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Abstract

Navier-Sokes calculations were performed on a
low aspect ratio straight semi-span wing
equipped with a four bladed tractor propeller.
The total number of grid cells that was used
during the calculations is close to 1 million. The
flow problem was solved using a cell-centered
finite volume approach, using various turbulence
models that were compared with each other. The
Realizable k-¢ and the Reynolds Stress Model
with non-equilibrium wall functions showed the
best results for this particular flow field. The
calculations were aimed at the prediction of the
complex flow field around propeller-wing con-
figuration were used to determine the minimum
grid size and problem setup that is needed to ac-
quire acceptable results without having to use
the most powerful supercomputers available.

The results are compared with experimental data
acquired with a low speed windtunnel model.
Detailed post-processing of the numerical data
produced an improved understanding of the
aerodynamic phenomena that occur at the part
of wing that is washed by the dipstream. The
overall characteristics like the lift coefficient and
the drag show an reasonable agreement between
the data. The choice, however, of the selected
turbulence model as well as the boundary condi-
tions set at the propeller disk are of vital impor-
tance. This again signifies the importance of ex-
periments on this particular complex flow field.
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wing aspect ratio

wing span

local chord

local drag coefficient

local lift coefficient

total lift coefficient of the configura-
tion

normal force coefficient

drag force, propeller diameter
source function used in the QWS

method

functions used in the QWS-method
static pressure

total pressure

wing area

windtunnel cross sectional areas

thrust force, temperature

Thrust coefficient (= T/ pv2 D?)

X,y and z-component of the velocity
vector

coordinates in streamwise, spanwise

and vertical direction respectively
geometrical angle of attack
induced angle of attack

velocity-potential-like function used in
the QWS-method
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1} streamfunction-like function used in the

QWS-method
o) air density

Indices

cl. center line

p propeller

ref reference value
\Y; Viscous

w wing

QWS Quantitative Wake Survey

1 Introduction

For multi-engined propeller powered aircraft one
of the important points of concern with respect to
the overall performance is the interaction be-
tween the propeller dipstream and the wing. In
tractor propeller configurations the trailing wing
experiences swirl velocities generated by the
propeller which results in a considerable defor-
mation of the lift distribution. This has a signifi-
cant impact on the aerodynamic behavior and
performance of the wing. Within various Euro-
pean research projects specific attention was paid
to the analysis rather than the optimization of
current concepts. It would be interesting however
to investigate new design strategies as well.
From earlier investigations it is known, that both
the position of the powerplant with respect to the
wing and propeller angle of attack play an im-
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portant role (ref. [1-5]). Consequently care-
fully designed configurations may reveal
some performance benefits when the propeller
and the wing are closely coupled. To arrive at
optimized concepts however further detailed
information on the typical flow phenomena
around the propeller-wing configuration is
needed. The aim of this paper is to present
some results of a comparison of numerical
calculations based on the Navier-Stokes equa-
tions and experimental investigations includ-
ing flow field surveys and surface pressure
measurements that were performed on a basic
tractor propeller wing configuration.

2 Experimental Approach

2.1  Windtunnd facility and model

Validation of the numerical calculations was
accomplished through experiments on a sim-
ple propeller-wing model called PROWIM
(propeller wing interference model). Typica
model characteristics are summarized in Table
1. The model was attached to an externa 6-
component balance through a turntable which
is flush with the image plate situated at 0.3 m
from the upper wall. The windtunnel used
during these investigations was the Delft Uni-
versity Low Turbulence Tunnel (LTT) which
has an octagonal test section of LxWxH =
260 x 1.80 x 1.25m. Beside the balance
measurements surface pressures were meas-

Model characteristics of windtunnel model PROWIM

Wing aspect ratio 5.33

Airfoil NACA 64A015
Span , chord 0.64m,0.24m
Propeller drive power 5.5 kW
Propeller blade angle 25°

Propeller diameter 0.236 m

Features Inb. / outh. Flaps ; 918 pressure taps

M easurements External balance ; surface pressure ; 5-hole-
probe wake survey

Test conditions o =0°,4°,10° ; Re = 0.82x10° ; prop on / off ;

propon: T.=0.168

Table1l Model characteristics and test conditions of PROWIM.
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Tetrahedral domain
(outside)

Hexahedral
Domain (close
to the model)

fig. 1 Layout of the numerical model represented by a
part of the grid, that was used during the Navier-
Stokes calculations.

ured as well as velocity components and pres-
sures in the flowfield. For the wake surveys, that
were taken at 1 chord length behind the wing
trailing edge, a conical-head five-hole probe (di-
ameter 1.65 mm) was used.

3  Numerical model

The numerical model is based on a somewhat
simplified geometry. Instead of a blunt head the
spinner is modeled with an dliptically shaped
form. This improves the grid quality considera-
bly without violating the general aerodynamic
characteristics to much. To capture the complex
flow characteristics in the boundary layer and
close to the model in the vicinity of the propeller
dlipstream arather dense grid was used while the
outer calculation domain was rendered with a

course grid. To simplify the grid generation
process an unstructured hybrid grid approach
was used. The cells closest to the wing surface
are hexahedrals which perform better in cap-
turing the boundary layer flow phenomena.
The cells in the outer domain were less accu-
racy may be accepted are tetrahedrals. This
hybrid approach speeds up the grid generation
process considerably. The total number of grid
cells that was used during the calculations is
approximately 1 million. The flow problem
was solved using a cell-centered finite volume
approach, using various turbulence models
that were compared with each other. The tur-
bulent boundary layer can be subdivided into
ainner and a outer region, the first is charac-
terized by having a universal behaviour (the
“law of the wall™), the second depends on the
pressure distribution and is called “wake re-
gion’. The law of the wall can be divided in
three regions: the viscous sublayer (extending

from the wall to y* =5), the log-layer (from

y" =30 to y" =350) and the buffer layer

(in between). The flow solver provides two
approaches to model the near-wall region. The
first one is the wall-function approach in
which viscous sublayer and buffer layer are
not solved, the second is called two-layer
zona model in which the viscous dominated
region is solved completely. The two-layer
zonal model provides better accuracy for high
complexity flows. those flows characterized
by high streamline curvatures, high pressure
gradients, separation and reattachment, but it
requires enough cells in the viscous sublayer.
Since it was impossible to have such a fine
grid resolution on the model it has been dis-
carded. "Non equilibrium wall functions’
were used to be able to account for the effects
of pressure gradients giving better accuracy in
all those cases in which the flow departs from
equilibrium conditions.

Both the so-called Realizable k-¢ (RKE) and
the Reynolds Stress Model (RSM) with non-
equilibrium wall functions that were used
showed the best results for this particular flow

264.3



winatunnel wall

P1 P2
control volume U,

U
s b

fig. 3 Control volume approach used in the Quanti-
tative-Wake-Survey-Method.

field. An impression of the computational grid is
presented in fig. 1.

3.1 Moddingthe propeller

The propeller was modeled based on an actuator
disk approach. A separate study on a SR3 prop-
fan model by Luursema [[4] showed that this ap-
proach is very acceptable when modeling the
flow at some distance (the wing position) behind
the propeller. The main reason for this is the
spreading of vorticity contained in the helica
vortices into a tube like structure when the time
averaged effect on the wing is considered. The
propeller is approximated as an infinitely thin
disk with prescribed jump conditions. The jumps
in total pressure and swirl velocity that occur
over the disk were based on experimental data
available from the 5-hole probe experiments per-
formed earlier on the same modd. (Rentema

[[5D).

4 Quantitative wake survey

One interesting procedure that results in the
separate contributions of the profile drag, the in-
duced drag and the lift is the so-called quantita-
tive wake survey method (QWYS).

The forces acting the model, that is positioned
inside a control volume as depicted in fig. 3, can
be found from the change in momentum in the
direction of the undisturbed flow. A detailed de-
scription of the wake survey method is felt to be
beyond the scope of this report. An extensive
discussion is given by Maskell [[11], Betz [[10],
Rentema|[5], Wu et a.[[12] and Veldhuis[[g].
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fig. 2 Examples of the surface pressure distribu-
tions and the streamline pattern around the pro-
peller wing model showing the propeller dip-
stream effect and wing tip vortex flow. Angle of
attack, a =4 °, J=0.85.
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Summarizing the results of the QWS-method we
can state that local lift coefficient and the drag
coefficient are integral functions (F,G) of various
parameters which may be written as:

C =[[FE© ®
Co=Cop +Co =[BRS TW) (2

These integrals are taken over the wake a a
specified constant streamwise location. In our
case the 5-hole probe measurement data were
used to provide these parameters.

5 Some calculation results

5.1 Flow field and surface pressures
The experimental investigations were based on

-2.0

Cp N

-1.0 'y

external balance and detailed surface pressure
measurements. All data were corrected for
windtunnel wall effects. Time-averaged dlip-
stream and wake measurements behind the
wing were performed using a fast traversing 5
hole probe to analyze dipstream influence on
wing profile drag and induced drag. These
data provided the baseline information on the
flow field characteristics of a single rotation
propeller/nacelle/lwing configuration. First of
all the general flow field of the propeller-wing
configuration is presented in fig. 2.

The effects of the propeller dipstream on the
wing pressure distribution are clearly visible.
Due to the inboard up rotating propeller the
stagnation point has moved on both sides of
the nacelle and consequently the pressure dis-
tributions are influenced (fig. 4). It should be
reminded that the pressure distributions, as
presented in fig. 2 and fig. 4 are affected both
by the local propeller induced flow angles and
the dynamic pressure increase in the dip-
stream. Other phenomena that are clearly visi-
ble are : the rotating dipstream and the wing
tip vortex.

/‘/(" . i
00 ]

"“K A upper side

10 ——{==F>-- ® lower side

— calculated
2.0

0.0 0.2 0.4 0.6 0.8 1.0
xlc
(@
-20
Cp
-10
MMA A A 4 a4 ry = .
00 m%ﬁx\g

A upper side

10 —={—=F>-- o lower side

- ‘\ — calculated
20

0.0 0.2 0.4 0.6 0.8 1.0
xlc

0.3

02f
21bi2

0.1

00f S
N\

-0.1

B / propeller disk
\\
" outline of wing

0.
z/b/2

1.0

1.2

0.2

0.4

0.6

12

fig. 4 Experimental and calculated pressure distribution
at a=4°, prop on. (a) at y/b/2 = 0.345, (b) at y/b/2 = 0.623

fig. 5 Example of contour lines of constant total pressure
coefficient, a = 0°, prop on
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fig. 6 Cross flow vectors and contour plots of axial vortic-
ity close to the nacelle indicating the existence of a horse

shoe vortex pair (1ab and 2ab); prop off ; a=0°.

An example of the total head pressure field
found from the 5 hole probe experiments and the
numerical calculations, respectively is presented
in fig. 5. The caculated dipstream and wake
show a close resemblance. This is necessary for
the quantitative wake analysis to be successful
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fig. 7 Contour lines of constant total pressure coefficient,
0a=4°, prop on

As can be seen in fig. 6 the numerical model
is capable to predict the major vorticity related
flow phenomena like the horseshoe vortex that
is produced by the wing-nacelle juncture flow.
Thisisimportant for the flow considered since
the lift distribution that is affected by the pro-
peller dlipstream is dominated by the vortical
flow effect.

The capturing of thin layers with concentrated
vorticity however is very much influenced by
the grid density. An example of this is pre-
sented in fig. 7 where the total pressure in-
crease produced by the propeller is lost rather
quickly (see thick arrow) at the upper side
where the hexahedral grid switches over into a
tetrahedral grid with much wider cells. When
the grid is laid out well however the capturing
of the secondary flow vortices, with their as-
sociated increase in induced drag, in the cal-
culation model make it possible to optimize
the configuration based on these calculations
with only limited number of cells (here ap-
proximately 1 million).

All the pictures with running propeller show a
significant distortion of the dipstream when
the wing cuts it in half. The origina tube-like
shape is replaced by two dislocated segments
(seefig. 5). At the location of the cut the dlip-
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stream is stretched at the side moving away from
the wing and compressed at the other side. A
convenient explanation of this phenomenon can
be found in the way the dlipstream influences the
wing lift distribution. The contour plot of fig. 8
shows that strong vorticity is shed from the
junction of the wing surface and the edge of the
dlipstream, which is indicative of the high gradi-
ent of spanwise load on the wing. As a result
both dlipstream halves shift in opposite spanwise
directions near the intersections between the
wing and the slipstream outer boundary.

5.2 Comparison with balance measurements

Table 2 contains some data of the numerical and
the experimental wake surveys which are com-
pared with the balance measurements of Philip-
sen [[6]. Here the coefficient C'y represents the

total streamwise force coefficient :
, 2D?
Cp=Cp-Te—5- ©)
The results demonstrate an acceptable prediction
quality for the NS-calculations.
It is clear that the drag coefficient, C'p, found in

the case of arunning propeller includes the thrust
component and therefore becomes negative.
From Table 2 it can be concluded that the wake
survey of the CFD data produce a lift coefficient
that is very close to the balance data. For a =4°,
both in the case of prop off and prop on, the lift
coefficient is (almost) exactly reproduced. The
drag data produced are less accurate but still
better that the results from the surface integration
asshown in Table 3.

In fig. 9 an example a comparison is made be-
tween the lift distribution as found from the
QWS-method both for the experimental field
data (40,000 grid points) and the calculated data

z/b/2

z/b/2

fig. 8 Contour lines of constant axial vorticity, a=4°, prop on.

(5,000 grid points). Minor differences exist
over the full span but still the major effects of
the dlipstream on the spanwise lift distribution
become visible. Again this is an indication
that the numerically modeled flow field is ca-
pable of representing the most important in-
teraction effects between the propeller and the
wing.

Method | a | prop | Ci Ch
CALC. | 0| off | 0.000 | 0.0109
wake | 4 | off 0.288 0.0171
anaysis| 0 | on | 0.003 | -0.0985
4 | on 0.310 -0.0910
CALC. | 0| off | 0.000 | 0.0170
surface | 4 | off 0.291 0.0231
forces* | 0 | on | 0.004 | -0.0926
) 4| on | 0319 | -0.0857
EXP. O | off - -
wake | 4 | off 0.292 0.0192
anaysis|{ 0 | on | 0.010 | -0.1016
4 | on 0.330 -0.0989
EXP. | 0| off | 0.000 0.015
baance | 4 | off 0.288 0.0198
data | 0| on | 0.006 | -0.0986
4 | on 0.314 -0.0916

&) corrected for thrust contribution

Table 2 Comparison of calculated and measured
lift and drag coefficients.
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Method a prop AC'H (%)
CALC. 0 off 27.3
wake 4 off 13.6
analysis 0 on 0.1
4 on 0.7
CALC. 0 off -13.3
surface 4 off -16.7
forces 0 on 6.1
4 on 6.4

Table 3 Error in estimated drag coefficients with reference

to the balance measurements of Philipsen [[6].

Case CL (03 D
inup 0.319 -0.0857
outb. up 0.299 -0.0839

Table 4 Effect of the rotation direction as cal-
culated with NS-solver for @ =4°; J =085

Although the flow field surveys produce a drag
coefficient that is dlightly smaller than the drag
from the externa balance measurements the
agreement between the three techniques is ac-
ceptable. Both the numerical and the experi-
mental data are qualitatively and to a lesser ex-
tent quantitatively in agreement with the results
of an optimization code used for preliminary de-
sign purposes that was designed for optimization
of propeller-wing configurations.

It has been shown in earlier investigations that
the rotation direction has some influence on the
overall performance of the propeller-wing con-
figurations ([[1,[6,[3,[10]). In &l studies the in-
board-up rotating propeller configuration per-
formed dlightly better than the outboard-up con-
figuration. Within the numerical model is was
very easy to reverse the rotation direction of the
propeller and to see whether or not the phe-
nomenon could be confirmed. The calculation
was run for a=4° using the redizable
k —&model.

In agreement with earlier found experimental
evidence the numerical code indeed predicts per-
formance benefits (lower drag combined with
higher lift) for configurations that utilize inboard
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fig. 9 Example of measured and calculated lift dis-
tributions from wake analysis for a = 4°, (a) prop
off, (b) prop on.

up rotation of the propeller as can be seen in
Table 4.

6 Conclusions

From the numerical and experimental investi-
gations the following conclusions can be
drawn:

* Applying the Navier-Stokes solver with
given boundary conditions, the experi-
mental results, that were attained at low
Reynolds number, are acceptably pre-
dicted.

» The number of cells used in the current
analysis (approx. 1 million) seems to be
the bare minimum that is needed to re-
solve the trailing vorticity field in the
wake of the model. Especialy the domain
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around the dlipstream should be provided
with afine grid.

The numerical results confirm the possible
improved efficiency of systems with up-
inboard rotation.

Quantitative wake survey performed in the
flowfield behind the propeller deliver results
comparable with the experimental flow sur-
vey. Thus the CFD-calculation may be an
important tool to detect sources of drag on
the configuration.

The final results depend on the turbulence
model selected. This again expresses the im-
portance of experimental investigation of this
particular complex flow field. Further analy-
sis with adapted turbulence models may be
necessary.
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