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Summary.—Flight measurements of longitudinal stability power-off and power-on made on numerous aircraft have
been analysed and a generalised curve for estimating the contribution of slipstream to longitudinal stability, applicable
to both flaps-up and flaps-down cases, has been derived. Using this curve the change in stability due to slipstream
at a given value of Cy, can be estimated with a probable error of less than + 0-02 in the position of the neutral point.

L. Introduction.—Predicting the effects of slipstream on longitudinal stability has been one
of the more difficult tasks facing aircraft designers, and workers in the field of stability and
control have made a number of attempts to produce generalised design data. For various
reasons these attempts have not been successful and estimates of slipstream effects are still
made by rule-of-thumb methods based largely on previous experience. The lack of knowledge
of slipstream effects has been, no doubt, responsible to a large extent for the deficiency in
stability shown by many prototype aircraft. :

Bryant in R. & M. 2310"* has shown by model tests what a complex pattern of speed and
downwash exists in the slipstream. Stiesz has done similar work in flight (see Ref. 3). These
investigations have shown that when the slipstream reaches the tailplane it has been flattened
out considerably’. The velocity increments appear to be concentrated in a fairly narrow
horizontal band whilst the downwash changes extend over a markedly wider band.

A detailed analysis of the slipstream pattern with a view to producing generalised data is
not practicable. The normal method of approach is to assume that the velocity and downwash
changes can be approximated to by taking mean values over the tailplane span and this has
been done here.

The approach adopted in this report is purely empirical. The basic data were the results
of flight measurements of stick-fixed longitudinal stability power-off and power-on made on a
number of twin and four-engined aircraft. Most of the measurements available referred to
the aircraft with flaps up, but a few measurements made with flaps down have helped to
increase the scope of the analysis. The contributions of slipstream to the longitudinal stabilities
under different conditions were obtained from these various measurements and the results then
analysed empirically to obtain the form of their dependence on a number of parameters. The
number of parameters used in the analysis has been kept to .a minimum consistent with the
scatter of the points in the final result being reasonably small and of the order of accuracy of
the initial experimental results.

* R.A.E. Report Aero. 2304, received 4th February, 1949.
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Only the results of flight tests have been included in the analysis. Systematic model tests

are now in progress; tail height, tail size, etc., are being varied systematically. The results
of these tests will be analysed on the lines of this report.

The form of the analysis is based on a suggestion by Perring that the wing is the main factor
in determining the position of the slipstream and, hence, that the effect of slipstréam on the

tail may, for a given thrust coefficient, be simply expressed in terms of the relative geometric
positions of the wing and tailplane.

The arguments given in section 2 below for the choice and forms of the various parameters
are often very loose and no mathematical explanation is offered for the exact final form of the

analysis. However, the satisfactory nature of the final result is considered a sufficient justi-
fication for publication.

The flight test work done by various firms in measuring the longitudinal stability of their

aircraft, and the ready co-operation of the firms in supplymg the Royal Aircraft Establishment
with their results is gratefully acknowledged.

2. Development of the Analysis.—Details of the complete analysis are given in Table 1 at the
end of the report.

For the purpose of this report longitudinal stability is considered to be defined by the position
of the neutral point. The difference 44, between the neutral point power-off and the netural
point power-on at a given value of C; was taken as a measure of the effect of slip-stream on
the stability. For convenience in covering the usual ranges of trim curves the following values
of C;, were chosen: 0-3,0:6and 0-9 flapsup and 0-6, 0-9, 1-2 and 1-5 with flaps down. When
points on the trim curves appeared to show aero-elastic distortion effects, they were not used.
In order to ensure a uniform method of analysis of the trim curves all the curves were re-drawn
by one person from experimental points; this will explain any difference between the results
quoted in this report and those given in the references.

The total change in stability due to slipstream, 4%,, includes the contribution of the thrust
moment which can be calculated accurately from a knowledge of the thrust and the thrust

moment arm about the c.g. The change in stability after allowing for the thrust contribution
is denoted by 44,.

The parameter first chosen to determine the effective tail height was the angie ¢, where ¢ is
the angle contained between the root wing chord and the line joining the wing root trailing

edge to the tailplane root leading edge. Even on this rough basis the results were promising
enough to warrant further work. '

2.1." Wing Wake Position.—It was clear that the first step in the analysis was to improve on
the angle ¢ as an indication of the tailplane position relative to the slipstream. This was done by
relating the tail position to the centre of the wing wake at the tail this being assumed to be
the most important factor in determining the location of the slipstream. The height of the
centre of the wing wake below the elevator hinge axis* was estimated directly for the no propeller
case by using the method and charts of Ref. 4. The angle 6 was then defined as the angle between
the line joining the wing root trailing edge to the centre of the wing wake at the tail and the
line joining the wing root trailing edge to the tailplane root leading edge (see Fig. 1b). It is
important to note that no correction is applied to 0 itself for propeller- shpstream effects.

2.2. Thrust coefficient.—1t was recognised that the magnitude of the thrust coefficient 7,
must be of direct importance in determining the intensity of the slipstream effect. Making
Ah, proportional to various powers of T, was tried first and it was found that the increments

* Note: This particular point is used in Ref. 4. The correction to obtain the centre of the wmg wake at the tail-
plane leading edge is small and is not considered worth applying in the present analysis.
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in stability at the different values of C;, which meant different values of 7. could be brought
together by assuming 4%, proportional to 4/7,. Later analysis has shown that a slight
improvement is obtained if 4%, is assumed proportional to 7.°*. The gain in overall accuracy
is, however, very small and the factor 4/7, has been retained for the sake of simplicity.

Fig. 2 presents 44,/+/ T, plotted against the angle 6.

2.3. The factor a|Va,—This factor was introduced to allow for the tail size and also for
variations in the tail-lift slope, @;, both of which would be expected to have a proportional
effect on 4%, The actual form of the factor was derived by means of the following rough
argument. If the assumption is made that all the shpstream contribution comes from the
downwash change then

A, = Val de, ds:l

a de-—doc

where ¢, is the mean downwash angle power on and ¢ is the mean downwash angle power-off.
The tail volume coefficient and the wing lift-curve slope are, as usual, denoted by V and a,
respectively. For this equation to be strictly correct it is necessary to make the further
assumption that the tail lift-coefficients etc. are constants.

Fig. 3 presents 4h,.(T,)7"*. (a/Va,) plotted against 6. It is seen that the points for the
twin and four-engined alrcra.ft have, with a few exceptions, separated out for values of 6 less
than about 16 deg, and the two sets of points now lie on two distinct curves with a reasonably
small amount of scatter.

2.4. Tail Arm.—Inspection of Fig. 3 showed that the points for some twin-engined transport-
type aircraft tended towards those for the four-engined aircraft. The outstanding difference
between these and the other twin-engined aircraft is their large size. In Fig. 4 the values of
/| D for the various aircraft have been plotted, /' being the tail arm and D the propeller diameter.
This factor is, in general, noticeably larger for the four-engined than for the twin-engined aircraft.
This would be expected bearing in mind that the engines and propellers fitted to both types
are almost the same. Exceptions are the large twin-engined transport aircraft comparable in
size with four-engined aircraft.

It was first assumed that 4%, was inversely proportional to /'/D, thus allowing roughly for
a decrease in slipstream intensity in proportion to distance downstream. The expression
Ah, (T)7**. (a|Va,) . (/D) is plotted against ¢ in Fig. 5. Introduction of the factor I'/D
has had the effect of bringing together the points for the twin and four-engined aircraft for
values of 6 below about 16 deg where they had previously been separate. For larger values of
6 the scatter is somewhat worse than before. The suggested explanation is that the downwash
increments due to slipstream, die out more slowly than the velocity increments and at large
values of 6 the tail is affected only by the downwash (see sections 1 and 5).

3. Effect of Flaps on Slipstream Contribution to Stability —Some results obtained with flaps
down have been analysed in exactly the same way as the flaps-up results. The position of the
centre of the wing wake at the tail with flaps lowered and without propellers was again estimated
using the charts of Ref. 4. The angle 6 was measured from the root trailing edge of the wing,
not the flap trailing edge.

The points obtained from the flaps-down cases lie on the same curve as the flaps-up points
with reasonably smaller scatter (see Fig. 2, 3and 5). In the case of two aircraft, stability measure-
ments have been made at two flap settings (points 14 and 15, 16 and 17). The points 14 and 15
are at opposite extremes of the scatter at large values of 6 in Fig. 3 and 5 suggesting that the
introduction of another parameter may be necessary in the flaps-down cases.
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4. Accuracy.—There 1is practically no wvariation in the maximum scatter of
Ahy (T (a/Va,) . (I'|D) along the curve of Fig. 5. Therefore, for a given aircraft the
possible error in 44, will be proportional to 4/7,. The following table shows the maximum
errors that may be expected in using Fig. 5 to estimate 4%, for typical high-powered twin and
four-engined aircraft at a very low climbing speed (high power) and at a low cruising speed.

Aircraft Type Cr Maximum
error in 44,
Twin-engined 0-9 + 0-025
" ' 0-6 4 0-019
Four-engined 0-9 + 0-020
0-6 +4- 0-016

The order of accuracy for the determination of 4%, from flight measurements is within about
4-0-02; the scatter of the points on the final curve of Fig. 5 compares well with this.

It may be stated with a fair degree of confidence that the curves of Fig. 3 and 5 enable 44,
to be estimated with a probable error of less than about 4 0-02.

5. Discussion and Conclusions.—The shape of the curves confirm the suggestions of R. & M.
2310". Atlow values of 6 the tailplane is in the high velocity band of the slipstream (see section 1)
where the stabilising effect of the increased air speed over the tail plane is counteracted by the
destabilising effect of increased downwash (due mostly to the increased local loading of the wing,
though there may also be contributions from slipstream rotation). As the tailplane is raised
it moves out of the high velocity band but the increased downwash is maintained and there
is a consequent increasing loss in stability. At still higher positions, the tailplane begins to
move out of the band of increased downwash and hence the loss in stability decreases, finally
becoming zero as would be expected at very large values of 6.

The analysis described in this report has resulted in the establishment of generalised curves
(Figs. 3 and 5) using which the slipstream contribution to longitudinal stability can be estimated
with a reasonable degree of accuracy (4 0-02 in 4%4,). The curve of Fig. 5 in which
Ahy  (T)72 . (a]Va,) . (F'|D) is plotted against ¢ (see Fig. 1b) should be used for values of 6 less
than 16 deg. For larger values of @ the use of the curve of Fig. 8 which gives 44, . (T,) 7. (a/Va,),
omitting the factor (/'/D), is recommended as giving slightly better accuracy.

- The results of routine model tests-and of the systematic wind-tunnel tests now in progress
(see section 1) will be analysed and compared with the flight test results. This analysis may
lead to the introduction of more parameters or to some modification to 6 to enable flight and
model results to be compared on the same basis.
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