak could increase in
size, and possibly result in a shock wave and separation. Carefully shaping the airfoil of the jury strut could
reduce the pressure peak, and make it more resistant to supersonic flow.

To avoid separation on the outboard part of the jury strut, as observed in subsection 6.2.1, one might be
tempted to put it at a right angle with respect to the strut. This was also recommended by Tétrault et al. [51].
However, in the presence of a propeller this would only increase the supervelocities inboard of the jury strut.
There must be an optimal strut angle that minimises interference drag.

—— slicel
—— slice 2
—— slice 3

CP, crit

0.2 0.4 0.6 0.8 1.0
x/c [-]

(a) Location of the slices on the strut-jury strut junction. The (b) Cp plots at several locations on the jury strut.
boundaries of the supersonic pocket are marked in red for the
time-averaged flow, and in yellow for the maximum Mach
number.

Figure 6.16: Cp, plots and local supersonic flow on the jury strut.

The flowfields shown until now were averaged over time. A propeller induces unsteady loading, which may
lead to even higher supervelocities. When looking at the maximum Mach number reached during 60 degrees
of propeller rotation in Figure 6.16a, the area of supersonic flow grows by a factor of roughly three. Note that
this is the maximum mach number of each cell separately. It is possible that not all these cells reach M>1
simultaneously. For the strut-jury strut junction, the effect of unsteadiness is limited. This is because it is not
located behind the tip vortices of the propellers. The large gradients behind the propeller tip vortices cause
unsteady oscillations with a large magnitude. This is illustrated in Figure 6.17, where the root mean square
(RMS) of the oscillations in Mach number are shown. The iso-surfaces are drawn at an RMS value of 0.02. The
oscillations in local Mach number are indeed the largest behind the propeller tip vortices. Downstream of the
propeller, the amplitude of the oscillations dies out due to diffusion. Where the propeller tip vortices impinge
on the wing and strut leading edge, the presence of the iso-surfaces indicates unsteady flow where the RMS
of the Mach number exceeds 0.02. However, no supersonic flow in these regions was found. The strut-jury
strut junction is not inside any iso-surface, meaning that the RMS of the Mach number is below 0.02 in that
location.
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Figure 6.17: Iso-surfaces of the root mean square of the oscillations in Mach number, at a value of 0.02. The iso-surfaces are colored
with the mean Mach number.



RECOMMENDATIONS AND CONCLUSION

Based on the results of this work, some recommendations to future researchers are given in section 7.1. These
highlight parts of this report that may benefit from more detailed consideration, and gives ideas on which
further work could be based. The report is wrapped up with the conclusion in section 7.2, where the main
findings are summarised.

7.1. RECOMMENDATIONS

In future work, there are some areas of that could be improved, or build upon. First, it was already mentioned
that the configurations used here were not optimised. This likely resulted in conservative estimates for the in-
duced drag, both with and without propeller. To get an idea of how great the advantage of propeller-powered
strut-braced wings can be, the next step would be to optimise for induced drag. This only depends on the
loading distribution, so it can be done using a lower fidelity method like VLM or lifting-line theory. Of course,
this would also improve the performance of the conventional wing, so the advantage in induced drag for the
strut-braced wing might either increase or decrease.

The strut-jury strut junction proved an area with complex flow behaviour. Junction flow with separation at
multiple locations, combined with a propeller slipstream leading to local transonic speeds make it interest-
ing for further study. RANS is not very suitable for this kind of flows, because of its difficulty in predicting
corner flows. Investigating this region with a higher fidelity method such as LES might shed more light on the
phenomena that are at play. Varying the junction geometry by using different (jury) strut airfoils, changing
the angle of the jury strut and adding fillets may give clues on how to reduce losses in this area.

Finally, the advantage of a propeller-powered strut-braced wing has been proven for an arbitrary research
aircraft. The analysis methodology could now be applied to the design of a real strut-braced wing. The fuel-
burn of this aircraft could be to compared with the ATR72 to quantify the advantage of a more representative
strut-braced wing. This has been done with the help of actuator disk theory by Zinjarde [62], but he found
gains in induced drag lower than those in this report. It would be interesting to see how his results hold with
a higher fidelity method.

7.2. CONCLUSION

This thesis report delved into the aerodynamic performance of a propeller-powered strut-braced wing. It was
expected that the integration of a propeller would lead to savings in induced drag larger than those in conven-
tional aircraft. This is mainly because a strut-braced wing has additional lifting surfaces that could recover
more swirl from the propeller slipstream. While the expectation was a reduction in induced drag, it is impor-
tant to verify that this is not offset by an increase in other drag components. For this reason, the effect of the
propeller on viscous and compressible aerodynamics were also considered. The treatment of viscous effects
was split up into a part about flow separation and another about friction drag. For compressibility, the goal
was to verify whether interference between the different wing elements would not lead to local supersonic
flow under the influence of a propeller.

65
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Induced drag was investigated using a panel method called Flightstream. Because of the complexity of a SBW
aircraft, Flightstream was first validated with CFD using a simplified configuration, representing a propeller
mounted above a strut. It was found that this configuration accurately matched the lift and drag distributions
predicted by CFD. Next, the full strut-braced wing aircraft, including jury strut was validated. In this case,
agreement was very good for the aircraft without propeller, but lost some accuracy when adding propeller
effects. These are mostly because Flightstream failed to capture some pressure peaks. Still, it was able to
capture trends in the lift and drag distributions well, so it was concluded that a panel method is suitable for
problems of this kind.

For the induced drag, first the effect of the propeller on the lift and induced drag of three configurations
was considered. These configurations were a conventional wing and a strut-braced wing, one with and one
without jury strut. The main effect of the strut was to reduce the lift on the main wing, both in propeller-on
and -off cases. Still, combined with the lift on the strut, the strut-braced wing configurations experienced a
roughly 4% larger lift than the CW wing at the same angle of attack. The jury strut had a negligible influence on
it. When correcting the lift to a constant value, the two strut-braced wing configurations had a slightly lower
induced drag (39.2 cts and 39.5 cts with and without jury) than the conventional wing (40.1 cts). Next, the
effect of the main strut and jury on the change in induced drag of the propeller was calculated. At constant lift,
it was found that the main strut increases the reduction in induced drag caused by the propeller, by 2.3 counts.
This is mainly caused by a reduction of induced drag of the jury, and to some extent because it favorably
interfered with the wing. For the jury strut, the results were more surprising. Initially it was thought that it
would act as a swirl recovery vane, and thus lead to additional savings in induced drag. While the jury itself
experienced a thrust component of 0.2 cts under the influence of the propeller, it caused an increase in drag
on the wing large enough to cancel out its own thrust. In total, it reduced the gain in induced drag caused by
the propeller by 0.8 cts. Of the three configurations that were investigated, the two strut-braced wings had the
lowest induced drag when considering propeller effects. The results above were obtained using unoptimised
wings. Optimising the loading distributions could for example reduce the unfavorable interference between
jury strut and wing.

Flow separation was observed at all junction locations, mainly at the leading edge of intersecting wing ele-
ments. The report focused on two locations relevant for a strut-braced wing, namely the strut-wing junction
and strut-jury strut junction. The strut-wing junction only showed separation at the strut leading edge, fol-
lowed by a roll-up of the separated flow into a horse-shoe vortex wrapping around the strut. This flow be-
haviour was not influenced by the presence of a propeller. The strut-jury strut junction also exhibited leading
edge separation, in addition to corner separation at the trailing edge of the jury strut, and separation at the
trailing edge of the main strut. The size of the corner separation reduced under the influence of the propeller,
mainly because its swirl velocity reduced the pressure gradients on the outboard surface of the jury strut. At
the trailing edge of the strut, the separation was influenced by the location of the horse-shoe vortex system
and the pressure gradient on the strut. A large adverse pressure gradient caused by the propeller inboard
of the jury strut caused separation there. On the outboard region, no difference in pressure gradient was
observed. Instead, it seemed as if the presence of the horse-shoe vortex caused a region of separated flow.
However, due to the relatively coarse mesh in the region, and the inability of RANS to accurately simulate
junction flows no definite conclusions about this regions could be made. In addition, it was verified whether
the propeller slipstream would change the boundary layer behaviour, by locally increasing the Reynolds num-
ber there. This was not the case, the shape factor of the boundary layer was similar for the prop-on and -off
cases, outside of the horseshoe vortex system.

The propeller was observed to increase the friction drag only inside the slipstream, proportional to the local
slipstream velocity. The change in friction was in the order of 3%, making it insignificant compared to the
savings in induced drag. The increase in friction could to some extent be predicted based on the average
skin friction coefficient of the unpowered aircraft and using actuator disk theory to calculate the slipstream
velocity. However, this method underestimated the increase in friction drag by 1 count.

Supervelocities were increased by the propeller, partially because of the increased slipstream velocity, but
also because of a change in angle of attack caused by the swirl velocity. In the propeller-on case, the largest
supervelocities were found on the inboard part of the strut-jury strut junction. This is somewhat surprising,
as the sharpest angle between the two elements is on the outboard. However, the angle of attack induced
by the swirl velocity induced large peaks in velocity inboard. Near the leading edge of the jury strut, these
reached supersonic speeds. The size of the supersonic pocket was very small, and can probably be avoided by
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slightly changing the geometry of the junction. Unsteadiness of the aerodynamic flow slightly increased the
size of the supersonic pocket. However, the most significant effect of unsteadiness was behind the propeller
tip vortices, where the large velocity gradients caused oscillations oscillations in Mach number larger than
0.02. This illustrates the need to consider compressible and to a smaller extent unsteady effect. Still, it is
expected that a different jury location or design could have avoided the small supersonic region.

In this report, it has been shown that strut-braced wings are more efficient at recovering swirl from a pro-
peller slipstream, compared to a conventional wing with propeller. They thus have the potential of additional
savings in induced drag, on top of the lower induced drag caused by their larger aspect ratio wings. Potential
increases in friction and interference drag have been shown to be small. Based on the results of this work,
strut-braced wing aircraft could be interesting for the next generation of regional turboprops.
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