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Summary. 
The wind-tunnel/flight dynamics simulator has been applied to a limited study of the dynamic response 

at low speeds of the Handley-Page HP 115 aircraft. Motions with six degrees of freedom were simulated. 
The technique provides full representation of the non-linearities in the aerodynamic force and moment 
contributions due to translational velocity components. 

Good qualitative agreement with flight test results was achieved. The amplitude damping character- 
istics of the Dutch roll oscillatory motion appear to be largely dependent on the translational velocities. 

*Replaces R.A.E. Tech. Report No. 69168--A.R.C. 31 779. 
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1. Introduction. 
The Handley-Page HP 115 is a slender-delta research aircraft built to investigate the low-speed handling 

properties of aircraft having slender delta wings. The aircraft is shown in Fig. 1, and a detailed description 
is given in Ref. 1. Flight tests have shown 1 the Dutch roll mode of the aircraft to be stable at incidences 
below 18 °, but to diverge gently to a sustained oscillation at higher incidences. 

The wind-tunnel-flight dynamics simulator 2 is a facility primarily designed to investigate the behaviour 
of vehicles at high Mach number, where the static aerodynamics, i.e. those due to translational velocity 
components only, predominate. The wind tunnel acts as a function generator for the static aerodynamic 
forces and moments. This information, together with vehicle mass, inertia, and dynamic aerodynamic 
derivatives is supplied to an on-line computer which solves the Euler equations of motion of the vehicle. 
The computed solutions are used to control the orientation of the model to the tunnel airstream. Thus an 
accurate representation of the translational velocity aerodynamics is maintained throughout the simula- 
tion. The angular velocity aerodynamic force and moment contributions are included by utilising the 
rotary derivatives as estimated or independently measured and generating the associated forces and 
moments in the computers in a manner similar to that of conventional simulation technique. The facility 
utilises the R.A.E. No. 19 supersonic wind tunnel 

Probably because an adequate mathematical model of the aerodynamics has not been devised, a fully 
representative simulation of the HP 115 Dutch roll has not been achieved by conventional simulators. 
In addition to providing insight into the mechanisms of the Dutch roll, the present simulation has provided 
a particularly stringent test of the flight dynamics simulator performance. 

The tunnel was modified to give subsonic flow in the working section by installing a choked second 
throat downstream of the working section. Tests commenced with the aircraft trimmed at incidence. 
The Dutch roll oscillations were either allowed to build up naturally, or were triggered by a yawing 
moment disturbance. Full six degrees of freedom were represented. The effects of variations of the rolling 
moment magnitude, and of the dynamic derivatives were briefly studied. Despite the fact that the model 
used was considerably less representative than the normal standard of models used with the simulator 
(see Section 2), qualitative agreement with the flight tests was achieved. 

2. Model. 
Models for the flight dynamic simulator wind tunnel are usually made as geometrically representative 

as possible, in the interests of obtaining truly representative aerodynamic characteristics. They are 
usually equipped with remotely operable control surfaces, since these increase the range of simulations 
possible, because they provide bonuses of accuracy, and because by avoiding tunnel shut-downs between 
runs, they enable a given test programme to be completed in a shorter time. 

Since the tests proposed for the present model were of restricted scope, and only qualitative agreement 
with flight records was sought, it was decided, with a view to getting a model quickly, to accept a less 
sophisticated model lacking the above amenities. 

The 1/40 scale model has been simplified by using a wing and fin of double wedge section instead 
of the correct biconvex (the same thickness/chord ratio being retained) and by the omission of the nose 
probe and parachute fairing. No attempt has been made to represent the elevon hinge gap and the rear- 
body has been distorted in order to accommodate an existing six-component internal strain-gauge 
balance. The flow through the engine has not been represented and the intake has been closed by a conical 
fairing. The model is shown in Figs. 2 and 3. 

Three alternative elevons were available with fixed settings o f t /=  0 °, - 7.5 ° and - 15 °. Apart from some 
check tests, the -7-5 ° elevons were used throughout. 

3. I4~nd Tunnel. 

The R.A.E. No. 19 wind tunnel, which has heretofore been used for supersonic tests only, was converted 
to subsonic operation for the purposes of the simulations described herein. A choked second throat 
technique was used to enable the tunnel to be operated at a predetermined subsonic Mach number, 
independently of minor compressor performance variations. This technique also effectively insulates 



the working section flow from disturbances which would otherwise be propagated upstream from the 
diffuser, cascades etc. and this provides a smoother (less 'noisy') flow. So long as sufficient pressure ratio 
is maintained to choke the second throat the working section Mach number then depends only on the ratio 
of the areas of the second throat and working section (neglecting viscous effects). A continuously variable 
second throat is under construction, but for these tests this area ratio was fixed and designed to give a 
nominal M = 0-3. In this configuration it was found that the second throat was choked even with the 
finest compressor blade-angle setting available. Upstream of the working section the nozzle for the 
lowest supersonic Mach number (1.4) was employed, since this had a throat substantially larger than 
the second throat and provided some allowance for boundary-layer growth in the working section. 

Calibrations of Mach number and flow direction were made in the presence of the support gear but 
without the model. Pitot-static and four-hole yaw-meter probes mounted on the tunnel traverse gear were 
employed for this purpose and some typical results are given in Figs. 4 and 5. These show the Mach 
number variation to be + 0-004 from a mean 0.297, the Mach number falling progressively from upstream 
to downstream. The flow direction diverges vertically from the tunnel axis by 0.1 ° per inch of height. 
The lateral component of flow direction exhibits only small changes. 

In order to ensure that the working section flow was not subject to gross changes such as might be 
caused by wall separations provoked by the model and/or support attitude, further pitot/static traverses 
were made with the support attitude varied with and without the model present and with its attitude 
also varied. In particular points close to the edge of the tunnel boundary layer were examined. There 
was no evidence of any variation in boundary-layer thickness due to variations in model and support 
attitude. 

4. Translational Velocity Aerodynamic Forces*. 

These are the aerodynamic force and moment contributions arising from the magnitude and direction 
of the relative wind velocity vector, in the absence of any rotational velocity or time dependence. The 
relative wind velocity vector can be resolved into components, u, v, w along the datum body axes, 
and these may then be normalised by the resultant velocity to u, v, w. It will be noted that ~ and ~ are 
related to generalised forms of the sideslip and angle of attack respectively reducing to the conventional 
forms for small values of these velocities. Figs. 6 to 11 show the variation of the force and moment com- 
ponents with ~ and ~ for the elevon deflection used in the simulations I / =  -7 .5  °. 

The longitudinal data are presented as coefficient versus ~ for discrete values of~, including one negative 
value. The roll data are given as C t versus ~ for discrete values of ~ and the directional data are in carpet 
plot form. No corrections for tunnel blockage or constraint effects have been included but ~ and ~ have 
been automatically compensated for sting bending. 

An important feature of the results is the large variation in rolling-moment coefficient, Cz, at a given 
non-zero ~ with change of ~. The yawing-moment coefficient, C,, variation with ~ is also markedly non- 
linear. 

Other measurements of HP 115 translational velocity aerodynamics have been made previously by 
Engler and Moss 3, using a much more representative model in the 13ft x 9ft tunnel at R.A.E., Bedford, 
and by Thompson, Fail and Inglesby 4, also in the 13ft x 9ft tunnel, but using a different model and support 
rig. Some of the results of these other tests have been transferred to body datum axes where necessary 
and plotted with the present results in Figs. 6 to 11 for comparison. It can be seen that the results of the 
present tests, using the simplified model, are very similar qualitatively to the earlier results, so that the 
primary aim has been met. There are, however, quantitative discrepancies, some of which are greater 
than anticipated. In particular the Cz slope measured in these tests was some 22 per cent larger than in 
the results of Engler and Moss. Appendix A describes the endeavour which has been made to identify 
the sources of this discrepancy. 

*This description is used in place of the commonly used, but somewhat contradictory, term 'static 
aerodynamics' which is particularly inappropriate in the present dynamic connotation. Some such term 
is required to identify these loads. 



A reconciliation is possible with the C z results of Thompson,  Fail and Inglesby by taking account of 
the measured effect of wing-section and the calculated tunnel-constraint incidence correction. The re- 
maining difference could possibly be attributable to the omission of the elevon hinge gap. 

5. Angular Velocity Aerodynamics. 
These cover all the aerodynamic contributions to the forces and moments  not measured directly on 

the model in the wind tunnel and include those defined by the derivative coefficients C~p Cmq C,r C~r Cnp 
Cy r The estimated values were taken from flight test results 1 and the wind-tunnel test rig results of 
Thompson and Fail s . 

The dependences on angle of attack e ( =  sin- 1 ~) have been included in the form a + b ,~ + c ~2 where 
a, b and c are constants. Fig. 12 shows a comparison between the flight results, tunnel results and the 
values used for the simulations. The fit achieved is well within the limits of experimental error of the 
sources. 

The derivative coefficients C,,~ and C,~ were not included in the simulation as reliable estimates were 
not available. Over the range of incidence studied, their effect was not expected to be large. 

6. The Computer Program. 

The full six degrees of freedom motions were included in the simulation. The contributions of engine 
thrust were included. 

The aerodynamic forces and moments were measured along and about an aircraft datum body axis 
system. As this system was angularly displaced about the 0y axis relative to the principal body axes, the 
Euler moment  equations include product of inertia terms. The equations of motion are 

fi = X / m + n l  g - q w + r v +  Tx/m 

= Y / m + n z g - r u + p w  

¢v = Z /m+n3  g - p  v+q u+ Tz/m 

IxxP = L+ ( I r v - I z z )  q r +Ixz  (?+p q) 

I r r  4 = M +  ( I z z -  Ixx) r p + Ixz (r 2 _p2) 

Izz f" = N + ( I x x -  I r r )  P q + lxz ([~- q r) 

hi = nz r - n 3  q 

h2 = n3 p - n l  r 

h3 = nl q - n 2 p  

where X Y Z  are the aerodynamic forces 

L M N are the aerodynamic moments  

u v w are the components of translational velocity of the cg relative to the earth, along the body 
axes 

p q r are the components of angular velocity of the aircraft relative to the earth, about the 
body axes 

nl n2 n3 are the direction cosines of the body axes relative to the vertical earth axis 

m is the aircraft mass 

Ixx Irr Izz are the moments  of inertia about  the body axes 

Ixz is the product of inertia 



g is the acceleration due to gravity 

Tx Tz are components of engine thrust along the datum body axes 

The required orientation of the aircraft to the flight path (corresponding to the model attitude in the 
wind tunnel) is computed from 

= vlV 

= w/V  

where V = (u z + v z + w2) ½ . 

The aerodynamic forces and moments used in the simulation were 

X = X(~, ~) 

Y =  Y@, ff~)+ p VS  12 p Cyp (~) 

z = z ( ~ ,  ~) 

L = L@, ~) + p VS 12 p Clp (~) + p VS 12 r Clr (ff~) 

M = M(~, ff~) + p VS 12 q C.,q (~) 

N = N(~, ff~) + p VS 12 r C.r (ff~) + p VS 12 p C.p (~) 

where X@, ~), Y@, ff~), Z@, ~), L(~, ff~), M(~, ~), N@, ~) are the aerodynamic force and moments derived 
from measurements made directly in the wind tunnel. Cyp, Clp, Ctr, C,.q, C.~, Cnp, are prescribed functions 
of ~ generated in the computer outside the wind tunnel (see Section 5). 

p is the air density 

S is the wing area 

l 1 is the root chord 

12 is the semi-span 

The characteristics of the aircraft are given below 

Ixx  2182 kgm 2 

Ivy 23517 kg m 2 

Izz 25430kgm 2 

Ixz  1615 kg m 2 

m 2154 kg 

S 40-18 m 2 

11 12'192 m 

12 3'048 m 

T x 7123 N 

Tz - 356 N 

7. Test Procedure. 

An altitude of 3000 m, which proved convenient for the simulator program and at the same time 
realistic for comparison with flight data, was used for all simulations. 
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Because of the absence of servo controlled elevators on the model, all tests were ultimately carried out 
using the 7½ ° elevator setting. The effect of elevator angle change was simulated by off-setting the zero 
of the pitching moment measurement channel. Any secondary aerodynamic contributions due to elevator 
deflection were not therefore reproduced. 

The maximum inclination between the model longitudinal axes and the flow direction available in 
the tunnel is 25 ° . Thus oscillations were restricted to those which did not involve simultaneously large 
angles of attack and sideslip. This did not prove a serious limitation, however, as the region of interest 
where the damping was zero was around 12 ° incidence. 

In order that the airspeed and incidence changes during the Dutch roll simulations should remain 
small, it was necessary to commence each test with the longitudinal forces and moments trimmed. Out- 
of-balance forces caused a very lightly damped low frequency motion of period of about 35 seconds. 
The procedure adopted was to carry out a preliminary test at each incidence to determine the trim 
values of airspeed and body axis orientation to the earth (nl). The model was set at incidence and the 
pitching moment trimmed out. Simulation was then allowed to proceed. The resulting plots of air-speed 
and nl were inspected to determine the trim values to be set in the computer for the start of the test. 

In cases where the Dutch roll motion was divergent it proved unnecessary to provide any initial 
excitation. For stable cases, a pulse of yawing moment was applied to excite the mode. In the absence 
of a servo-operated rudder, this was most conveniently achieved by momentarily disturbing the yawing 
moment strain gauge balance. This imposed on the on-line data correction unit an input which was not 
in accordance with the calibration and hence small disturbances arose on the other force and moment 
channels exciting the longitudinal oscillatory motions. 

The responses were plotted at several values of incidence in the range corresponding to ~ = 0.1 to 
= 0.24 (i.e. approximately 6 ° to 14°). For  each test ~, ~, nl, V, r and bank angle were plotted against 

time. At ~ = 0.24, the effect of varying the magnitude of Cz and of the derivatives C~r, C,p and Cyp were 
investigated. 

8. Results. 

The purpose of the experiment had been to examine the applicability of this particular simulation 
technique in demonstrating for this aircraft response characteristics which had been obtained in flight 
but which had eluded other more conventional forms of simulation. Because the wind-tunnel model 
was not fully representative of the full scale aircraft, complete quantitative agreement was not to be 
expected. The quest was for the reproduction of flight trends, particularly as regards a limit cycle in 
the Dutch roll motion. In the event, good qualitative agreement was obtained, all the flight trends being 
reproduced by the simulator, 

The lateral motion of the model was observed for flight conditions covering a range of ' trimmed' 
conditions corresponding to the range of values of ~ from 0-1 to 0.24 (i.e. an angle of attack range of 
approximately 6 ° to 14°). 

Fig. 13a shows the ~ and ~ histories following an excitation of the lateral motion by means of a yawing 
moment pulse from a trimmed angle of attack corresponding to approximately ~ = 0.11. At this modest 
angle of attack the Dutch roll motion is well damped and coupling of the lateral and longitudinal motion 
is only significant during the early stages of the response. 

When the trimmed value of ~ is raised to about 0.14 the Dutch roll motion is very lightly damped 
as can be seen from the curve of ~ in Fig. 13b. The abrupt change of amplitude in the ~ trace corresponds 
to the application of a yawing moment pulse. It is interesting to compare these results with those shown 
in Fig. 13c, which refer to practically the same trimmed flight condition. In this latter test, however, 
the initiating input into the system is such that the response in the angle of attack (or strictly ~) exhibits 
more variation with time, containing not only the small amplitude oscillation of double the Dutch roll 
frequency, but also an oscillation of low frequency. These changes in ~ are reflected in the ~ response 
in that the damping of the Dutch roll motion, which the results in Fig. 13b show to be marginal at this 
trimmed condition, can move through its zero value leading to sustained oscillations in ~, whose amplitude 
waxes and wanes slightly according to the value of ~. 

The results at a trimmed value of ~ of about 0.195 shown in Fig. 13d are of interest as they not only 



show the same sustained oscillation of~, but also quite clearly the effects of the aerodynamic and kinematic 
coupling terms on the ~ response. Fig. 13c refers to a somewhat larger trimmed angle of attack (or ~). 
In this instance it was unnecessary to provide an initiating yawing moment and the ~ diverges from 
zero to amplitudes of the order of 0-1. During the initial phase of this response the variation in ~ is very 
slight, but when the amplitude of/~ becomes appreciable, there are the expected fluctuations in ~, arising 
from the non-linear coupling terms in the equations of motion. These again influence the response in 
/~ which beyond about 40 sec seems to become almost constant in amplitude for the few remaining swings 
shown on the record. 

The oscillations about a slightly larger value still (~ = 0.24) are shown in Fig. 13g. The history of 
~? starts off again as a divergent oscillation, the amplitude of which grows throughout the period of time 
covered, but there is a suggestion that the amplitude may become more or less steady at around 0.2. 
This completes the series of results chosen to illustrate the effect of the trimmed flight condition on the 
six-degree-of-freedom motion of the aeroplane. These indicate that below some angle of attack the 
motion damps out at a rate which decreases as the trimmed angle of attack is increased. Beyond a certain 
value of v~, that is, above a certain angle of attack, the motion is unstable at small amplitude and so 
diverges until it reaches a certain amplitude, when it takes the form of a more or less sustained oscillation. 
The amplitudes of the variable g in this latter case are sufficient to produce significant responses in ~, 
the nature of which reflects the two coupling terms, one kinematic and the other aerodynamic, which 
give rise to it. 

In the limited time available it was not possible to make a thorough investigation of the effect of varying 
each contribution to the aerodynamic forces and moments in turn on the motion. Also no attempt was 
made to obtain a closer quantitative agreement with flight test data by this means, but some modifications 
to the aerodynamic forces and moments were made and their effects noted. The damping derivatives 
Clp, C,r and C,q have a marked effect on the lateral and longitudinal motions, whilst changes in Crr, 
Ctr and C,p have little noticeable effect. 

|t is to be expected that the strong influence of angle of attack on the rolling and yawing moments 
arising from the translational velocities (i.e. L(~, ~¥) and N(~, ~)) play an important role in the 'Dutch 
roll' motion arising in the general six-degree-of-freedom motion. Accordingly three tests were made, in 
which the magnitude of L(~, ~) was adjusted by varying the gain of the rolling moment measurement 
channel. In all three tests the initial conditions were identical. The trimmed value of ~ is about 0.24 
and at this value the motion in ~ diverges in the manner previously discussed. Fig. 14a shows the results 
corresponding to the unmodified rolling moment contribution, whilst Figs. 14b and c refer to a 10 per 
cent and 25 per cent reduction in the rolling moment. In these results there is definite evidence of a sus- 
tained oscillation in the ~, the amplitude of which decreases as the rolling moment contribution due 
to the translational velocities is reduced. 

In a subsequent analytical study of non-linear dynamic systems, Beecham and R o s s  9 have applied 
a new technique to the study of the sustained oscillations exhibited in the present tests. Using the same 
numerical values of the angular velocity derivatives (Section 5), they predict the existence of these sus- 
tained oscillations and their quantitative dependence upon the angle of attack, and show the behaviour 
to be explicable in terms of the non-linearity of N(~, ~) with ~. 

A simulated recovery from a limiting Dutch roll oscillation is shown in Fig. 15. The traces are a com- 
plete set of simulator motion parameter time histories during and prior to recovery. The test was started 
with the aircraft trimmed at high angle of attack, and the Dutch roll allowed to build up until the ampli- 
tude approached the limiting value. Recovery was effected by changing the simulated elevator setting 
to a value corresponding to a lower, stable, angle of attack. The time histories of the roll angle and the 
yaw rate may be genuine arising from the excitation of the other modes, or may be due, at least in part, 
to drifts in the corresponding moment measurement channels. 

A comparison of 'roll/yaw' ratio* and period with flight is given in Fig. 16. The period shows close 
agreement. The magnitude of the roll/yaw ratio differs, but the trend with CL is similar. 

* Roll-yaw ratio is defined here as amplitude of.fp dt + amplitude of ~. 



The incidence at which the Dutch roll damping becomes zero is much lower on the simulator than 
in flight--approximately 12 ° compared with 18 °. This is probably due to differences between the C z 
and C, obtained with the present model and in flight. The values of Cz obtained with this model are 
larger than those measured on a more representative model in the 13ft x 9ft tunnel, a Aeroelastic effects 
such as the control linkage flexibility which exists in the aircraft could reduce the rolling moments ob- 
tained in flight. Such effects could be simulated with a more refined model and programme. 

9. Conclusions. 

The sustained amplitude, Dutch roll mode of the HP 115 aircraft has been successfully simulated 
in the wind-tunnel flight-dynamics simulator. The main purpose of the limited experiment has thus 
been fulfilled in that good qualitative agreement with flight behaviour has been achieved in conditions 
where non-linearities, aerodynamic and dynamic, are significant. It is clear that, had the terms of reference 
so justified, a more penetrating study could have profitably been made. Even so, the limited tests with a 
comparatively crude model have served to show up the importance of the contribution to the rolling 
moment from the translational velocities in the development of the sustained oscillations. 



LIST O F  SYMBOLS 

b 

C 

C 

Cl 

Cm 

C. 

Cx Cr Cz 

Clv C,~ 

Cmq 

C,v C,~ 

C,¢ v 

C 
t n w  

C 
t l l  

g 

h 

lxx lvr Izz 

lxz 

L 

11, 12 

M 

M 

m 

N 

~1 ///2 Yt3 

Oxyz 

P 

q 

q 

F 

Re 

S 

Semi span of gross wing of the model (76.2 mm 3-00 in) 

Tunnel working section cross section area (0.209 m 2 324 in 2) 

Centreline chord of the gross wing of the model (304.8 mm 12.00 in) 

Rolling-moment coefficient non-dimensionalised on q S 12 

Pitching-moment coefficient non-dimensionalised on q S 11 

Yawing-moment coefficient non-dimensionalised on q S 12 

Force coefficients non-dimensionalised on q S 

Derivative coefficients of rolling moment due respectively to roll rate and angular 
velocity in yaw, non-dimensionalised on p VS l~ 

Derivative coefficient of pitching moment due to angular velocity about the pitch axis 
non-dimensionalised on p V S 12 

Derivative coefficients of yawing moments due respectively to roll rate and angular 
velocity about the yaw axes, non-dimensionalised on p VS 12z 

Derivative coefficient of side force due to roll rate non-dimensionalised on p V S s 

Derivative coefficient of pitching moment due to acceleration in pitch 

Derivative coefficient of yawing moment due to acceleration in yaw 

Acceleration due to gravity 

Tunnel height (457 mm 18.0 in) 

Moments of inertia about the body axes 

Product  of inertia 

Aerodynamic rolling moment 

Aircraft reference lengths, viz. wing root chord and semi-span respectively 

Mach number 

Aerodynamic pitching moment 

Aircraft mass 

Aerodynamic yawing moment 

Direction cosines of the body axes relative to the vertical earth axis 

Body datum axes 

Angular velocity component of the aircraft about the Ox body axis 

Angular velocity component of the aircraft about the Oy body axis 

Dynamic pressure (½ p V 2) 

Angular velocity component of the aircraft about the Oz body axis 

Reynolds' number based on c 

Aircraft reference area 
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s 

TxTz 
u 

V 

w 

X 

Y 

Z 

A~ 
~ '  

t/ 

P 

NOTE 

Model gross wing area (0.024724 m 2 38.925 in 2) 

Components of engine thrust along the datum body axes 

Translational velocity component along the Ox body axis 

u/v 

Relative wind velocity 

Translational velocity component along the Oy body axis 

v/v 

Translational velocity component along the Oz body axis 

w/V 

Aerodynamic axial force 

Aerodynamic side force 

Aerodynamic normal force 

Incidence angle between the relative wind and the Ox body axis 

'Lift effect' incidence correction 

Tunnel constraint factors 

Elevon angle relative to Ox body axis 

Air density 

All forces, moments and associated coefficients are referred to body datum axes. 
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APPENDIX A 

Normal Force Slope Discrepancy. 

In Fig. 7 is shown the difference in slope of some 22 per cent between the normal force results of the 
present tests and those of Engler and Moss 5 transferred to body datum axes. Further results for ~/= 0 ° 
have been obtained by Thompson, Fail and Inglesby 4 using the same tunnel as Engler and Moss but a 
different, sting mounted, model. In order to compare the slopes from all three results Fig. 17 has been 
prepared giving results for q = 0 ° in body datum axes derived as follows, viz: 

Ref. 3 results have been transferred to the appropriate axes using 

C~ = - CL COS a--  CD sin ~. 

Ref. 4 results have been referred to the appropriate axes by applying an increment of 1½ ° to the quoted 
incidence. The quoted C~ has been applied without any correction associated with this rotation, since 
there is insufficient data for its computation, and it is certainly extremely small. 

Since the results of Ref. 4 are uncorrected for tunnel constraint a further correction to incidence has 
been made in accordance with Ref. 3. The results from the present tests have been adjusted to q = 0 ° 
values by subtracting the increments in C z due to r /a t  various incidences derived from Ref. 3. 

Finally all curves have been adjusted by a small increment in Cz to cause them to pass exactly through 
the origin, so as to clarify the differences in slopes. Taking the Ref. 3 results as datum, Ref. 4 gives 6 per 
cent more and the present results 22 per cent more. 

Possible causes for the discrepancies, viz. blockage and constraint effects, model geometrical differences, 
support differences, Reynolds number effects, are considered below. 

Reynolds number. 

Ref. 3 has examined Reynolds number effects on CL over the range 7.86-1.17 x 106 and found them 
very small. The No. 19 tunnel tests were made at Re = 2.08 x 10 6 and a check was made at Re = 1.04 x 10 6, 

together with a further check at the higher Re with transition fixed on the wing. Fig. 18 shows the results 
obtained, transition fixing produced a barely detectable reduction in slope. 

Support differences. 

The tests of Ref. 3 used a wire rig, whereas the present tests as well as those of Ref. 4 used a sting sup- 
port. In order to examine sensitivity of the Cz slope to the support geometry a test was made with the 
sting diameter more than doubled (by application of plasticine and tape). The effect, Fig. 19, was to 
produce a parallel curve offset by an increment in ~ of 0.01. This type of sting effect has been noted else- 
where and Ref. 6 refers to the routine application of an increment in incidence when using a sting mounting 
rig. 

Geometrical differences. 

The principal geometric differences between the simplified No. 19 tunnel model and those of Refs. 
3 and 4 are tabulated below. 

The effects of the last four differences below have not been examined; the elevon hinge gap might 
be expected to cause a loss of C~ since Ref. 3 shows that closing the gap significantly affected the Cm/( 
slope. 

In Ref. 3 it was found that C,,/C L was unaffected by closing the intake. Fig. 20 shows measurements 
of Cz on the present model with fin and nacelle completely removed. Even this drastic modification 
changed the slope by only about 1 per cent. 

So as to examine sensitivity to wing section, the forward facets of the double wedge wing were built up 
with plasticine and then sprayed with PVC. The leading edge was maintained sharp and the plasticine 
was blended to the ridge line of the original section. The effect, shown in Fig. 21 was to reduce the C~ 
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Feature No. 19 tunnel Ref. 3 Ref. 4 

Wing section 

Nacelle intake 

Rear fuselage 

Parachute fairing 

Nose probe 

Elevon gap 

Double wedge 

Conical fairing 

Distorted for sting 

Omitted 

Omitted 

Omitted 

Biconvex 

Correct, restricted 
flow 

Correct 

Correct 

Correct 

Correct 

Biconvex 

Hemispherical 
fairing 

Distorted for sting 

Correct 

Omitted 

Omitted 

slope by a little over 7 per cent. The rear facets were then similarly built up to approximate to a biconvex 
section, and it can be seen in the figure that this made little further difference to the slope but reduced 
C~o to the Ref. 3 level. Thus some 7 per cent of the discrepancy may be attributable to the use of the 
simplified wing section of the same thickness :chord ratio. 

Blockage and constraint corrections. 
The No. 19 tunnel results have been presented, and used in the simulations uncorrected for tunnel 

effects; the results of Ref. 3 are corrected. The corrections applicable to the No. 19 tunnel results, viz. 
solid blockage, wake blockage, lift effect are discussed below. 

Solid blockage. 
The correction to kinetic pressure q is given by 

qc~= 1+0.65 V 
q 

where Vis the volume of the model 
h is the tunnel height 

whence the correction to q is 0.3 per cent. 

Wake blockage. 
Ref. 3 shows that vortex 'bursting' does not occur until well downstream of the wing trailing edge 

for all incidences used here ; thus from Ref. 7 

qc--~-~ = 1+~ S q ~ Cxo 

where S is the reference area of the model 
whence the correction to q is 0.2 per cent. Thus the slope is in excess by ½ per cent due to neglect of the 
blockage correction. 

Lift effect incidence correction As. 
From Ref. 8 for a delta wing in a closed tunnel 

S 
As = (6 + ~') ~ CL. 

14 



where 6 is a factor dependent on tunnel shape and is 0-137 for a square tunnel; 6' depends on tunnel 
shape and model chord/tunnel height ratio. C is h 2 for a square tunnel. However in Ref. 3 6' has not 
been included in the corrections, so for comparison and since it is considerably smaller than 6o it is 
also appropriate to neglect it here. 

Thus 

Ac~ - 0.0165 C L . 

This leads to a slope change of 5 per cent. 
It may then be concluded that the combined effects of the section simplification and the neglect of 

lift-effect constraint could account for the difference between the present results and those of Ref. 4. 
Since both these results were obtained without the elevon gap being represented it is possible that all 
three sets of data are consistent. 

It should be noted that it is quite feasible to include automatic compensation for any tunnel constraint 
due to lift in any future flight dynamic simulations at subsonic speeds. 

15 



, ' ~, . :~J  ~ i : ~  "" " • . 

'~Ps41 :~ . .  

FIG. 1. Handley Page HP 115. 



.,,,j • . ~ . f  

. , ' 2  

O N E  INCH 
I I 

t 

,¢" 

FIG. 2. HP 115 model. 



J 

~o 

j 
_ 

I Scale 

Cross hat.chin 9 shows disborLions 
o f  the  ~ull scale prof i le  

FIG. 3. General arrangement of model. 



dircct.lon 

~/I 

/ ~ ~  

T 

T 
T 

T 

I 
I 

i l I I  

I IJI  

J 

~> ~ I 

~ ~1 i 
/ 

/ 
/ 

I/ 

I&=o,,,o,,~ 
/ / (downsteeom 

,/ 

~ # 

I/'J 
/ 

! 

unnel i 
e I/ I 

___~ I 
, I 

I I 
~= 15in (381 ram) plon¢ I 

(upstv=om) I 

I 
I 

FIG. 4. Mach number distribution. 

K¢y 
M 

0"300 

0"29"7 

0"2q4 

19 



Flow 
d l r ce t i on  

I 

, / 

I / 
/ 

# J, 
, / 

I 
I , / 

4 
! 

i o ~ 
I 

I # 
I 

/ 
I 

I 
I 

/ 
I 

I 

I ;  ,7 
/ 
I 

! 
I 

g 

/ 
/ 

/, 
/ i /  X =7.5 in 

190' 5 ram] 
I plan~ 

(clownstra.arr // 
/ '  

L7 
(/ 

,/I I// I 
, I 

# 

, /  I 
d - -  '~1' I 

X =#~in(38l ram) I I 
plam~ 

O (upstr~om) ii 
® 

mey 

FIG. 5. Flow angle variation. 

20 



0 O' 

-0.01 
/ 

- 0 " 0 2  ~ ~ ~ ~ /  
l 

- - . - - ~  ~ _ ' ~ / ' - -  _ 
,~°o ~ - ' , , . o . o + ~ , , o o . o 7 o  ,,=o.,o~ 

0 ' 2  

,v: o,~ 

I I 

~ c+=o~ [ + . . ~ ' + / I  +....W~+ / 
/ 

/ 

----I~---- 13'ft'xgft En~tle~&Mo~s 

FIG. 6. C x v s  ~ at various ~. 

I t I I i I 0 0 0 0 0 0 ~ ~ ] 0~0 [ ~5 I ~ ~ ~ . 0 " 0 0 0  0'035 0"139 ":0'139 ] 0"1"/4 
.,q \ \ 

Cz 

- -  -0.1 

-0 '~  

-0 '~i  

-Q'5 

- 0 ' 6  

FIG. 7. C~ vs ~ at various ~. 

21 



C~ 0 0 0 0 

~°° ,o.o~,i o.o,oi o.,o~i o.,~ -o.,~, o.,,, "~.. -.~-~-.~-.<-.~ ~. -  

~-..., -...., 

FIG. 8. Cm vs if, at various E. 

~ o . 3 o  o . ~  0.20 o.,5 o.,o o.os o 

"~_\ \ \ \  \~, i 

gY v 

FIG. 9. Cy  vs f~ and ~. 

22 



0-02 

~ 0"01 

I . . . .  ~- . . . .  o.o~ --o=,$-- 

C~ 

,B I~ ft x g ~ t  Knc j l e r  & Moss 

W = O  
h - - B-O&Sj. . ,  D 0"20 

~ ~ - w - -  o 

0.05 ! 0.05 

O-lO 

0"04 

,eo o,, 
0 " O 5  

FIG. 10. C~ vs ~ at  v a r i o u s  N. 

23 



4~ 

C~, 

0 . 0 5  

0.04 

~ ~ 0  

/ / i 7 ,  

0 . 2 5  0 . g 0  

L 7 ~- / O.lO oos "" o . 3 o  ~ ~ • o _ 

77 7 
,7) 

En~ler g Moss 

~" t ).OTS 

~o~ 
0 . 0 2 5  

0 . 0 5  V 

o - i ~  

FiG. 11. C. vs VandW. 



c~ 

-O'i 

0 

v 

0 

rc~dians 
0,1 0"~ 0 " 3  0-4 

, i ¢ t  i t I l I J . t  I \ \~,, \ ,, ,, ~, 

rad ian6 
0.1 0.3 0..~ 0.~ 

-0.~. 

Cm~ 

- 0 ' ~  

- 0 " 9  

I '0 

v 

® "runnel 

-- SJmulaLor" 

J 

0 
rad~ans 

0'1 0 '~  0 '~  0 ' ~  

-0"I 

C nr" 

- O.P- 

- 0 ' ~  

- 0.4J 
O-S 

\\// 
I 

Re, O r~clly$ t$ 04: 
~el ighf~ dat.o 
us'~ng ~unnel Cnp 

FIG. 12. Dynamic  derivatives. 

25 



o', 

o .3  

O.E. 

C~r  

o .. .C~ / 
0.1 o.a O.B 

e< r'odiams 

/ 

g . . f - e  ' ' ~ -  
7 

0-4- 

0 

- -0 ' I  

Cmp 

- 0 . 2  

~. radions 
0"1 0 " ~  0 ' 5  0.4- 

--0"3 

o. ;  

O" 

Cyp 

- O ' 1  

J 

o 

__-~---:=-, 7-~V7~ 
/ o .~,,` \\, \ \ \~ \ \ \ \ \ \ \ \ \  \ \ ~\\ 

0.I 0"~ 0"~ 0.4 

.v radionS 

I 

FIG. 12 (contd.) Dynamic derivat]ves. 

o.I 

v 

o 

- o ' I  

o-~ 

o.I 

6 

 0vvvvivvv0 "rim(~ scconds 

o 
40 

I 

-~A/~t~ 
V" 

6 

0 
0 I o Z 0 30 60 

Time s¢cond~ 

w = 0 - 1 0 8  

FIG. 13a. The dependence of the "Dutch Roll" sideslip 
characteristics # on the angle of attack parameter N. 

/3 ° 

An£1z o{ 
Qttack 

= sin -I 



-o-I 

w 

~ ~ ,  L LnAA ~AAA 
oVVVi 

6 

0 

-6  

Sideslip 
8 ° 

o.I 

v 

o 

o,I 

o-~- 

IO ~0 $0 4o 50 60 
Timc Seconds 

"w" 0 - 1 4 3  

o 
"7O 

Angl~ o~ 
QttQck 

~Q 

FIG. 13b. The dependence of the "Dutch Roll" sideslip characteristics g on the angle of attack 
parameter ~. 



0 . 2  

0-1 

- 0 .  I 

- 0 . 2  

0 . 2  

0-1 

~AA[ AAA 
Vvv~ 

~AA 
VV¢I 

Time 
seconds 

IO 20 30 40  50 
Time seconds 

Sidesl ip 
B ° 

o 

2 ! 

Angle of ottock 

o 

0- !  

0 

- 0 - !  

AAA 

0-3 

O-B 

0-I 

qAAA 
vvv ~, 

 AAAAAA, 
VVT~VV~ 

AAA 
~VV~ 

61 
IAA ~'°~;~"° 

~'JI ~ ° 1 %~opa~j 

0 10 2 0  3 0  4 0  50  
Time seconds 

60 

] 
12 

Angle of 
attack 

:# 6J 
0 

~ = 0 " 1 9 5  

~ = 0 - 1 4  

FIG. 13c. The dependence of the "Dutch Roll" sideslip 
characteristics ~ on the angle of attack parameter ~. 

FIG. 13d. The dependence of the "Dutch Roll" sideslip 
characteristics ~ on the angle of attack parameter ~. 



0"2 

0-1 

l ¢concis 
-0.1 ] s  

-0-2_ 

0-3 

L 

0.2 

0,1 

I0 20 ~o 

~=0.215 

40 50 
Time 50.eond s 

FIG. 13e. The dependence of the "Dutch Roll" sideslip 
characteristics ~ on the angle of attack parameter ~. 

gO 

£id¢sllp 
B ° 

O- 

-12- 

+I 
12 

Angle 0F 
oL'tock ,j 

o 

0"2 

0-I 

0 

-0- I 

-0,2 

0-3 

0, I 

mAAA 
v v Vw6 

AAA# 
vvv o 

,n 

V 

0 I0 20 30 40 5O 
Time s~cond s 

W=0-23 

FIG. 13f. The dependence of the "Dutch Roll"sideslip 
characteristics ~ on the angle of attack parameter ~. 

':1 
Sideslip 

B ° 

o 

12 

Angle of. 
ottQcn 

oL ° +J 
0 



0 ' 2  

o., ),n 

i 
' ~U( 

12 0-2 

 1!11 ,] o., 
i lip 

0 

- 0 " 2  

0.3 

0.2 

0.1 

0 - - J  
10 20 30  40 50 

Time seconds 

~ = 0 - 2 4  

FIG. 13g. The dependence of the "Dutch Roll" sideslip 
characteristics/~ on the angle of attack parameter ~. 

m 

W 

0 . 4  

o.:3 

0 - 2  

o-1 

F I G .  14a .  

IO 20 
Tim~ 

£~conds 

Basic L ( 7 ,  @ ) 

24 t 
18 

12 

Angle of' a t tack ¢(o 

o 
4o 

Effect of rolling moment magnitude. 



0.2 

0, I 

-O'I 

-0-2 

0.3 

AAAA 

0-2 

0"I 

/] 'L I/ 'III Ill 
 vvl'ii L, Jil'li' ! i 

'vvvvv~ 

0 Io 20 30 

L(7,~) r,duced by I0°/o 

4O 
Time 

S~conds 

Sid~solip 

FIG. 14b. Effect of rolling moment magnitude. 

O n  

-12 _ _  

12 

Angle oP attack 
O( ° 

J 0 
50 

o-I 

V 

-0-1 

0"3 

W 

0-2 

0"I 

,AAA 
- V|OI ~ 

AAA# 
'VV '~'o 

,AAA 
U V Vsvo 

~AA~ 
vvv o 

AP 
i l l  ~c 

"~me 
se¢or~d~ 

61 
Sideslip 

B o 

°1 --6 

18 

0 lO 20 .~0 

~,zv"v 

12 

An91e of 
Ot tack  

1 o 
4 0  )0 

T i m e  
s e c o n d ~  

L ( ~ , ~ )  r e d u c e d  by 2 5 ° / 0  

FIG. 14c. Effect of rolling moment magnitude. 



hO 

0-2 

0.I 

0 

-0,I 

-0-2 

O-3 

0.2 

~^AAAAAPA~ 

0.1 

 J,AIll/llllllllll 
V/I III II II IJi 

I 'vvuVVV 

0 I0 ZO 30 40 50 

AAA•, 
V 6~V ~ 7c 

U Time 
S~conds 

12 

FIG. 15. 

AII~ 
o 

Art 

60 70 
Time seconds 

i 1 
i2 

a ~  

o 

Recovery from "Dutch Roll". 

140 

120 

I00 
Afrsp&¢d 

V 
m£t.rP. $/$1z ¢ 

80 

60 

40 
0 

0.4  

0"2 

n I 

0 

-0 .2  

-0 .4  

I0 20 30 40 50 

I0 20 30 40 

/ 

60 70 
T~me seconds 

5 0 1  60 70 

FIG. 15 contd. Recovery from "Dutch Roll". 



o-B 

0-6 
Roll  

ongle 
r~dions 

0.4 

0.2 

-0,4 

-0*6 

0-1 
P 

rad lans/  
sec 

o 

-0. I 

~n/~ r. 
vv~o 

n,iL  
.,   AIIIIIIIIIIIIIIIIIIIIIIIIII  

I   lllllllllllllll 

- ^  ~^A^AAA~] 
vld ~ v V2d vU ~c 

AAnnn.nn A A T ' ~  'e = = ° "  

vv~i/VV~ ~ v~m 'o 

FIG. 15 concld. Recovery from "Dutch Roll". 

7 

ROI  I / ' y Q W  

rc~tio 

4 

Period 3[ 

FIG. 16. 

® 

/ 

® 

® 

® 
® 

® 

0.1 0"2 
CL 

0"3 0"4 

® 

® 

0 I 0 " 2  
C L  

0-5 0"4 

Comparison between characteristics of the "Dutch Roll" 
obtained from the simulator and in flight. 



4~ 

c2 

O.t  

0-2 

0"3 

0.4 

0-5 

0-6 

0-'i 

O. I  0 . 2  O'~J 

\ 

~ \  - - r a - - -  15ftxg~tEnglgr and Moss (resolv 
N ~ \  T hompson~ Foil and Inc31~sby 

---d~----  13ftxgft QRotatxzd $ c o r r e c t ~  for  con~tnaint) 
k \  
N }  ® No. I c) Tunnel (derived) 

\ - ' , h  

FIG. 17. Compar i son  of C= slope at g = 0 °. 



L~ 
L~ 

Cz 

--0o! 

--0-~ 

--0-~ 

--0°4 

--0- 

- - 0 - 6  

--0-7 

o-I 0-2 

\ 
4 

0 . 5  0.,4- 

1 3 f t x B f t  Tunne l  i n t e r p o l a t e d  a n d  r ~ s o l v c d  

t o  body axes  

No 19 t u n n e l  

T r a n s i t i o n  f ree R¢=?_.OSxlO ~ d a t L  c~s¢  

o - - - o - -  Trans i t lon aClxed R= =2-o8 x 10 6 

\ 
~ - - - ~ - -  Tronsit ion f r e e  R e = I - O +  x|O 6 

} 

\ 

FIo. 18. Effect of Reynolds number on C: slope. 



~ J  

C Z 

0'1 

% 
I 

W 
0 . 2  0.~ 0.4 

13ftx 9ft  Tunnel interpolated and resolved 

No 19 Tunnel 
, Dotum cose ~ ~ - - e -  Grossly increased r~or  st ing area 

"(~, \ 

- 0 . !  

- 0 . 2  

- 0 , 3  

- 0 , 4  

- 0 . 5  

- 0 . 6  

-0 . '7  

FIG. 19. Sensi t iv i ty  of C= to sting interference. 



- - . I  

-0-1 

-0 -2  

-O'S 

Cz 

- 0 " 4  

- 0 ' 5  

- 0 " ~  

0"7 

0"I 0"2 0"=3 
W 

o 

l~ f t  x 9 f t  tunn~l interpolated and re~olvec 

N ° 19 t u n n e l  

Oatum condit ion (nacelle ond ?in on) 

-e---e-Nacelle and fin Off 

"x. \ ,  " \  
"~"  
. \  

\ 

\ 

\ 

\ 
\ 

\ , ,  

\ 
\ 

FIG. 20. Effect of  nacelle on C=. 



_ - .  

2-:. : :  

; J i  ~"  

a 

, <  

~a 

c. 

> 

e. 

Cz 

-0.1 

0.2 

- 0'5 

0"4 

- 0 .g  I 

- 0% 

R 
= 0 .7  ~ 

l 

0"I 

I 

0'5 
w 

C4 
I 

I 
I $ f t Y .  g f t  T, unne l  i n t e  

N ° 19 t U r l n ~ l  

D a t u m  C(~e (doufm wedc]e) 

- ® - - - - ~ - -  Forword hmlf of section curved 

--&- . . . .  ~ Appro~ b i c o n v e x  

polmtad Qnd reso lve~  ( b , c o n v ~ x )  

V 

<2> 
O 

FR;. 21. Effect oFwing section on C_. 



R. & M.I No. 3669 

Crown copyright 1971 

Published by 
HER MAJESTY'S STATIONERY OFFICE 

To be purchased from 
49 High Holborn, London WCIV 6HB 
13a Castle Street, Edinburgh EH2 3AR 
109 St Mary Street, CardiffCFl 1JW 

Brazennose Street, Manchester M60 8AS 
50 Fairfax Street, Bristol BSI 3DE 

258 Broad Street, Birmingham BI 2HE 
80 Chichester Street, Belfast BT1 4JY 

or through booksellers 

R. & M° No° 3669 

S B N  11 470409 0 


