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1+b Square-root of the average

1. Abstract dynamic pressure ratio at the
horizontal tailplane )
A method is presented for the determination of
slipstream effects on static longitudinal stability and [b=y@r7a-1]
control of multi-engined propeller aircraft. b, Width of the tailplane part covered
The method is partly based on elementary momentum by the slipstream of a single
considerations partly on a correlation of windtunnel propeller in idealized flow. (m)
data. The method allows the determination of: b, Wing span. (m)
c Wing section chord. (m)
o The increase in lift due to propeller slipstream, c Extended wing chord (chord
0 The change in tail-off pitching moment, both with extension due to fiap deflection).  (m)
flaps retracted and deflected. < Mean aerodynamic chord. (m)
o The location of the propeller slipstream relative to ¢, Flap chord. (m)
“the horizontal tailplane and the associated effect C, Lift coefficient
on average dynamic pressure at the tailplane.
0 The change in average downwash angle due to c,= 1ift
slipstream at the tailplane. %Png Sy
For a number of aircraft configurations a comparison G Two-dimensional lift curve referred
is shown between calculated results and windtunnel to the extended section chord ¢’.  (-)
data. Co, Total normal-force coefficient of
the combined propellers )
2. - Notation ol =Dl
1 2
SPVoSy
Symbol Description Unit 2
(CDpo Power-off lift coefficient. )
A, Aspect ratio of wing part immersed AC,, Lift coefficient due to slipstream
in the slipstream of a single deflection by the wing. -)
propeller. ) AC,, Lift coefficient due to slipstream
Ao Effective aspect ratio of wing part deflection by the wing at the zero-
immersed in the slipstream of a lift angle for the wing with flaps
single propeller at low thrust retracted. (See fig. 20). )
coefficients. 0] AC,, Lift coefficient due to slipstream
A, Total cross-sectional area of the deflection at a given angle-of-
combined fully contracted attack. ¢)
slipstream tubes: (m?) Cs0 Local lift coefficient at the
propeller axis location in the
(A,! =ne% D") absence of slipstream. )
Cs Vertical component of total thrust
Ay,, Wing aspect ratio (Ay, = b?/S,)) ) coefficient.
A Cross-sectional area of the part )
of the outer flow stream tube Cp= TroeX81N g
affected by the slipstream ..Zl.p vis,

(see Appendix IV). (m?)
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AC,,

ACyy

Ah

Total wing lift coefficient in the
presence of slipstream.

Wing lift curve slope. (1/deg)
Horizontal tailplane lift curve
slope (1/deg)
Lift curve slope of a wing in free
air with aspect ratio Ag (1/deg)
Lift curve slope of a wing in free
air with aspect ratio A, 4 (1/deg)
Airfoil section lift curve slope.
- Lift coefficient-versus-angle
of attack. (1/deg)
Airfoil section lift curve slope at
the propeller axis location. (1/deg)
Airfoil section lift curve slope.
-Lift coefficient-versus-flap angle  (1/deg)
Pitching moment coefficient ¢

C.,= _____.L_

) % P Vg SyC

Additional pitching moment
contribution to the calculated

pitching moment due to

slipstream C,,, to improve

comparison with test data. ¢)
Zero-lift pitching moment coefficient
of the wing section at the propeller
axis location. )
Airfoil pitching moment coefficient
about the quarter-chord point

referred to the extended section

chord ¢’. Q)
Pitching moment coefficient due to
total propeller normal force. O]

(= Cy,) Total pitching moment
coefficient due to propeller forces
and slipstream. )
Wing section chord at propeller

(m)

location.
Pitching moment coefficient due to

total propeller thrust. ¢
Thrust coefficient

C.= Trot
T 1 2
5P Vo Sy
Propeller diameter (m)
Diameter of fully contracted
slipstream. (m)

The (assumed) vertical displacement

of the slipstream centre line due to

the propeller axis at the propeller

plane not coinciding with the stream-
line leading to the forward stagnation
point. (m)
Total distance in the Z-direction
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Ah,

b,

(Aht)upw

(Ahy),

(Ahy)y

SR

o g
o

Xeo/C

between slipstream centreline and
horizontal tailplane.

Vertical displacement due to angle-
of-attack of the quarterchord point

of the tailplane section at the
propeller location.

Vertical distance between the
tailplane section at the propeller
location and the propeller axis.

Vertical displacement of slipstream

centre line due to upwash in front
of the wing due to flap deflection

Vertical displacement of slipstream

centre line due to angle-of-
attack.

Vertical displacement of slip-
stream centre line due to flap
deflection.

Incidence of wing section
chord at the propeller location
Wing lift not affected by
slipstream.

Wing lift due to slipstream.

Tail arm. (Measured between wing

and tailplane quarter-mean-
aerodynamic chord points).
Distance between wing trailing-
edge and tailplane quarter-chord
points at the propeller axis
location.

Downwash factor. (K, = Z,/Z,)
Number of propellers.

Normal force of a single propeller
Coefficient in downwash formula
(= q,) Dynamic pressure of the
undisturbed flow

Average dynamic pressure at the
horizontal tailplane.

(= q;) Average dynamic pressure
in the fully contracted slipstream.
Horizontal tail area.

(= S;,)- Area of horizontal tail
surface immersed in the idealized
slipstream.

Wing reference area

(=T) Total propeller thrust
Increase in velocity in the fully
contracted slipstream

Velocity of undisturbed airflow.
Coordinate parallel to the
fuselage reference line.
Centre-of-gravity position along
the X-axes.

Dimensionless distance over which
the lift due to slipstream is assumed
to be displaced to obtain calculated

pitching moment data due to

(m)

(m)

(m)

(m)

(m)

(m)
(deg

(N)
N)

(m?)
™)

(mis)
(m/s)

(m)
(m)
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X0.25cs
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8,0

Zes

Ac,

o,f

slipstream with flaps deflected

which match with test data. ¢
Propeller plane coordinate along
the X-axis. (m)

Quarter-chord coordinate along
the X-axis of the wing section at

the propeller location. (m)
Lateral coordinate. (m)
Distance between propeller axis and

fuselage centre line. (m)

Coordinate in the plane of symmetry
prependicular tot he fuselage

reference line. Positive upward. (m)
Centre-of-gravity position along
the Z-axis. (m)

Distance along the Z-axis between

the wing trailing-edge and the
horizontal tailplane at the propeller

axis location. (m)
Distance along the Z-axis between

the propeller axis and the wing

trailing edge. (m)
Actual vertical displacement of

the wing wake relative to the wing
trailing edge at the horizontal

tailplane position. (m)
Wing wake displacement calculated

with the lifting line theory (m)
Angle-of-attack. (deg)

Change in flow direction immediately
behind the propeller relative to the
direction of the undisturbed flow  (deg)
Airfoil section zero-lift angle-

of-attack. (deg)
Change in airfoil section zero-lift
angle-of-attack due to flap

deflection. (deg)
Angle-of-attack related to the
fuselage reference line. (deg)

Angle-of-attack of the wing part
immersed in the propeller

slipstream. (deg)
Effective angle-of-attack of the

wing part immersed in the slip

stream at low thrust coefficients.  (deg)
(Plain) flap defection angle (deg)
Flap setting. (deg)
Downwash angle. (deg)
Estimated average downwash angle

of the flow affected by ,
slipstream. (deg)

The average downwash angle at the
horizontal tailplane at zero lift

in the power-off condition. (deg)
The slope of the downwash-angle
versus-lift curve at the power-off
condition. (deg)

£g Calculated downwash angle in the
slipstream. (deg)

€40 Downwash angle at oy = O at the
power-off condition. (deg)

The increase in average downwash

angle at the tail due to inflow

into the slipstream when the

slipstream velocity is twice the

velocity of the undisturbed flow. (deg)

é Angle defined in Appendix IV. )
A 1: Wing taper ratio
2: Parameter used in ref. 6 ¢
e Air density. (kg/m®)
o Parameter defined in Appendix II ()
] Slipstream turning angle. (deg)

3. Introduction

The effect of propeller slipstream on the longitudinal
characteristics of an aircraft has caught the attention
of aircraft designers since the early days of aviation.
In particular on multi-engined aircraft propeller
slipstream often leads to a decrease in longitudinal
stability and non-linear control characteristics when
speed or power setting are varied.

This may severely limit the allowable centre-of-gravity
range in particular on high-performance aircraft.

But most of all the unpredictability of slipstream
effects is a matter of concern, in particular when no
windtunnel data with powered propellers are
available for the configuration under consideration.
For preliminary design purposes open literature
provides guidelines for the estimation of the effect of
propeller slipstream on lift and drag. Tail-off pitching
moments, in particular with flaps deflected,
downwash at the tail and the location of the
slipstream relative to the tail and consequently the
average dynamic pressure at the tail with slipstrcam
present are to the author’s knowledge not covered in
open literature. In the present paper a semi-empirical
method is presented which allows the estimation of
these parameters. With these data available a first-
order estimate of the effect of propeller slipstream
on longitudinal stability and control should be
possible.

4, Historical Overview

In the *20’s and ’30’s the analysis of propeller
slipstream effects was mainly limited to gathering
data collections from which some general trends were
derived (refs. 1-3). Some relevant work was also
performed on the analysis of the characteristics of a
two-dimensional model wing placed in an open
windtunnel test section. This resembled a wing partly
immersed in a slipstream at very low flight speeds



(refs. 4, 5).

The first systematic investigation concerning the
increase in lift on a multi-engined aircraft due to
propeller slipstream was performed by Smelt and
Davies in 1936. This resulted in the classic semi-
empirical method reported in ref. 6. No configurations
with high-lift devices were considered. The method
was primarily aimed at conditions with low thrust
coefficients. The increase in lift due to slipstream was
thought to be primarily caused by an increase in
dynamic pressure of the flow about the part of the
wing immersed in the slipstream. The downwash was
not considered explicitly.

In the late 1930°s and early 1940°s efforts were made
to describe slipstream effects with theoretical models.
Numerical values for the required coefficients of
proportionality could not be determined however (ref.

7-12). Also more testdata were published (refs. 13, 14).

With the increase in engine power in the 1940’s the
need for better insight in slipstream effects on aircraft
characteristics lead to several systematic windtunnel
investigation such as presented in refs. 15-17.

With the advent of the turbojet engine the interest in
conventional propeller aircraft disappeared in the
1950’s in particular from the research programme’s of
the large research institutes.

However, in the late 1950’s and throughout the 1960’s
extensive research into the feasibility of V/STOL-
aircraft lead to a renewed interest in propellers (refs.
18-32). Because of the emphasis on V/STOL-
characteristics most of the research was performed at
very low speed (and thus very high thrust coefficients).
Also, most configurations investigated (except those of
refs. 33-37) had the greater part of the wing immersed
in the propeller slipstream. Based on these latter
investigations Kuhn (ref. 38,1959) developed a semi-
empirical method which allows the estimation of the
increase in lift due to propeller slipstream with flaps
deflected and at very low flight speeds upto V = 0.

In ref. 39 some results are presented of the application
of the method by Kuhn.

In refs. 40 and 41 more recent analyses are presented
of the effect of slipstream on longitudinal
characteristics.

Although two oil crises and the deregulation in the US
and subsequent developments in airline operation
renewed the interest in conventional propeller aircraft
no method has been published since then which allows
the analysis of the combined slipstream effects on
longitudinal aircraft characteristics.
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Numerous investigations were performed and
reported on propellers and propeller-airframe
interaction, These were however mainly aimed at
obtaining better insight in details of the flow and at
the development of computer codes based on full-
potential, Euler or Navier-Stokes flow equations.
None of these studies produced results up to now
which could be used to determine overall aircraft
characteristics.

5. Some remarks on the methods by Smelt and
Davies and Kuhn

As mentioned before the method by Smelt and
Davies (ref. 6) has the following characteristics:

a. Only clean wings are considered.
b. Only low thrust coefficients are considered

¢. The increase in lift due to slipstream can be
written as (in the present report’s notation):

D*c
Ac, = 2

- A V[Aclm-O .6cl.s(ax—a')]
In the first term between brackets A is estimated for
fwo extreme cases:

A = 2 when the ratio between slipstream diameter
and average chord of the part of the wing immersed
in the slipstream is large. This leads cffectively to the
assumption that the spanwise lift distribution over
this part of the wing can be treated as a two-
dimensional flow problem.

A = 1 when the ratio between slipstream diameter
and average chord of the part of the wing in the
slipstream is very small. The reasoning behind the
latter is rather qualitative.

Comparison with windtunnel data lead to a
correlation curve where A varied between 1 and 1.8
as a function of the aspect ratio of the total part of
the wing immersed in the combined slipstreams.

The second term between brackets takes into account
the change in local angle-of-attack due to downwash
behind the propeller(s). The factor 0.6 is an
empirical constant.

Although for very low thrust coefficients the method
by Smelt and Davies may in certain cases give
reliable results many cases have been reported where
the comparison between theory and testdata was
unsatisfactory.



The method by Kuhn (ref. 38) approaches the problem
from the other side. The starting point is the static
condition (V, = 0) where the lift is entirely
determined by the propeller slipstream. Windtunnel
test data show that the slipstream momentum is
effectively rotated over an angle © by flap deflection.
Although Kuhn suggests that the degree of rotation is
a function of the ratio of flap chord and propeller
diameter C/D the shape of the resultant empirical
curve is identical to the curve that gives the ratio of lift
curve slopes due do flap deflection and change in
angle of attack (see fig. 7). Furthermore a thrust-
recovery factor F/T is introduced to incorporate
viscous effects. (See fig. Ic, Appendix I).

Having established empirical relations between
propeller thrust and the total force on the wing-
propeller(s) combination as a function of angle-of-
attack and flap deflection for different flap types at
static conditions (V,=0) Kuhn then proceeds in
formulating a model for the total lift on wing-
propeller(s) combinations at low flying speeds.

Basically it is assumed that the total lift on the wing is
determined by the vertical component of the outgoing
moinentum of the stream tubes determined by the
propeller diameters and the wing span. The downwash
angle of the propeller slipstream behind the wing is
assumed to remain equal to the value found for static
conditions. Thus no effect of forward speed or thrust
coefficient is considered. The downwash angle of the
remaining stream tube determined by the wing span is
taken according to lifting line theory for the condition
with power off:

e = 57.3 ke deg.
TA,
As the slipstream turning angle © is kept constant a
correction factor is added to obtain the correct power-
off lift when the thrust coefficient approaches C,
= 0 and consequently the turning angle © approaches
the power-off downwash angle €.

Also, a comparison with test data required the
addition of a multiplication factor K = 1.6 to the
calculated extra lift due to slipstream.

Thus, although the method by Kuhn allows the
estimation of lift due to propeller slipstream with flaps
deflected it shows much room for improvement in
particular at lower thrust coefficients.

6. Determination of the effect of propeller slipstream
on static longitudinal stability
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When at constant speed propeller thrust is increased
the total flow condition about an aircraft changes.

Four elements can be distinguished.
1. The wing lift increases.

2. The tail-off pitching moment increases in a
negative sense, in particular with flaps deflected.

3. The average downwash angle at the horizontal
tail changes.

4. The average dynamic pressure at the horizontal
tail changes if the tail is partly immersed in the
slipstream.

6.1 The increase in wing lift due to propeller
slipstream

Two established methods have been mentioned for
the estimation of the increase in wing lift due to
propeller slipstream, the methods by Smelt and
Davies (ref. 6) and Kuhn. (ref. 38).

In the following a method is presented which offers
certain improvements over the methods previously
described.

The basic concept is identical to that of the method
of ref. 38

The total lift is assumed to be the sum of the
vertical components of the outgoing momentum of
the stream tubes determined by the fully contracted
propeller slipstream and the stream tube determined
by the wing span. The cross-sectional area of this
latter stream tube is a circle determined by the wing
span minus the total cross-sectional area of the fully
contracted propeller slipstream. (Fig. 1).

Figure 1 - Lift generation concept.



According to lifting line theory (valid for high-aspect-
ratio wings) the turning angle of the stream tube
determined by the wing span is equal to the downwash
angle:

£ =57.3

(deg.)

For very high lift this leads, when the same stream
tube analogy is used, to:

na,

2¢,
nA,

The lifting theory developed by R.T. Jones (ref. 42)
states that for very low aspect ratios (A < 1) the same
expression is valid. However, in this case the lift-curve
slope, when the wing aspect ratio approaches zero,
can be written as:

gine =

1 T

G, = 57 .3 x—2-A,, (per deg.)
and
= = 1 u
CL=C xa = =5 3 XEA"X“

(per deg.)
or, for very high angles-of-attack:

c, = %Awsina

Thus: sin ¢ = sin o
and E =

Stepniewsky (ref. 44 page 13) suggested that at least
for clean wings for higher thrust coefficients the
increase in lift due to slipstream could be estimated by
considering the flow of the slipstream over the wing to
be equivalent to the flow about a wing in a free stream
of which the span was equal to the diameter of the
fully contracted slipstream and the chord equal to the
actual wing’s chord at the propeller axis.

The dynamic pressure to be considered is equal to the
dynamic pressure in the slipstream and the angle of
attack ag should be measured between the airfoil
section’s zero-lift angle-of-attack and the centre-line of
the propeller slipstream. On a propeller at a given
angle-of-attack the latter means that with increasing
thrust coefficient the slipstream is deflected more
downward and the angle-of-attack ag of the equivalent
wing decreases.

The validity of this concept was first checked on the
test data from ref. 28.

In front of a wing, spanning the windtunnel test
section a propeller was fitted driven by an electric
motor. The propeller and electric motor were mounted
separately and were physically detached from the 2-d
wing model. The model was constructed such that
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spanwise lift distribution coul be measured directly.
With the propeller in a fixed position the angle of
attack of the model could be varied.

Because the model extended from wall to wall in the
test section the "free-air" lift could not be determined
on the basis of a stream tube being deflected over an
angle €. The downwash angle was taken as zero.
Then the lift due to slipstream was taken as:

it

Ly = p (Vo + AV)? ZD"sin g5

or
Lg=p (Vo + AW?2 —;5 D* sin ag

As the propeller was fixed g = o

The test data of ref. 28 and the calculated data
obtained according to the procedure outlined above
are presented Appendix II and in fig. 11.

This comparison shows that the principle is proved
although the effect of varying angle-of-attack is not
incorporated in the calculation method. It is unclear
if this is a viscous effect or if it is more fundamental.

The increase in lift due to slipstream was then
calculated according to the method described for a
number of aircraft configurations for which data were
available.

Figs. 2-6 show measured and calculated lift curves at
various thrust coefficients for some of the clean wing
configurations analysed. Ref. 49 presents a more
extensive overvieuw.,

Fig. 7 shows that in general a comparison between
test data and calculated data for the increase in lift
due to slipstream on wings without flaps shows

From: NASA Memo 12-3-58A
(NASA TN D-25) Ce»
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g (deg)

-05)

Figure 2 - Lift curves. Configuration ref. 35 with
clean wing.



satisfactory results and that no correction factors need
be applied.

45{ From: ,ﬁ
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Figure 3 - Lift curves. Configuration of ref. 36 with
clean wing.
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Figure 4 - Lift curves. Configuration of ref. 21 with
clean wing,

As mentioned before, in ref. 38 a relation is suggested
for wings with flaps deflected between the slipstream
turning angle © per degree of flap deflection at zero
flight speed (&/5) and the ratio between flap chord
and propeller diameter (¢/D). This relation is,
however, identical to the relation between the ratio of
the slope of the lift curves due to flap deflection and
due to change in angle-of-attack (C,/C,,) as a function
of flap-chord-to-section chord ratio (fig. 8). (In the
test data considered the propeller diameter was
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roughly equal to the wing chord).

In the present analysis the latter relation is taken as
more relevant. This allows the model previously
described for plain wings to be extended to wings
with flaps.

This is not strictly in line with a later extension of
Jones’s theory for small-aspect-ratio wings (ref. 43)
which states that when the aspect ratio approaches
zero the lift on a flapped wing is determined only by
the inclination of the trailing edge of the camber line
i.e. the sum of angle-of-attack and flap angle. The
theory of ref. 43 was developed for small angles only
however. Also the approach as described above
produces data far more in line with experimental
results.
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Figure 5 - Lift curves. Configuration of ref. 23 with
clean wing,

20,

CLT.O C'r:'o.sa
15 £ —aCr0n
1.0 J 2 40,

,/5:,,6'
5‘ s 0
e Calculated
oA p~—— W.T. test
-=~~ Estimated if no trailing edqe
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Figure 6 - Lift curves. Fokker 50 with clean wing.



Again it is assumed that the lift due to slipstream is
equal to the lift on a wing in free flow with a span
equal to the diameter of the fully contracted
slipstream and an airfoil section equal to the wing
section at the propeller axes with flaps deflected. The
angle of attack o is measured between the zero-lift
angle-of-attack with flaps deflected and the effective
propeller slipstream centre line.

14
AC telt
1.2 4

1.0 4

0.8

0.6 -

0.4 -

0.2 4

Figure 7 - Increase in wing lift due to slipstream. A
comparison between calculated and windtunnel test
data.

Flaps retracted.
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Figure 8 a. slipstream turning angle per degree flap
angle versus the flap-chord-to-propeller
diameter ratio.

b. C,/C,., versus flap-chord-to-wing-
section-chord ratio.

In figs. 12-16 examples are presented of the lift curves
for several aircraft configurations with flaps deflected
and varying thrust coefficient.

In fig. 17 the measured and calculated increase in lift
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due to slipstream is compared for a number of
aircraft configuration. Note that nu correction factor
is required in the calculation procedure.

Many more examples can be found in ref. 49.

Figure 9 - The lift curve slope of a wing in free air
and in a free jet.

061
Sl — Ving it a
® " ng in free air

04 - N Wing through
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Figure 10 - The lift curve slope C_, devided by m A
for a wing in free air and in a free jet.

Up to now fairly high thrust coefficients have been
considered. It will be clear that when the thrust
coefficient approaches zero the assumption

sin eg = sin a4
can no longer be maintained.
Following the suggestion from ref. 44 to assume an
arbitrary fairing function for the downwash angle €4
the (slightly modified) function from ref. 44 was
adopted. Here the gradual change from g4 = og to

¢ was accomplished by considering an imaginary
aspect ratio:

Vo (A ""A 3)
Ascft

= AS + (AW_AS) [m

such that



6.2 Change in tail-off pitching moment due to

ZCL.S X 81D &g propeller slipstream

sin eg =
nAsaff . . .
For clean wings the effect of slipstream on the tail-
off pitching moment of an aircraft is limited to a
where Cp  isrelated to Ag,, . term:
* 2
A derivation of the formulae used in the calculations is ¢, =n, D¢, c M]
presented in Appendix L. 0 Sy s Vo
In the method just described the lift due to slipstream Civel o
has been compared to the lift of a wing with small ropFrom: P8
. NASA s Cyazfell
aspect ratio. €S1TND-25 4 T
In refs. 5, 28, 31 the lift due to slipstream at zero flight 60
speed has been analysed both theoretically and 55 -~
experimentally. The results obtained in these %0 L
investigations indicate that when zero flight speed is #
approached this assumption seems no longer to hold
(figs. 9, 10). This is also suggested by the data of fig.
10 when o approaches 1 and thus qg/q; approaches
infinity. For practical values of the thrust coefficient
the approach followed produces satisfactory results
however. . o
"o”'No propellers
.. . 3¢ «40deg
In the foregoing it has been assumed that the vertical 540
position of the propeller axis does not affect the lift _.._c,{f,‘,?:f:‘:"’
due to slipstream. This assumption is valid when the e eeve W ‘2‘0‘: o
propeller axis is not more than 0.5 propeller diameter r
above or below the wing chord (fig. 18). However, Figure 12 - Lift curves. Configuration of ref. 36 with
recent wind tunnel tests performed at the Delft flaps deflected 40 deg.
University of Technology suggest that at more extreme
positions large variations in lift can occur. This will be
reported on in the near future.
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) Figure 13 - Lift curves. Configuration of ref. 36 with
Figure 11 - The lift due to slipstream as a function of flaps deflected 40 deg and ailerons 30 deg.
the dynamic pressure ratio of slipstream and free flow.
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Win.d‘tunnel tests show that on clean wings the
addxtxona'l lift due to slipstream applies at the quarter-
chord point of the wing section at the propeller axis.

With flaps deflected the situation is different. Glauert
has shown in ref. 45 (see also ref. 46, p. 215) a relation
between the increase in lift due to flap deflection and
the change in pitching moment at constant angle-of-
attack (see fig. 19a). This relation derived for potential
flow is valid for small flap angles only and can be
approximated by the formula:

/
C
My, 25¢/

c
; = -0.25+0.32—%
dec’; c

}“-CODSC.

where ¢, ¢, and ¢ refer to the extended chord when
flap deflection also leads to chord extension.
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Figure 14 - Lift curves. Configuration of ref. 21 with
flaps deflected 45 deg.

Numerous windtunnel tests have shown that in viscous
flow the pitching moment is more negative.

Good correlation with test data is obtained by the
following modified formula (see fig. 19b):

/

<
My, 25¢!

d ¢/,

C
=(-0.25+0.32-1)

c
&= const.

x (1 +0.2 (1 -2 sin §,)

In this formula the reference length ¢’ is the extended
chord and the moment reference point is also referred
to this extended chord. If the reference length is the
chord of the airfoil section with flap retracted ¢ and
the pitching moment is taken about the 0.25¢c-point this
formula should be written as:
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flaps deflected 40 deg.

{ dcmo.zsc

/ c
=5 1-0.25+0.32 £
dc, c !

JG-CODSC. ¢

x [1+0.2(1-y2sindy)]- 0.25[%'—1J

38.
Cro

3.04

Fokker 50
5‘ 40 deg

—eo— Calculated
AT~~~ W.T test

0 -5 o 5 '°x“( we)
Figure 16 - Lift curves of Fokker 50. Flaps deflected
40 deg.

For a cambered airfoil this increase in pitching
moment due to flap deflection and extension should
be considered at the zero-lift angle-of-attack for the
clean airfoil in order to distinguish between flap
effects and angle-off-attack effects.

In the present calculation procedure (fig. 20) for a



tail-off aircraft configuration the zero-lift angle for this
configuration is taken.

At other angles-of-attack an extra change in pitching
moment occurs due to a change in lift. This extra lift is

assumed to apply at 25 percent of the extended chord
c)

Thus:

dc’“o.zsc
dc,

/
=—Aclxo.25(f——1)
C

8 ,=const.
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Figure 17 - Increase in wing lift due to slipstream. A
comparison between calculated and wintunnel test
data. Flaps extended.
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It is now assumed that the lift due to slipstream
produces a change in pitching moment according to
the same relations as apply to free stream conditions
This idea was first suggested in ref. 50.

Thus:

rf c
[ACu,] = £ [-0.25 +0.32 £
8}, = const. C | c!

x[1x0.2(1-yZsindg)] AC,, -

C,
-0.25 | £ -1]|AC,
C 9,4

If the moment reference centre differs from the
quarter-chord point an extra change in pitching
moment should be added:

Xoe = Xo.25¢,

— X ACL“

AC, =
M, =

Furthermore, both the direct thrust force and the
propeller normal force produce pitching moment
contributions:

Ac, = _Z_T_:__Z_CE x Cr,, (For definition of
CTS” see App. V)
Xeg— X,
ACMP = ‘—CG__E—p‘EgE X CLp

The determination of C,, is covered in ref. 24 (see
also Appendix I).

Finally, a comparison was made between the sum of
the pitching moment contributions described above
and test data. The difference was assumed to be
caused by a shift in the point op application of the
wing lift due to slipstream.

A CMFS_ [CMS, test - Mg, c-lc] - E A CLS,:
AX./T

has been determined for a large number
of configurations and test conditions. Fig. 21 shows
representative examples and the curve faired through
the data points. The curve adopted is:

AXpg

/
=0.05 + 0.5 {E-—l}
c : c

The total change in pitching moment coefficient due to

operating propellers on a tail-off aircraft configuration
can then be described as:

/ C
fof =L 1-0.25+0.32 -1
Mg c

]u =const. C

x [1+0.2(1-yZ sindp)]AC,
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! Xoa—
+[—o.25 (£ -1) + = _°'2“’]ACL,
[of [od .
- Zp—Z
. XGG fprop CL, - T_ (2] CT
[o4 c

C/
-|0.05 + 0.5 (£-1)| AC,

Examples of tail-off pitching moment curves for
configurations with running propellers at different
thrust coefficients, both as calculated and as obtained
from windtunnel tests are presented in figs. 22-26.

Figure 21 - Assumed shift in point of application of
lift due to slipstream to improve the correlation
between calculated and measured pitching moment
changes due to propeller slipstream.
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6.3 The vertical position of the slipstream centre lines

When lift due to slipstream was discussed in chapter
6.1 the average downwash angle for slipstream and the
outer flow were assumed to have different values &g
and & with no interaction between the two flows.

Measured average downwash angles at tailplane

locations sufficiently far above the propeller slipstream
show however (to a first order) a unique linear
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relationship between average downwash angle and
total lift coefficient.

Whether high lift is generated by a high angle-of-
attack, a very efficient flap system or by propeller
slipstream, rougly the same C_ -versus - & curve is
found (see figs. 27, 28).

Apparently, the interaction between slipstream and
outer flow is such that, at least in the region of
convential horizontal tail surfaces slipstream and
outer flow can be considered as if they produce the
same average downwash angle in the part of the
outer flow stream tube between the outboard edges



of the propeller slipstream tubes,
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Figure 26 - Tail-off pitching moment curves. Fokker
50. Flaps deflected 40 deg.

As a check the following analysis was performed:

In fig. 29 a cross section of the idealised flow behind a
wing with two propellers is shown. The flow is
assumed to consist of two stream tubes defined by the
fully contracted propeller slipstream and the outer
flow stream tube. In Appendix IV the formulae used
in the analysis have been derived.

It is now assumed that the vertical components of the
outgoing momentum of the flow through area A* (with
downwash angle € ) and of the slipstream with total
area Ay = 2 x w/4 D" and downwash angle £ can be
combined into the vertical component of a total
momentum with different velocities but a single
downwash angle ¢’.

with

) pVgA‘sime (V,+AV)2A/sineg

sine=

thsz‘*-p (Vo+rAWN2aly

With the above equation and some of the formulae
from Appendix I the downwash angle ¢ has been
calculated for a number of aircraft configurations. As
an example &’ versus C_for the configuration of ref.
36 with the flaps deflected to 60 deg and the ailerons
to 30 deg for thrust coefficients C; = 0 and C, = 2.15
is presented in fig. 30.

Thus, the assumption that the average downwash far
behind the wing is only dependent on the total lift
coefficient, irrespective of the way this lift coefficient is
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achieved seems to hold.

In real flow the downwash angle, averaged over the
tailplane’s span is dependent on the height above the
wing wake.

Fig. 31 shows that:

P,
T A,

€ =57.3

where P varies on average between 1.5 and 2.5. When
it is assumed that this relation also applies with
propeller slipstream present it follows that with
engines mounted on the wing the centre line of the
slipstream should show a downwash angle
corresponding tot a value for P close to 2.5. Varying
P between 2.5 and 2.0 showed best correspondence
with test values for P = 2.2

So, far behind the wing the inclination of the
slipstream centre line is:

2.2 ¢

B,cu™ 57 3% 1
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Figure 27 - Downwash angle-versus-lift. Configuration
of ref. 21. Flaps deflected 45 deg.
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Figure 28 - Downwash angle-versus lift. Fokker F-27
model with high tail. Double-slotted flap deflected 70
deg.
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In particular at high lift coefficients the wing wake is
not flat but curved with a higher downwash angle
near the wing trailing edge.

For a straight wing with A,, = 8 and taper ratio A

= 0.3 the flow field has been calculated for C, = 1,
2 and 3.

Fig. 32a shows the flow field for C, = 2. The vertical
displacement of the wake relative to the wing trailing
edge Z,, is clearly larger than Z, =1, sin e. The ratio
K, = Z,/Z, as a function of l,/c, as derived from
the analysis mentioned above is presented in fig, 32b.
It is assumed to be valid for wing aspect ratio’s

5 < Ay, < 14. Fig. 35 shows that

K, = 1.5 when l,/c, = 3.0to 4.0 .

With the data from fig. 32b the slipstream centre line
can be determined for clean wings when the
propeller axis lies on or close to the streamline that
leads to the forward stagnation point on the airfoil.
The slipstream centre line coincides, in the present
model, with the wing wake.

The vertical distance between the horizontal tail
surface and the slipstream centre line is than the sum
of the geometrical distance between the tail surface
and the propeller axis (h,) at zero angle-of-attack, the
vertical displacement of the slipstream centre line (or
wing wake) passing through (or assuming its origin
at) the clean wing’s trailing edge (Ah,) and the
vertical displacement of the horizontal tail due to
angle of attack (Ah,):

h, = 2, - 2,
Ah,=1px%
de dC, de
tg I(: dCL de aR+'Kl dCLACL,+I(;sa-0

Ah;= -1, tg a,

where |, = distance from wing
quarter-chord point to tailplane quarter-
chord point.
l,’ = distance from wing trailing edge to
tailplane quarter chord point.

On most aircraft configurations the propeller axis is
situated above or below the wing chord plane at a
distance Z; and is located 0.50 cg to 1.00 cg in front
of the wing. Also when the angle-of-attack increases
the propeller centre line moves up. When flaps are
deflected the streamline leading to the forward
stagnation point moves down with respect to the
propeller axis.
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Figure 32 - Shape and position of wing wake.
a. Typical example of flow condition.
b. Ke versus distance behind the wing trailing edge.

In all these cases the slipstream centre line will not
coincide with the wing wake.

In the present analysis it is assumed that the

slipstream centre line is off-set from the wing wake for

a c}ean wing at the same C_ over a constant distance
Ah" . This distance is the sum of (see fig. 33):

1. (Ah),: The (upward) vertical displacement of the
propeller disc centre due to angle-of-attack.

(Ahy), = _(XO.ZSC, - X

prop) Sin ap

2. (Ahy)s: The (downward) vertical displacement of the

wing trailing-edge when the flaps are deflected.

(Ah,)s, = c; x 8in &;

3. (Ahy),pu: The (upward) vertical displacement due to

flap deflection of the streamline running through the

propeller disc centre between the propeller and the
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quarterchord point on the airfoil.

(Ah,) +0.25[X, 35¢, " Xprop|Sinde,,

upw = prop

The coefficient 0.25 was chosen somewhat arbitrarily
after regarding the streamline pattern about a
number of airfoil configurations such as presented in
fig. 33.

The vertical displacement of the wing trailing edge
relative to the propeller due to angle-of-attack is
assumed to be compensated by an increased upwash
of the slipstream between the propeller and the
airfoil quarter-chord point.

The total vertical displacement of the slipstream can
be written as:

Ab' = (Aht)a + (Aht)B[ +(Ahb)

upw
The total height of the horizontal tail surface above
the slipstream centre line can then be written as:
By, = h, + Ah, + Ah, + Ah*
or:
heoe=h,
s1ntolr, 28 g ik 9 ac ixe
h z'ﬁ do, R e dc, Lg Tt“a=0
-l,tge, —[Xo .25C, -Xprop]‘Sin g

+Ce 8in 8,~-0. 25(Xo_25c'-Xpm,)sinA [
—-—-—-—-——-——'——-—\“

F"—""_—_\——-—
_____—/——\______
c—o-t--—s

Figure 33 - The vertical displacement of the
slipstream centre line due to angle-of-attack and flap
deflection.



6.4 The average dynamic pressure at the horizontal
tailplane

A model has now been established for the propeller
slipstream centre line shape and location. If it is
assumed that the slipstream cross section remains
circular with diameter D" and that no mixing with the
outer flow or deformation occurs the position of the
propeller slipstream relative to the horizontal tail
surface can then be determined.

It is further assumed that:

a. Slipstream rotation and resultant lateral translation
of the slipstream can be neglected. Handed
propellers are not considered.

b. On configurations with more than two engines
(four or six) only the two inboard engines affect
the flow over the tail.

The average dynamic pressure at the tail can now be
determined as a function of the vertical distance
between the tail surface and the slipstream centre line
and of the ratio between slipstream diameter and
tailspan.

As shown in Appendix III the average dynamic
pressure can then be written as:

2
Gn . 1+(AY) =(1+b)?
q Vo AV
2
=[1+.‘}_‘_’] Sns o Sn=Sns
Vo| Sh Sy
where:
2
Sh's - 2x cg x D* 1- htot]
Sy S, Dx/2

In ref. 16 a detailed windtunnel test programme is
reported where on a four-engined aircraft model
downwash and average dynamic pressure at the tail
were investigated for a large number of tailplane
positions relative to the wing both with single- and
counter-rotating propellers and both with split flaps
retracted and deflected 60 degrees.
For this configuration the slipstream location for the
inboard engines and the average dynamic pressure at
the tail has been determined according to the
procedure indicated above for a thrust coefficient

= 040 .
AV/V, (= b) as a function of h,/D"/2 as calculated is
shown as a dotted line in fig. 34.

949

Figure 34 also shows test data on AV/V_ as derived
from ref. 16 again plotted versus the calculated
relative slipstream centre line position. The test data
substantiate the assumptions concerning the relative
position of the slipstream centre line.

However the average dynamic pressure starts to
increase at larger distances between tailplane and
slipstream centre line than indicated by the dotted
line. This indicates that the assumption that no
mixing between slipstream and outer flow or that no
deformation occurs does not hold.

Mixing and possibly also deformation apparently does
occur with consequently a widening of the slipstream.

=(AV)“ qo
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Figure 34 - Effect of slipstream position on average
dynamic pressure at the horizontal tailplane.
Comparison between theory and experiment.
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Figure 35 - Effect of slipstream position on average
dynamic pressure at the tailplane. Generalized curve.

As no other detailed analysis data is available the
continuous curve as drawn in fig. 34 is assumed to
apply for all conventional aircraft configurations. The
curve is redrawn in fig. 35 in a generalised form.



As a further check on the validity of the procedure
given above for the determination of the average
dynamic pressure at the tail two further examples are
presented.

In fig. 36 Y9/ 9 a5 calculated and measured is
presented for the DHC-5 Caribon in the clean
configuration. The testdata were teken from ref. 47.

Infig. 37 V¥ %o s presented for the Fokker 50
for three flap settings. The testdata were taken from
unpublished windtunnel test data. Note how flap
deflection lowers the position of the slipstream relative
to the horizontail tailplane.

From: ref 47

DHC-5 Caribou
" Flaps retracted

10 12 1% 16

Figure 36 - Average dynamic pressure at the
horizontal tail on the DHC-5 Caribou.
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Figure 37 - Average dynamic pressure at the
horizontal tail on the Fokker 50.
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Figure 38 - Effect of the slipstream position on the
average downwash angle at the horizontal tailplane.

6.4 The average downwash angle at the horizontal
tailplane

In chapter 6.3 (and figs. 27, 28) it was shown that,
when the horizontal tailplane lies sufficiently far above
the propeller slipstream for practical purposes a single
linear relationship can be assumed between the
average downwash angle e of the horizontal tailplane
and the lift-coefficient for the aircraft-less-tail.
Whether a given high lift coefficient is generated
through a high angle-of-attack without slipstream or at
a lower angle-of-attack combined with propeller
slipstream, the same average downwash angle ¢
occurs.

When the distance between slipstream centre line and
tailplane becomes less than one nominal slipstream
diameter D" this is no longer true however. In the
mixing region on the boundary betwcen slipstream and
outer flow an inflow into the slipstream occurs which
causes the average downwash to incrcase when the
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tailplane is located in that area. This is illustrated in
fig. 38a to g. This inflow angle increases with
increasing thrust coefficent. For the present analysis
it has been assumed that Ae is proportional to
AV/V,.

A large amount of available test data has been
analysed on this extra downwash angle Ae above the
increase in downwash directly related to the increase
in wing lift due to slipstream.

When the testdata are normalised to a slipstream
strength AV/V0=1 the data points are shown to lie
in a fairly narrow band as is illustrated in fig. 39.
Note that the datapoints are not only taken from ref.
16 but also from refs. 7,21,36 and other sources. The
background of fig. 39 is treated in more detail in ref.
49.

The drawn line in fig. 39 repeated in fig. 40 is the
curve adopted for use in the present method for the
determination of the downwash at the tailplane in the
presence of propeller slipstream.
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Figure 39 - Increase in downwash at the tailplane due
to inflow into the slipstream.
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Figure 40 - Increase in downwash at the tailplane due
to inflow into the slipstream. - Generalized curve.

The average downwash angle can then be written as:



+ (AB)AV/Vo'l X —‘7—0‘

The distance between slipstream centre line and

tailplane, required to determine  (Ae) 4,y ., is
determined according to the procedure outlined in
chapter 6.3.
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Figure 41 - Effect of propeller slipstream on the
average downwash angle at the tailplane on the C-160

Transall. Comparison between theory and experiment.

Tail-on and tail-off windtunnel test data on the C-160
Transall with and without running propellers were
analysed to compare downwash data as calculated
according to the equation given above and as derived
from the test data. The average dynamic pressure at
the tail was calculated according to chapter 6.4.

The comparison is presented in fig. 41. The effect of
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the vertical displacement of the slipstream due to
flap deflection and the associated effect on the
average downwash at the tail is clearly reproduced in
the calculation.

7. Two examples of the decrease in longitudinal
stability due to slipstream

Finally, the method to determine the effect of
propeller slipstream on static longitudinal stability as
described in the present report has been applied to
the aircraft
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Figure 42 - Tail-off and tail-on pitching moment
curves with flaps retracted. Comparison between
theory and experiment.
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Figure 43 - Tail-off and tail-on pitching moment curves
with flaps extended. Comparison between theory and
experiment.

The aircraft configuration from refs. 36,37 with both
flaps retracted and with flaps deflected 60 deg. and
ailerons deflected 30 deg,

Cy-versus-C, curves for the tail-off and tail-on
configurations are presented in figs. 42, 43.

The tail-on curves were calculated according to the
following equations valid for a given angle-of-attack,
oy and thrust coefficient C; with horizontal tail setting
i, = 4.3 deg. and elevator in neutral position:

_ dJde{ dcy .. 9 Sy
Ce=Crpp* Co, ““(1 'a‘é(‘a?)} A e
cMccszr-a
de dCL) an S, 1,
-C Qpll — e e - + Zh ~h
Ly |2 ch( qe ) fe0 T8 g 8, E

8. Conclusiong

A method has been presented for the analysis of the
effect of propeller slipstream on the static longitudinal
stability and control of multi-engined aircraft. The
method allows the determination of the increase in lift
and the change in tail-off pitching moment due to
slipstream, the location of the slipstream relative to the
horizontal tailplane and the average downwash angle
and dynamic pressure at the tailplane. A comparison
of calculated and windtunnel test data showed the
method to be suitable for preliminary design purposes.
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Appendix 1

The total lift on a lifting surface with running propellers
According to lifting line thzory the lift on a wing with elliptic lift distribution can be written as:

s
Ly=m, V,8in e = p-z—': b2 V2 sin ¢

where ¢ is the average downwash of the flow over the wing infinitely far behind the wing. The flow can
thus be considered as s stream tube with circular cross section and diameter by, which is deflected
downward over an angle €. This model is now assumed to apply to any conventional wing shape.

The lift due to slipstream is also considered to be equal to the momentum resulting from the downward

deflection over an angle &5 of each slipstream tube with fully contracted diameter D".
where:

V, + AV/2

DY =D e
Vo, + AV

The lift due to slipstream can then be written as:
[ ]
Lg=n,m, (V,+AV) sineg =n, p -;3 D* (V, + AV)? sin ¢,

On a lifting wing with slipstream present the cross-sectional area from the slipstream tubes has to be
subtracted from the cross-sectional area of the stream tube describing the outer flow (see fig. 1). The
total wing lift then becomes:

Ly.s=p Vo [—g b} -n, —Z—D'z] sin e+p [V0+AVJ2ne—gD*‘sin £,
and:

n 2 . F ‘J‘tD"z (Vo""AV)2 :
-n_—D* ne+-—n sine
e D7) sine+ 70, oo vz s

Ly 2 =
=._ WS . 4 (Dp
S (4

2
Lyeg 1 w
—2- PVZOSW L4

E
where the factor . s discussed at the end of this appendix.

When the propeller thrust is parallel to the fuselage reference line the total propeller thrust can be
written as: (see fig. [a).

Figure Ia Figure Ib

956



T=C’T%p V§SW=R;SAV=p V, cos aR+-A2—V]%D2cos ap AV

and the downwash angle far behind the propeller: &, = ®p ~ & i

Vo 8in a,

* =
@ arctg Vpocos ap + AV

where
An extensive comparison between calculated and measured increase in lift due to slipstream showed a
much better correlation when o was written as:

Vo 8in a,
V, cos a, + AV/2

*

a* = arctg

This means the downwash behind the propeller is considered at the propeller disc. This definition of o
is used in all further calculations.

For the wing part covered by the slipstream the average effective angle-of- attack relative to the fuselage
reference line is equal to o'
However the aerodynamic angle-of-attack measured from the zero-lift line is:

-, ~ Aag ,

where: g, = angle of incidence of the local wing chord relative to the
fuselage reference line.
Ty = zero-lift angle-of-attack relative to the chord line of

the airfoil section at the propeller axis location.
Aay; = change in zero-lift angle-of-attack due to flap deflection
dc,/dé

Ae, , = - m x ﬁfm

As discussed in the main text the lift due to slipstream is considered to be equal to the lift on a wing
with aspect ratio Ag 4 in a free stream with velocity V = Vo + AV.
2¢C

sin g4 = — Lenerr g4 o
T Ag, orr

If Ager < 1.5 then Aggy = /2 Ag and sin &g = sin oy

Note that strictly speaking C,, should be determined as indicated in fig. Ib.

However for small values of ®'=(®-@,+2,/2) the difference between Rq and Lg can be neglected. In
the examples presented in this paper and ref. 49 this difference has consistently been neglected. At very
large angles-of-attack and very high C;-values this may no longer be acceptable.

Kuhn has shown that at large flap deflections momentum losses occur in the slipstream, possibly due to
viscous effects. Fig. Ic shows the curves adopted in the present method for the factor F/T as a function
of flap setting for various flap types to account for these momentum losses.

For the total increase in lift due to running propellers the vertical thrust component

Ly = CT% p V2 S, ein ag
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and the total propeller normal force
Lp=0C, X pv2sg
P Lp 2 e} w

has to be added to the total wing lift. C,, is determined according to the method presented in ref. 24.

F '.D ~— = F ; _F_ 1.0 ~\\ - _J l
T 09 - iR PS:P““"‘ T 09 ‘4\ \\FOur propeilers
0.8 : - 048 KN N\ .
Foo Siotted g N Plain
0.7 propelters Flaps 07 P:':;:’ cller Flnp s
T L o.?{ '
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Figure IC Turning angle © (deg)

Appendix II

Estimation of the lift due to slipstream for the configuration analysed in ref. 28. (UTIA TN No 11)

In report UTIA TN No 11 a parameter o was defined:
= <—ijec/q()_l
ajgc/ qo + 1

This can also be written as:

o] where jet = slipstream

9; . 1to
d, 1-¢

For AV/V, = 0 the total lift can be written as L,,, = Ly, + Lg.

Then: ALg= [Ly+Lgjav , o~ [Lwlav _,
Vo Vo

With the equations from Appendix I this can be written as:
ALg=p [V,+AV ] % D* gin e4-p V3 %D*a sin e
ALg [V, +AV]* sin g5 - V* sin ¢

The thrust T=p-—}D'z [Vo+AV] AV and —% = (V,+AV) AV

As the model under consideration is a 2-dim. model € = 0.

So:

ALy _ (V,+AV)? sin g5 _ [ 1%

O .
T T (V,*AV AV 7377”]5”185

AsD = 8in,¢c = 8in, b = 32 in it is assumed again that €5 = . and as the propeller is not attached
to the model and fixed in the tunnel og = .

— ALS
T sin o

sine and [—-—-— +1}
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1+=22

1+c=_g_i={ AV]Z ALg

As 1-0 q, Vo] a unique relation exists between o, Vo/AV and T sina
In the following table some numerical values are presented
g V,/AV ALg
T sin
1.00 0 1.00
0.88 0.338 1.338
0.76 0.586 1.586
0.62 0.947 1.947
0.49 1.410 2410
0.26 3.289 4.239

A comparison between these calculated data and windtunnel test results is presented in figs. 11a, b.

Appendix III

The theoretical average dynamic pressure at the horizontal tail of multi-engined propeller aircraft

The effect of propeller slipstream on the theoretical average dynamic pressure at the tail g, is
considered under the following assumptions:

1.

2.

The slipstream is fully contracted at the tail location.

The slipstream cross-section is circular with diameter D",
No mixing on the slipstream boundary occurs nor any deformation of the cross-section. The
average dynamic pressure in the slipstream is:

2
q5=—;“~ pV2 [1 +%ﬂ

The average dynamic pressure at the tailplane location is:

av) T
1+ 27
( Vo )av
According to fig. III a the width of the tailplane part covered by the slipstream of a single
propeller is:

D=3 PV = ZpVi (1+D)?
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The tail area covered by the slipstream of two propellers is:

Sg=2xbgxcyg

The average dynamic pressure at the tail is then: Fuselage
2 ¢ bs
%p(h-b)z v3=%p[1+%‘f] V5 S+ V5 [Sp~ 54 '
° ]
or: Y, htal:
]
2 —
(1+b)2=[1+..A~V} S5, 575
v,| 5, s, o
Then: b
" h/2
b=\J [1+_AV_V} §5+£'L;££—1
oL Figure Illa
and

1

b= l+A-YZ 2xD*xc,  Sp=2%XD'X C,;
Sh S

For the configuration from report ARC R&M No 2747 (ref. 16) b has been calculated as a
function of h,/D"/2 for C; = 0.40 .

AV _0.506; D*=9 = ; Cg=

_‘70—- . ; =3.12 ;S5,=197.3s8q. ;Cs=5.80
The result is shown as the broken curve in fig. 34. This figure illustrates that the estimated
location of the slipstream centre line is correct. Slipstream spread and deformation does occur
however. The curve for b to be used in the method described in the present report is also
indicated in fig. 34.

Appendix IV

The theoretical average downwash angle at the horizontal tailplane behind a wing with running
propellers

It is assumed that the average downwash angle at the tail of a multi-engined propeller aircraft is
determined by the combined effects of lift due to wing angle-of-attack and due to slipstream.

As before, the lift of a wing with slipstream is considered to be equivalent to the sum of the vertical
components of the outgoing momentum of a stream tube determined by the wing span and of the stream
tubes determined by the fully contracted propeller slipstream.

The cross-sectional area of the basic wing lift stream tube is then devided in a central part with area A’
determined by the outer edges of the two inboard fully contracted slipstream diameters and the two
outerparts with total cross-sectional area 2A.

These area’s can be written as

2A=2|2 i:,—'3---1-)-'—'cos 2 xJ or 2A=2-l-‘)—"2i E-cosc[Y +D'/Z’:”
2 4 2 4 |2 o
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by
_ b2 b, Yg, +D*/2 —t,
A=p X~ "5 cos e .75 - =
* w4
or A 4
2 / 'I”
A=£5 [e- sin @ cos 2] A 5 . Al
4 D - ¢ |/
1z As /2 8/2
and /
o e
——— |y "= 2 3
_ Y30+D*/2 ———— N T —
@ = arccos —577

The slipstream cross sectional area is: AL=n, .z_ D¥=2x % D*¥
Figure IV a
n,2_ by L
A':wa-——z"i (¢ - sin @ cos ) —ED“‘
Then:
It is now assumed that the mutual interference between slipstream and outer flow results in the same
average downwash angle for both slipstream and the central part of the outer flow with area A
determined by the addition of both the vertical components of the outgoing momentum and of the mass
flow of the three stream tubes with cross sectional area’s A" and Ay .
So,

/e pViA*sine+p (V,+AV)24; sin ¢,
PVEA*+p (V,+AV) 245

For the configuration from report NASA TN D-25 (ref. 36) with flaps deflected to 60 deg and ailerons
to 30 deg-the average downwash angle €’ was determined for both power-off conditions and for C; =
2.15. With

D2 = 060m,b,/2 = 686 m, Yg, = 3.09 m, then ¢ = 57.46 deg.

¢

The lift was calculated according to the method described in the main body of this paper. This lead to
the following results:

gsine

G=0 G =235
o =0 : CL=275;¢ = 10.2 deg C, = 481;¢ = 160 deg
a; =8deg : C = 335;¢ = 125deg C, = 558;¢ = 189 deg

Il
il

il
I
i

In fig. 30 a comparison is shown between calculated and actual test data.
The assumption that slipstream and outer flow have identical average downwash angles seems to hold.

Note that the decrease in average downwash at the horizontal tail location which occurs when the tail is

moved further away from the wing-wake/slipstream centre line remains. This account for the difference
in actual downwash angle obtained from theory and windtunnel tests.
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Appendix V

NOTES o
ACy

1. When the tried thrust contribution to the -0t

pitching moment A C,_is considered not the .:':

thrust coefficient C; but the effective thrust <04

cocfficient Cp_ has to be taken. Cp _ is -0.5.

defined as -0.6

Cr,,, = Cr = AC, where AC;isa -0.#;

-0.8.

measure for the increase in wing drag due to

slipstream. On the basis of the data presented in )

refs. 33-37 and under the assumption that AC; = Figure Va
AC, due to slipstream figure Va was prepared.

2. When figures 42 and 43 were prepared it was noticed that better agreement between calculated
and test data was obtained when the pitching moment contribution from the fuselage due to the
upwash in front of the wing was extended to the increase in lift due to slipstream. Then, at a given
angle-of-attack the following pitching moment contribution has to be added to the pitching moment
calculated with the formulae given in the main part of this paper:

Acy = AC,_x A -————ac fus
C
where A M is the forward shift in aerodynamic centre due to the presence of the fuselage.

It is unclear however if the above applies in a general form and further investigation is required on
this subject.

Appendix VI

Aircraft configurations considered in the main body of this paper

— \

- (-

P

i i —

- \
N NACA RM L55G26a, TN 4365 NASA TN '0'25- TN D-1032
ARC RaM 2747 NASA TN D-4448  NASA TN D-3438  Gach Memo 12-5-'58A
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