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SUMLU!RY 

Transient pressures have been measured on the upper surface of a narrow- 

delta wing when it passed through newly sharp-edged upward and do>>mward gusts. 

Some oharaoteristics of the trnnsient behaviour of the vortex flow on the 

wing have been identified and disoussed. 

It is shown that a gust-induced loss of lift on this kind of wing develops 

more rapidly than a gust-induced gain of lift, and thus produces the greater 

ohsnge of loading. 

Q Replaces R.A.E. Technioal Report 66124 - A.R.C. 28190 
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I INTRODUCTION 

About five years ago a research facility was developed at R.A.E. 

Farnborough to investigate the transient effects induced on lifting surfaces 

by a discrete gust, A model wing is carried along a straight railway track 

on a rocket-propelled sledge, through the efflux from an open-jet wind tunnel 

blowing aorcss the track. This facility is fully desoribed. in Ref.1, where 

the first measurements of gust-induced transient pressures are presented; these 

show the effeot of an upward gust approached at zero inoidenoe. 

Since then several detailed improvements have been made tc the facility. 

The number of' data-transmission channels has been doubled, enabling pressures 

to be measured at four points instead of two; the model oan be propelled along 

the track at a finite angle of incidence; and measurements can be obtained 

during departure from the tunnel jet as well as during entry into it. In 

addition a new miniature pressure transducer has been developed, expressly for 

use with this facility, and a new model has been builtwhioh retains the narrow 

delta planfoxm of the original model but has rhombic cross-seotions. This 

report describes these developments and presents the first results obtained by 
using all the capabilities of the facility in its improved form. 

If a gust is defined as a single change in the velocity of the ambient 

air, measured normal to the flight path, then the two sides of the tunnel jet 
are effeotively separate gusts. The width of the tunnel is twelve times the 

mean chord of the model, and this is sufficient to obviate interference between 

the effects of the two gusts. When the plane of' the wing is normal to the 

tUnne1 axis, as in all the experiments completed so far, the gusts are 

ef'feOtively upward and downward relative to the wing and thus induce a gain 
and a loss of lift. 

The experimentel results show that the transient behaviour of the vortex 

flow over the wing is different in the twc oases. The development of a gust- 

induced gain of lift is gradual and substantially independent of the initial 
angle of incidence, A gust-induced loss of lift occurs relatively abruptly 
if it reduces the lift to zero, and thus imposes the more Severe loading on 

the wing; what happens when the lift is reduced to a finite value remains to 
be investigated. 

2 EXPRNMENTti T.ECHNIQUEl I 

The experimental technique is basically similar to that described in 

Ref.1, but some detailed changes have been made. Experimental measurements 
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are confined to pressures, and are obtained by means of transducers set in the 

surface of the wing. Recording equipment cannot be carried on the sledge, and . 
is installed on the ground beside the track. Since continuous records of the 

transducer outputs are required in order to define the transient variation of 

pressure induced by the gusts, a separate transmission charnel is provided 

between each transducer and the recorder. At present the number of pressure 

measurements that can be made simultaneously is limited by the small number of 

data channels that are available. 

2.1 Data transmission and reoordsng svstem 

A diagram of tha system is set out in Fig.1. Each pressure transducer 

is connected to a separate oscillator, whose output is frequency-modulated by 

variations in the capacitance of the transducer. The oscillators are built 

into the model as close as possibie to the transducers in order to keep the 

connecting cables short and thus to minimise the effects of cable capacitance. 

All necessary power supplies are carried on the sledge, rind connections between 

the sledge end the model are mado through a flexible cable. The oscillators % 
are all tuned to slightly different frequencies, and this allows their signals 

to be mixed and fed to one of two knives attached to an outrigger at the side * 
of the sledge; the second knife provides an earth connection. The signals 

are conveyed by the knives to two strips of copper gauze secured in clemps 

beside the track, end from there by a screened cable to the common input 

connection to a group of amplifiers.' The nnxed signals err sepercLtcd by the 

amplifiers, which are tuned to the same frequencies as the oscillstors and ore 

sufficiently selective to ensure that each emplifies only the signal from one 

oscillator. In this way, "cross-talk" between one channel and snother is 

effectively eliminated. The output of e,ach amplifier is fed to a discriminator, 

which gives a D.C. voltage output e.pproxim&ely proportional to the signal fre- 

quency and thus to the pressure rrpplied at the transducer. This voltage is 

applied to one of the tubes of a multitube osciiloscope, and the resultant 

trace is recorded on a continuous photographic paper strip. 

The discriminators are standard proprietary items, end wore chosen because 

they were retily available, thus avoiding the delay involved in developing snd 

manufacturing special units. The limited bandwidth of the discriminators 0 
restricts the number of data channels to four. The installation of longer 
copper gauze strips now allows recording of pressure measurements during the . 
passage of the model right through the tunnel efflux. 
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TWO tubes of the recorder are used to record the velocity of the sledge 

and the position of the model. A permanent magnet fixed to the underside of 

the sledge passes across a series of coils fixed to the railway track at known 

positions; the resultant e.m.f. induced in each coil in turn is recorded, and 

in conjunction with the timing marks on the record, provides data from which 

the velocity of the sledge is calculated. There is a special group of six 

closely-spaced coils near the tunnel. Since the speed of the sledge remains _ . . 
virtually constant during the short time that it takes to pass through the 

tunnel jet, the pulses from this group of coils form a converient linear scale 

on the record. A beam of light orossing the railway track in line with the 

edge of the tunnel efflux impinges on a photo-electric cell, the output of 

which is connected to the remaining recorder tube. Yihen tho model interrupts 

the beam the cell output level is lowered, ' shomlng on the record the tlmc when 

the model passes the cell. Since the speed of the modal is known its position 

relative to the gust tunnel at sny time can be calculated, 

2.2 Pressure transducers 

The pressure transducers used on the early exporimcntal runs of the gust 

facility were of a type developed by Owen2. Although these instruments WIT) 

adequately sensitive to the pressure changes being measured, and had a fast 

response-time, their physical dimensions prohibited the measurement of prcssuro- 

ohanges at points in close proximity'to oach'othcr, or to the leading-edge of 

the mdel. In addition, they were found to be very sensitive to the vibration 

experienced on the sledgo-borne model, and to the ingress of dust particles 

during the experimental runs, necessitating frequent repair and rocslibration. 

In an attempt to overcome these disadvfmtagos, some smallor transducers 
of a similar type were dovoloped; one of those instrumonts is shown in Fig.2. 

The pressure is measured at an orifice; which is oonnectod to a small chamber, 

one wall of which consists of a diaphragm of "Melinex"+ coated on one side with 

aluminium. -The aluminium coating acts as the moving plate of a variable 

oapacitcr, the fixed'plate beiry an insulated disc in the transducer body. 

Thus, a chengo in the pressure applied at the orifice causes a change in 

capacity between the two plates; the change of capacityproduces'a change in 

the frequency of the oscillator associated with the prossure-transducer. 

*"Melinex" is the I.C.I. registered trade nomo for polyester film made from 
polyethylene terephthalate. 
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Since each transducer measures the pressure d_lfferential across the dia- 

phragm, a reference pressure is pmvlded by connectxng the cavity on the side 

of the diaphragm reaote from the sensing orxfice to a referswe-pressure . 

chamber. This chamber 1s sealed at atmospheric pressure prior to each experi- 

mental run. 

A full static pressure calibration was performed on each pressure trans- 

ducer under laboratory conditions. As a check before each experimental run, 

two known pressures were applied in turn to the reference pressure chamber, and 

hence to the reference connections of all the pressure trrxxxduoers, vrhile a 

short retorting was msde thmugh the data transmission system. 

Since the purpose of the e~pcnments nas to invcstigctc transxnt 

phenomena a dynamic calibration of the complete pressure-measuring system was 

carried out by subjecting the transducer to a step change of pressure in a 

shock tubej. The resulting record IS reproduced 1.n Fag.3 and shons that, 

although the transducer is somewhat overdanped, the complete system haa a nse- 

time of about one milli-second and that there are no acoustic or electronic 

transaonts. 

2.3 The model 

The model used to obtain the data has the same planform as the model 

described in Ref.1, and is shown in Figs.&, 5 snd 6. The model is a narrow 

delta wing, of length 30 inches and span 18 Inches. The scctlon in any plane 

perpendxular to the longitudinal ax;(1s 1s rhombic; the rear half of the model 

has a constant centre-lxne thickness of 3 Inches, and the centre-line proflle 

over the front half is bi-oonvex. The leading-edges are sharp, and the 

trslling-edge 1s perpendicular to the model longitudinal axis. 

An aluminium-alloy centre-Plato forms the load-bearing spine of the model, 

and the required wing thickness distrzbution is ohtalned by adding lLaminatlons 

of teak. The mood is fixed permanently to one side of the centre-plate, and 

the pressure transducers are recessed into it so that their faces are flush 

with the wing surface. Part of the te?k on the other side of the centre-plate 

is detachable, providing aocess to the backs of the transducers, to the 

oscillators and reference pressure chamber, and to all the connections 

between them. The reference pressure Comber 1s provided with a pipe 

leading to the exterior of the model at the troaling edge; this end of the 

pipe can be closed with a sealing screw. 
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2.4 The model susoension 

The model is mounted on the front of an SS~dyll@CRllY St&h? dart, 

v&&h is suspended from the frame of the sledge by a hel+al toll spring and a 

gymb@J. This device effectively Isolates the transducers from the vibl-atlom 

induced in the sledge by the rocket-motor oombustlon and track irI+egularities. 

The model was propelled along the track with the Rlane of the wing 

vertical. Since the tunnel efflux was blornng horieontnliy across the traok, 

this arrangement simulated the passage of a uo.ng in level flight through 

two gusts, one upward end one dcwnmard. In these eqeriments.thc! upper 

surface of the model was defined as the surface remote from the gust tunnel, 

and the efflux was regarded as having an upv;crd velocity relntlvc to the rmng. 

The attachment of the model to the dart includes a knuckle joint, which 

allows the model to be set at any ,angle of incidence up to 15 degrees, relative 

to the dart axis. 

The stabAising tail-fins of the dart have been cnlargcd since the , 

experiments described in Ref.1, to mcnimise the effect of a change In model 

incidence on the trim of the dart. 

3 MPERI~ECRTAD m.mTs 

3.1 Records 

Measurements have been made of the sir pressure at certan points on the 

model upper surface, by means of the transducers A, B, C and D, see Fig.4. 

F'rovision was made for mounting transducers at warious positions, but in these 

experiments they were sited at statlons 3@, 46, 5C$ and &I$, of the model 

length aft of the vcing apex, and lay on the ray from tho cpex'ot 2577 of the 

local semi-span inb;ard from the leading edge. - 

Data were recorded-from the position-coils arid from tho photo-electric 

cell during the whole-journey of the sledge,elong the track; data from the 

pressure transducers were recorded only when the kluves on the sledge were 

cutting the copper gause strips. 

k typical photographic data,record obtained during one traverse of the 

tunnel efflux, zsshown in Pig.?: The velocitygof the sledgc was 180 ft per 

second, the tunneLefflux velocxty was 47 ft per'!second, and the model was at 

zero angle of incidence relative to the dart. The pecks in the posltlon-coil 

output trace show the times when the sledge traverses each coil. The tract 
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from the photo-electric cell output indicates a number of oCCaSiOll3 when the 
. 

light-beam has been Interrupted. These "dips" in the level of the trace 

represent the passage through the light-beem of the model, followed by various . 

parts of the sledge structure. 

During the passage of the modal through the upnard gust, the traces from 

the four pressure transducer outputs follow the sane general pattern as the 

traces shown in Ref.1. The gust-induced pressure change registered by e3ch 

transducer does not begin until the transducer encounters the lea&ng edge of 

the gust; subsequently the form of pressure change regxstered by all four 

transducers is the sane. There 1s an approximately exponential approach to 

the pressure associated with the now eagle of incidence induced by the gust. 

On many of the records the first part of the exponentiel curve is masked by a 

more rapid pressure change which somctlmes leads to a distinct suction peak 

(Fig&). 

ALl. the pressure records indxcte consldercblc turbulcnco in the tunnel 

Jet. This 1s shown clearly s.n Fig.7 by the change in the character of the 

trace from each transduocr as It passes through the upnard gust. 

During the passage of the model through the downward gust, cash transducer 

responds only when it reaches the loading edge of the gust, and then the 

pressure reverts very rapidly to the level associated with conditions beyond 

the gust. 

In sdds.tion to the photographic records referred to above, tho angle of 

incidence of the model relat~vo to the dart and the tunnel efflux velocity have 

been recorded for each experimental run. The runs performed are summarised in 

the table belor/:- 

Model incidence Data obtained 
Run No. on dart 

(degrees) Upvard gust Dovn-rard gust 

63 0 Yes NO 

69 0 Yas NO 

72 0 Yes Yes 
73 
74 ' ," 

Yes Yes 
Yes Yos 

7.5 0 Yes No 
79 0 Yes No 
80 5 Yes 
82 ; 5 Yes I ii: 

85 I IO Yes No J 



9 

. 

i 

. 

3.2 Analysis and -tation of results 

The data obtained were analysed in the way described in Ref.1. The mean 

initial and final levels were obtained, and sn exponential curve was fitted to 

the traces withthe final level as its asymptote; for this purpose the trace 

for the first few milliseoonds was ignored. The co-ordinates of this smoothed 

curve were then read directly in terms of p/p,, the fraction of total pressure 

change, and XJ%,, the distance penetrated into the gust expressed a3 a multiple 

of the locdl span at the se&ion containing the transducer. (See Fig.8.) The 

smoothed curve3 so obtained are presented in Figs.9 to 14. 

The curves relating to passage through the upward gust are presented 

separately for each run in Fig.Y. Fig.Ya presents the results for which a, 

the angle of incidence of the model relative to the dart,is zero, and the 

ourves from all four transduaers are shown on each graph. Similarly, 

Fig.Yb and Fig.Yc present the results for which a = 5’ and a = IO0 respectively. 

On the single run depicted in Fig.Yo, only the &a transducers nearest the model 

apex furnished readable records. A summary of all the measurements made during 

-8 through the upward gust is given in Fig.10, in the form of the envelopes 

Containing the individual curves obtained at a = 0, a = 5’ and a = 10’ 

respeatively. Also shown in Fig.lOa is the envelope containing the ourvcs 

in Ref.1. 

The ourves relating to passage through the downward gust are presented 

separately for each run in Fig.11 and are surmnarised in Fig.12. The summarised 

results for the upward and downward gusts are compared in Fig.13. 

The distribution of air speed across the tunnel jet, in the plane of tho 
track centre line, is shown in Fig.15. The kinematios of entry into tine tunnel 

jet and of departure from it are illustrated in Fig.16. 

4 DISCUSSION OF RESULTS 

The ourves showing the transient variation of pressure induced by an 

upward gust on a narrow delta wing at eero incidence (Figs.Ya and IOa) 

resemble those-presented in Ref.1 and obviously confirm the early results. They 

also show that the difference between the cross-section shapes of the old and 

the new models is unimportant. Measurements have now been obtained which show 

the effect of an upward gust on a narrow delta wing when it is at an angle of 

incidence large enough to establish vortex flow before it meets the gust 

(Figs.Yb'and 90). They show that the transient pressure variation is similar 
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to that which occurs when the wing meets the gust at zero incidence. Thus the 

transient effect of an upward gust on a narrow delta wing is substantially . 
indeperdent of the initid angle of incidence. This implies that any lift on 

the wing when it meets en upward gust is sustained end the development of the 

incremental lift, associated with the change of angle of incidence induced by 

the gust, is independent of the initisl angle of incidence. 

The present results do nothing to solve the enigma of the initial Suction 

peak that has often been recorded at the moment of meeting en upward gust. The 
shock-tube calibration of the pressure transducer and the recording system (Fig.3) 

shows that the initial peeks on the records are not caused by the transducer or 

its associated electronic equipment. It was suggested in Ref.1 that the peeks 

may be associated with the mixing sane at the edge of the gust, and that the 

variety of peak shapes may be due to variations in the instantaneous velocity 

profile across the mixing zone. The velocity fluctuations caused by turbulence 

in the mixing zone have not yet been measured, ana the curves of sir speed in 

Fig.15 show average vslues only. 

Measurements of the transient pressures induced by a downward gust are 

confined t0 the particular case in which the gust reduces the lift on the wing . 
to zero. They have been analysed in the same way as the results obtained 

from upward gusts, to allow the effects of the two kinds of gust to be compared. 

Comparison of all the data from upward ad downward gusts (Fig.13) shows that 

the change of pressure induced by a downward gust, in this particular case at 

any rate, OCCWS much more rapidly then the change induced by an upward gust. 

This result is insufficient to allow completely general conclusions to be drawn 

about the effects of downwsrd gusts on narrow-delta wings. Experimental 

evidence is Ileeded to show what happens when the gust reduces ths angle Of 

incidence to a finite value that is large enough to sustain vortex flow. 

Nevertheless it is already clear that a gust-induced loss of lift can occur more 

abruptly than a gust-induced gain of lift. There will then be less alleviation, 

and therefore tke change of loading imposed on the wing will be greater. 

It must be pointed out that the method of plotting the variation of 

transient pressure against xdb, produces en imperfect collapse of the results. 

The method was evolved during analysis of the measurements presented in Ref.1. 

Then the differences between the individual histories of transient pressure, 

obtained frm the separate measurement points during a single run, were reduced 

by plotting in this way. The differenoes were in fact over-corrected, but the 
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residual differences were smaller and the choice of bn as the reference length 

appeared to be vindicated. When the new measurements were analysed for the 

present report the differences were over-correoted so muoh by plotting 

against x/b, that the expected collapse of the data was not obtained. The 

extent of the over-correotion is shown by Fig.14, in which the data from the 

four measurement points ere plotted separately. Nevertheless, all the curves 

presented with this report are plotted against x,/b, so that they may be 

compared directly with those in Ref.1. For future work, other methods of 

anslysis andpresentation will be investigated. 

Entry cf the model into the tunnel jet oorreotly simulates an 

encounter, during flight through still air, with a gust that is perpendioular 

to the flight path. However, after the model has entered the jet it is oon- 

strained to continue slang a path parallel to the track. Then, relative to 

the air in the jet, it has a component of velocity that is equal end opposite 
to the jet velooity end a resultant velocity that is inclined to the edge of 

the jet (Fig.16). Therefore departure of the model from the tunnel jet 

simulates an encounter,during flight through still air, with a gust that is 
notperpeniioular to the flight path*. The tangent of the angle between the 

flight path and the gust front is the ratio between the speed of the model along 

the track and the qeed of the tunnel efflux. In these experiments the angle 

was about 76 degrees, and it is likely that the broad conclusions drawn from 

the results remain valid when the angle is 90 degrees. However, the effects of 

a downward gust will be investigated in future experiments during entry into 

the tunnel jet, with the model inverted. 

A further consequence of the oonstrsint of the model is that it cannot 
respond to the gusts as it would in flight, and there is therefore less 

alleviation of the loading induced by the gusts. 

5 CONCLUSIONS 

The R.A.E. gust research facility has been used to obtain measurements 

of the transient pressures induced on the upper surface of a narrow delta wing 

when it meets discrete upward and downward gusts. 

When a narrow delta wing maets either an upward or a downward gust, the 

loading on any spcnwise seotion of the wing remains unaffected until that 

particular section reaches the edge of the gust. Then it begins icnnediately 

t.0 chexge. 

0 The attention of the authors was drawn to this point by 
Mr. N. C. Lambourne of the National Physical. Laboratory. 
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When a narrow delta wing meets an upward gust, the lift already on the 

wing is sustained and the gust-induced gain of lift takes a finite time to 

develop. At any spanwise section of the wing this corresponds to the time taken 

by the wing to travel a distance equal tc about five times the local span at 

that section. 

Before general conclusions can be drawn about the effects of a downward 

gust, experimental evidence must be obtained to show what happens when the 

gust reduces the lift to a finite velue. Nevertheless it is already clear that 

a gust-induced loss of lift on a narrow delta wing can occur much more quickly 

then a gust-induced gzin of lift end will then impose the greater change of 

loading on the wing. 

. 

. 

. 
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SYMBOLS 
i 

a 

b 

bn 

c 0 

x n 

P 

PO 

angle of model wing plane relative to axis of dart 

gross span 

local span at statxon n 

centre-line chord z model total length 

distance penetrated beyond gust leading edge by station n 

difference between a pressure on the wing swface at any instant after 

encounteriw a gust and the pressure at the same point before 
enoounterzng the gust 

the msxmum value of' p 

. 
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