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SUMMARY

Low level runs were made over a given route at heipghts below 1000 feet
above ground and ot an airspeed of 400 lmots. A distance of 6080 nautical
niles was covered and the accelerations due to pusts were recorded by a con~
tiruous trace ccceleromedter. The repults of all the runs showed that, on
the average a 1g gust or greater ocourrsd every 7.06 minutes. Comparison
with cther ardormabicn on lhis subject showed that the results from this
Lavestrgation fasted an watn exasting date.

There were cousiderably more positive than negatave gusts, the factor
being 1o at 1.2g or grecnter. It woula appear thet for the area in which
the fia, hte wore made, turbulence ncar the ground is not isotropic.

A conpideration of meheorclopical factors showed that on this routs

wind 15 fer more poworful in producing bturbulence abt low altatude than the
effaect of sun.
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i Introduction

Although most high speed flying takes place at altitudes in excess of
5000 feet, certain types of military aireraft may be forced by the nature of
their operational requiremeénts to fly at speeds in excess of 400 knotbs and at
altitudes of less than 1000 feet. Two examples of such aircraft are the
ground attack type, and the fighter which may be required tc fly fast at low
altitude as a means of cvasion.

I+ has long been recognized by pilots that flying below 1000 feet may
involve considerable discomfort due to twbulence. At high andicated air-
spceds the acceleratzions due to gusts moy be much more than merely uncomfort-
sble and may lead o serious fatigue loads on bthe aircralt structure.

Another aspect of prolonged flight in bumpy conditions is the effect of
accelerations applied at several ¢ycles per second on the human body.

To provide some informaticn on gust distribution at altitudes of less
than 1000 feew, {lights were made with a Meteor k.7 aircralt at 400 knots
over a fixed route during which a continucus trace of acceleration against
time was recorded. It was hoped to show from the data obtained, the variation
of occurronce of gusts with severaity and also from the acecelerometer trace to
fand the order of the gradient distances of the gusts encountered.

2 Flight Procedure

The aircraft used was a Meteor Mk.7 equipped with wing and ventral auxi-
liary fuel tanks to gaive improved endurance at sea level. All flights were
made over the samc route, namely Lasham to Lyme Regis and rebturn. This route
was not decided with any particular regard to the land contour but was more
or less dactated from the poind of view of available low flying arecas. The
gpeod tor the runs wag LOO knots and this was chosen as being the highest
speed consistent with the limitation of 435 knods imposod on the alrcraft by
the external wimy tanks.

At the start of the cutward run Tasham airficld vas crossed at scme
heaght between 200 and 500 fret and at a stabilized airspeed of 400 knots.
Durang the coursc of the programme Tlights were made at various altitudes
from 50 to 1000 fect above ground level and for any particular flight the
pillot was bricfed to maintain approxamately a selecbed height. IMigure 1 shows
the land contour crosg~section betwecn lasham and Iyme Regis. To minimize
the effect of vilot applied acceleration, prlots were asked to empleoy gentie
elevator movement to avozd cbastacles such as halls, and once over not Lo
attempt Ho descend rapidly to regain corrsct height.

The coast was crossed at ILyme Regic and the return run was made cver the
same course after a 180Y turn. Bach flight of 2 runs lasted about 40 minutes
although only 24 minutes was spent on the low level rumns., 4 total of 50
flights were made resulting in 15 hours 11.75 munutes of recording.

Measurement of acceleration wag accomplished using a modafied Barnes type
accelerometer which was mounted bebtween the rudder pedals in the rear cock-
pit, at a distance off 5.35 eet forward of the C.G. The accelercmeter gave a
continucus trace on 35 mm falm with timing wmarks cvery C.5 second. This
accelerometer has 2 natural frequency of 10 cycles per sccond at 0.65 craitical
dampaing. Some typical records are shown in Fig. 2.

TFor each flight a note was made of Tlocal weather conditions including
wind strength, amount of clouvd cover, and vaisibilaty.



3 Results

The film from the accelerometer (examples of which are shown in 1g.2) was
read by counting the mumber of acceleration peaks greater than 0.3g cxcess, in
steps of O.1g. When peaks ocourred in rapid succession, they were only counted
if the trace crossed a C.1g threshold between the peaks. The result of these
counts made of all films is shown in Table I where the first line is the total
of all acceleration peaks, positive and negative, experienccd in the 15 hrs
11.75 mins of reccording. The next line of fagures in the table gives the
number of peaks, hereafter called gusts, equal to or greater than a gaiven value
of excess acceleration and follows from the previous line. The last line gives
the average time in minubes between the cccurrence of a gust of given megnitude
or greater and is derived from line 2 combined with a knowledge of the total
recording ftame of the accelercmeter (911.75 minutes).

Table II shows the mumber of positive and negative loads in the total
showm in linc 1 of Table I.

The variation of scverity of gust (in terms of aircraft acceleration) with
the average time of occurrence {minutes per gust) is shown graphically in Fige 3.
One gust of +2.6g wag encountered and has been plotted but 1s obviously not
statistically representative.

In this treatment the gust severaty is given in berms of the vertical
acceleration imposed on the Metecr aircraft because this 18 how it was measured
but a more general method of presentation would have been to deduce guat
strengths ain £t/sec. The conversion can be made by using the following well
known equation but there is some doubt concerning the value of K which should
be used and this is particularly sc at the high speeds at which the Meteor
flights were made.

Kas U V. a
o e '1i

An = 2w (1)
5
where AMn = acceleration in units of 'g!
8, = air density at sea level
Vi = indicated airspeed
Ue =  equivalent gust velccity, E.4.8,
. a0y
a = wing lift curve slope, ]
Wy = wing loading
K = alleviation factor.

¥or the Meteor 7 with lcadings as detailed in section 2

8, = 0.00238 slugs/cu £t
v, = 675 T4/sco (400 imots)
a3 B l{-|15

= 47 Ib/sq £t for a mean A.U.W. of 16,500 1b
= 0483 (from Ref.3).
This gives 4g = 20.3 f£t/sec.



3.1 Comparison with other results

The majority of available statistical informetion on the occurrence of
gusts 18 in the form of gust velocity in relaiion to miles or minutes per
gust, An example of this presentaticn is shown in Fig.h and 1s the result of
recent work by J. Taylor! in which statistical records were taken on a Viking
flying over S. England. The low altitude curve of Iaig.L has been recast by
the use of equation 1 to apply to the Metecr and 1s shown in Fig.3 by a
dotted line. The third curve on this figure 1s bhe results of directly
comparable flight tests on an F80A aircraft at altitudes of less than 1500
faet and a speed of 400 knotsj.

o Comments on Results

The route over which all measurements were made was from Lasham airfield
to Lyme Regis, as mentionsd in section 2. Several records of altimcter
readings were taken during the flight programme, using an auto-observer with
a caumera photographing atb 10 second intervals. It was hoped {c give several
such flight paths an Pag.l to show to within what limits a constant height
above ground could be maintained. Iowever, 1t was found that, for runs mads
below 300 feet the altimeter records could not be fitted on to the contour
crogs~-section. This was thought to be due to the awrcraft being slaghtly off
track at times. It was notioced that pilots tended to go round, rather than
over isolated cbstruclicns such as hill pcaks. There is accordingly only one
flight path shown in Fig.4 which was taken during & run made nominally at
5C0 feet above ground.

L Gust diztribution

The results for all flights wade are included in Taples I and II, and
are shown gravhicelly in Fig.3. Fiights were made whenever the aircraft was
avarlable and the visibility was adequate for low level high speed flying.
Wo attempt was made to either encounter or aveoid turbulent conditions. The
ain was to c¢btain an average scet of figures for accelerations due to gusts
coverang a period of 12 months.

The results, shown in Fig.3? are comparcd with some £iight tests by
Ja ’l‘aylorJi using a Viking airceraft. The altitude band covered during this
programme was 0 -2,500 fect and the accelerations were measured by a counting
accclorcmeter. These accelerations were then converted to gust velocities
using the appropriate alleviation factor from AF 970 {see section 3.1). The
results of this work as shown in Fag.4 are suitably factored in Fig.3 to
represent the Meteor at LOO knote, using a value for alleviation Tactor given
1 ref.2. It 18 seen that the curve for the Vikang resulits which 1s based on
6,000 statube miles of flight in the altatude boand, lies to the left of the
lleteor curve, that 1s to say that the letcor resulfs show a greater frequency
of occurrence for a given gust. This scoms reasonable, since 1f the trans-
formation of fthe reolts obtained on one aircraft to the other i1s reliable,
the altitude band for the Moteor 18 mmwch smaller and cleser to the ground
wherce largor gusts might bo expectoed.

Also shown in Fig.3 arc the results from £light tests on an FSOA alrcraft3
which were cconducted under smimilar conditions to the Meteor testas., The speed
was 400 knots and the smilarity beiween the two adrcraflt ze.g. U =

&(Meteor)
ol ) makes the results dircetly comparable. However, the distance flown
£(780A)
was only 420 statute miles so that statistically, the sample 1s not very sig-
nificant. In the early stapges of the Moteor programme, the results lined up
exactly with the F8CA curve but as more flights were made, and the sample

._5._.



beceme larger and more representalive the Meteor curve moved to the left of the
FB0A curve. A significant point i1s that the slope of each of the three curves

is approximately the same. This would seem to provide some confirmation of the
method used to transform the Viking results.

The height of each run was of course noted but as conditirons were never the
same 1% wag not possible to show if there was any variation in severity of gusts
with altitude, irrespective of wind speed and amount of sun. However, it did
seem to both the pilot and observer thatb the most severe turbulence was always
encountered between 300 and 500 feel ashove ground.

Le2  Digtribuiion of positive and nepabive gustg

The total mumber of positive and negative gusts counted during the analysis
of the accelerometer fulm is given in Toble II. The totals of positive and
negative gusts of 0.3g or greater were averagsd and the freguency of oocurrence,
relative to that of an average gust of C.3g or greater was then found for gusts
of given magnitudes or greater, positive and negative. These figures are given
in Table IT and shown graphically in Fig.5.

The results show that in turbulence near the ground there were appreclably
more positive loads applied to the aircraft than negative loads. The ratios of
positive to negative loads were 2.3 at O.kg or greater, L5 at 0.8g or greater
and 17.9 at 1.2g or greater. It i1s possible that some of the additional posi-
tive loads were applied by the pilot but every effort was made to reduce the
prlot epplied loads to bthe minimum and 1t therefore appears probable that there
were rather more positive gusts than negative gusts.

It might be ag well to point out at this stage the unlikelihood of hori-
zontal gusts playing any part in thas discussion. It can be shown” that to
realize the same vertical acceleration for the Meteor at ground level and 400
knots a horizental gust would have to have a magnitude 16.5 times that of a
vertical gust. That is to say a vertical gust of 6.7 ft/sec gives 0.3g acceler-
ation and a horizontal gust would have to be 100 ft/sec to give a similar
acceleration., Admitbedly, the method of estimatang these figures is only
approximate but it does indicate the order of the effect of horaizontal gusts,

Le3 Effect of meteorological conditions on the severaty of turbulence

A note was made of weather couditicns prevarling at the time of each
flight, and an attempt has been made to show the relative zmportance of the
main factors, namely wind and sun on the severily of turbulence encountered.
Tour combinations of sun and wind were chosen:-

light wind, sun
" " weak sun
strong " surn

" n waak sun.

After a survey of the notes made on the weather for all the {lights, four
typical flights in each of lhe above categories were selected. The average
figures 1n each category for the occurrence of gusts of magnitudes O.3g and
greater were then plotted in terms of guats of 2 given magnitude or greater,
relative to the ccourrence of a 0. 3g gust or greater,

This is shown in Fig.6 and 1t will be seen that the points appropriate to
the four conditions lie, to a fair degree of accuracy on two curves. Bearing
in mind that four flights or approximately 580 nautical miles 1s not a large
sample statistically, there is still a strong indication that wind speed has a
much greater effect on the severity of gusts encountered than does the amount
of sun on this particular route.

-6 -



Lok Gust gradient distance

Analysis of samples of films selected at random was dene to find typiecal
gust gradient distances for gusis of varying severity. There was a fendency
for larger gusts to have larger gradient distances but the scatber at a given
magnitude was considerable.

Gusts of #0.5g gave acceleration gradient distances of between 3% chords
(35 feet) and 18 chords (170 feet) and gusts of #.0g gave gradient distances
between 12 chords (4110 feet) and 30 clords {280 feet)., In a few cases accel-
eration pesks of low 'g' values (say less than 0.5g) were repeated for several
cycles with a frequency of the order of 7 cyoclces cer second. These were more
likely to be due to wing vibration than fto gusts {gradient disiance for 7 cps
18 2% chords or 2 Feet) as the natural frequency of the wing in bending is
7 cycles per second.

It sheould be noted that the instrument Lor meaguring gust gradient dis-
tance is the alreraft itself which has response characteristics, the effect
of wnich is ancluded in the accelersticn/tume history shown on the trace. The
effect of thig response 1ls that for the shorter gust gradient distances the
measurenents mede with the acoclerometer will show values of the acceleration
gradient distence whach would correspond t0 gusts of larger gradient dis-
tances than those actually encountered.

b Pilobs' Camrments

High speed flying at low altitude zs 2 normal manceuvre in fighter type
aircoraft but i1t was thought useful to quote the impressions of pilots who
flew the Meteor cn this work as all the flying was done urder controlled con-
daitions of speed and heaght and over the same route.

All agreed that no extrome concentration was required, apart from keeping
a2 good louk-oul for other low flying aircraft, down to 300 fect above ground.
It was also possible to map vcad down te this height. Below this the concen-—
tration on flying required mounted steeply and at 100 feect there was little
time available for map roading, which demanded the full-time attention of the
cbgerver. The alveralft dad not reguire excessive control movements to main-
tain course, bul to hold a constant height sbove ground required considerable
Judgement, particularly when pulling up over hills. Unless due carc was
exercised the aircraft did not regain correct height until some considersble
distence past the obstacle., It was not possible to meke changes in heading
rapidly, and any substantial change required large angles of bank thereby
restrioting the pilotts view,

Flying at B0 feet demanded full attention on flyzng the aircraft and was
only undertaken when the visibilaty was very good. A1l vilots were conscious
of the lack of height and time availsble to take action following failure of
some aircraft component.

Visibility was an important consideration and the most exacting case was
that of flying anto late afternocon sun, particularly i1f a slight haze was
present. In this case the visibility set a height Iimit of 300 feet sbove
ground.

After flaights made in the suwmer there were complaints of excessive
heating in the cockpit. The dasturbing effect of combination of heat and
accelerations of *lg and asbove at freguent intervals was commented on.

A Turther hagard was found Lo be the possibility of colliszon with birds.

On one flight a large bird {thoughl to be a seagull) was hit by the port wing
leading edge and the damage caused was considerable. The impact resulted in

-7 -



a hole 9 inches along the leading edge and about 4 inches wide necessitating the
replacement of a nose rib and introduction of a large reinforced patch. On many
occasions flocks of birds were passed through as there was practically no time
avallable to avoid them. The possibility of meeting such flocks seemed to
extend up to 500 feet above ground. I+t would seem that at high airspeeds at low
altitudes there is a significant danger of a baird hitting the front of the
canopy and, at least momentarily, completely cbstructing the pilotls view.

If an impact occurred near a removable wing or fuselage panel the resulting dis-
tortion might cause the panel to fly off leading to further structural failure.

6 Conclusions

(1) ¥From the results of the {light tests durang which 6080 nautical miles
were covered at 400 knots it was found that, on the average an acceleration of
0.5g or greater occurs every 12 seconds, 1.0g ov greater svery 7.06 minutes, and
1.5g or greater every 304 minutes,

(2) fThere was a marked propenderance of positive over negative loads and
the factor was 18 at 1.2g or greater.

(3) Wind caused more severe turbulence than sunshine on the route flown
over.

(&) Gust gradient distances appeared to be less for gusts of lower values
of 'g! but there was a considerable range of gradient distances found at any
given value of acceleration. The smellest gust gradient distance measursd was
%L chords. The average gradient distapce seemed to be of order of 6 chords or
greater,
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TABIE TT

Numbers of Positive and Negative Gusts Counted and Freguency of Occurrence
Relative to an Average Gust of *0.3g or Greater

Excess ‘'g! 0.3 0.4 C.5 0.6 0.7 0.8 0.9 1.0 Ja 1.2 1.3 1.4

Number of positive gustas
at LOO lmots 6,830 | 3,74k | 1,547 | 903 | 418 237 112 52 25 16 10 8

Nunber of negative gusta
at 400 knots 4,151 | 1,982 793 | 302 129 53 33 12 2 1 1 6]

*UIDLTAG 1UBAY UL TAJUILS - 'GELdI'HL0Z° YA

Number of positive gusts
of a given magnitude or
greater 13,905 | 7,075 3,331 1,784 | 881 463 226 114 62 37 24 14

—OL-—

Nupber of negative gusts
of a given magnibuwle ar
greater 75459 | 3,308 1,326 533 251 102 42 16 4 2 1 0

Freguency of oocurrence of
gusts of given magnitude
or greater relative to an
average O.3g gust or
greater -~ positive gusts 1.305 | 0.663| 0.312 | 0,167 | 0.0825 | 0.04%; | 0.0211 | 0.0104 | 0.0057 | 0.0034 | 0.0019| 0.0009

Frequency of occurrence of
gusts of given magnitude
or greater relative to an
average 0.3 g gust or
greater - negative gusts 0.698 | 0.284) 0.424 | 0.0499 1 0,0216 | 0.0096 | 0.0046 | G.0015 | C.0004 | 0.0002 - -~

NOTE: Average Number of O.3g gusts or greater = 21,363/2 = 10,681.




HEIGHT ABOVE SEA LEVEL

FEET

1600

L1200

400

LASHAM

[\

\

2V VA
P

¢ vﬂx%

1\

A

20 30

40 50

NAUTICAL MILES

60

70

80

LYME REGIS

FIG.l. CROSS - SECTION OF ROUTE LASHAM - LYME REGIS

SHOWING TYPICAL FLIGHT PATH
(FROM ALTIMETER RECORDS)



T33dS HOIH LY ONV 3ANLILTY MOT LY ¥IV HONOY HONONHL
LHOIE NI NIWVL Wi ¥3LIWONITIODY H0 SINIYD T1dWVS 7Ol

Y 049
~y 395 |
{s530%3) |
NOWLVNITINOY
40 3IYDS
ETE S
o'
m>ll 0T




10,000

1,000

*(SINGLE METEOR
RECORD.

100 ,J/

/9’
b /
© £
% @) 7 ,(/
ul / ,
o //
0 é
5 /
Z 1.0 Va
b3

A~ —e— METEOR RESULTS
50-1000 FEET
(6080 NAUT. MILES)
~—6~ VIKING RESULTS REF.|.  CONVERTED TO _|
0-2500 FEET METECR.
(6,200 NAUT. MILES)

—-%—F 80 A RESULTS REF.3
0-1500 FEET
[ (370 NAUT MILES)

o 05 e -5 2-0 25 3.0
ACCELERATION EXCESS “3"

Ol

(o} ]

FIG.3. GUST DISTRIBUTION AT LOW ALTITUDE.
IN TERMS OF MINUTES PER GUST OF GIVEN
MAGNITUDE OR GREATER FOR METEOR 7
WITH WING & VENTRAL TANKS.
AIRSPEED 400 KNOTS.



10,000

LO0O

100 /
|

o pd //

HEIGHT BAND RECORDING DISTANCE

(FEET)
® 0- 2500 5,200 NAUT MILES
) © 2,500-7,500 23,400 NAUT. MILES

// X 7,500-17,500 199,000 NAUT MILES

.
s

MILES PER GUST

ol i
o 5 10 15 20 25 30
GQUST VELOCITY FT/[SEC E.AS.

FIG. 4. GUST SPECTRUM AT DIFFERENT
HEIGHT BANDS (REF. 1)
IN TERMS OF MILES PER GUST OF GIVEN
MAGNITUDE OR GREATER & GUST VELOCITY
VIKING FLIGHTS OVER S.ENGLAND.



1+O

0-Ol

RELATIVE FREQUENCY

O-CO!

0- 000}
<3

NN

METEOR TESTS
(ALL FLIGHTS)

e POSITIVE GUSTS
o NEGATIVE GUSTS

.5 -7

3

APPLIED ACCELERATION t"g"

FIG.5. RELATIVE FREQUENCY OF OCCURRENCE

OF POSITIVE AND

O:-3g GUST.

NEGATIVE GUSTS OF A
GIVEN MAGNITUDE OR GREATER - RELATIVE
TO THE AVERAGE OCCURRENCE OF

A



1-0

o]
O
>
O
Z
i
- |
a
u OOl
X
w
>
> .\
-
o 5
0-001 o LIGHT WIND, SUN (680 NAUT. MILES)
o LIGHT WIND, WEAK SUN (580 NAUT. MILES)
x STRONG WIND, SUN (580 NAUT. MILES)
D STRONG WIND, WEAK SUN (580 NAUT. MILES)
—— (RESULTS OF 4 FLIGHTS IN EACH CATEGORY)
C-0001
3 5 -7 ‘9 1] 1’3 15

ACCELERATION EXCESS “g"

FIG. 6. EFFECT OF WEATHER CONDITIONS.
RELATIVE FREQUENCY OF OCCURRENCE OF
GUSTS OF A GIVEN MAGNITUDE OR GREATER-
RELATIVE TO THE OCCURRENCE OF A

O0-39 GUST.






Crown copyright reserved

Published by
Her MAJesTY s STATIONERY OFricE

To be purchased from
York House, Kingsway, London w ¢.2
423 Oxford Street, London w.1
134 Castle Street, Edinburgh 2
109 S5t Mary Street, Cardiff
19 King Street, Manchester 2
Tower Lane, Bristol 1
2 Edmund Street, Birmingham 3
80 Chichester Street, Belfast
or through any bookseller

PRINTED N GREAT BRITAIN

C.P. No. 329
(18,503)
A.R.C. Technical Report

5.0. Code No. 23-9010-29

C.P. No. 329



