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1 INTE2ODUCTION 

During the period September 1959 to February 1962 a number of flights 
were made at low altitude over three routes in the United Kingdom. The 
object of the experiment was to assess the intensity of turbulenoe at low 
altitude and its variation with differences in terrain and meteorologioal 
oonditions. The flights were made in a Canberra aircraft and the normal 
acceleration levels exceeded were oounted by means of a counting aooelero- 
meter near the centre of gravity of the airoraft and aonverted to equivalent 
gust velocities by using the discrete gust analysis'. 

2 DETAILSOFROUTES 

The three routes over which the flying took plaoe are shown on Fig.?. 
The first was in Sussex between Petersfield and Bodiam. a distance of 64 
miles. This route started over hilly wooded oountry of the South Downs and 
later passed over flatter oountry oonsisting of a mixture of fields, woods, 
farms and villages typioal of the Sussex Weald. 

The seoond route was in East Anglia between the airfields of Waterbeaoh 
and Coningsby. The run was 56 miles in length and passed over flat fen 
Oountqy, which was cultivated in the South and marshy at the Northern end. 

The third route was in Wales between Glasbury and Berriew; it was 38 
miles in length and lay over open hilly oountry with peaks rising to 
approximately 2000 feet above sea level. 

A oontour of the ground along eaoh route is shown on Fig.2. 

3 BIRCRAFT, INSTRUXEETA!l!ION AND FLIGHT TECHNIQUE 

The airoraft used was a standard Canberra B6. A R.&E. Compound 
Counting Aocelerometer i&.4 installed near the aircraft oentre of gravity 
was used to count the-normal accelerations levels experienoed %y the airoraft- 
Details of the eiroraf't and aooelerometer are given in Appendix 1. 

For determMng the temperature lapse rate during flight a Meteorological 
Office Balanoed Bridge Thermometer was installed in the aircraft, the element 
being fitted under the nose* For the early flights the temperature was 
obtained by reading the I&ioator, but on flights made after 1959 the output 
of the bridge was fed into a Beaudouin Al3 re::order and the temperature was 
oontinuously reoorded. 

The flying extended over a period of approx5matel.y e years and was 
part of a larger programme investigating loads due to gusts on airoraft. The 
flights were made at irregular intervals throughout eaoh year and under verping 
meteorologiaal oonditions. On eaoh flight the route being examined was flown 
a nu&er of times in each direotion, usually a suffioient number to bring the 
reoording time up to approximately 30 minutes. The accelerometer oou&erS 
were switohed on at the start and off at the end of each run so that loads 
oaused by the airoraft turning between runs were not reoorded. The airoraft 
was flown at approximately 200 feet above the ground and an attempt was made 
to follow the ground contours, hereafter referred to as "oontouring". 

4 h.0%CEOROLOGICAL IM?ORMATION 

Information on the state of the weather for each flight was obtained 
from the nearest hourly observations made at Gatwick for the Sussex flights, 
Rhayader for the Welsh flights, and Waterbeach and Coningsby for the flights 
in East Anglia (positions shown on map, Fig.1). The information supplied by 
each station was as follows:- 
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Surfaoe wind speed and &ire&ion 
Visibiliw 

Cloud type and amount 
Soreen temperature 

Dew point. 

A summary of the average meteorological information for the period of 
eaoh flight is given in Table 1. 

An average tomperature lapse rate was obtsined for each flight over 
the height band 200 ft to loo0 ft above ground from a thermometer oarried 
externaUy on the airaraft, Details of the method of measurement axe 
given in Appendix I. 

5 CONVERSION OF ACCELEkATION COUNTS To GUST VELOCITIES 

The normal acceleration levels were oonverted to equivalent gust 
velooity levels by means of the discrete gust prooedure desoribed in Ref.?. 
The coomputation was done on a Deuoe computer by the method desoribed in 
Bef.2. 

6 RESXLTS 

In Table 2 are listed details of all the flights showing the number 
of gusts reoorded and the number of gusts per mile. The number of gusts 
given in Table 2 is the total obtained when the number of oocurrenoes of 
up and down gusts at equal levels of gust velooity are added together. 

Table 3 lists separately the numbers of up gusts and of down gusts 
reoorded during eaoh of the flights. 

The average gust speotra for eaoh route are shown on Pig.3. From 
this Figure it will be seen that the Welsh route produoed the largest number 
of oocurrenoes at the higher levels of gust velocity. This is to some 
extent due to the inalusion of the loads produced by the pilot "oontouring" 
over the hilly ground along the route. 

6.1 Sussex 

Fig.4 shows the relationship between oocurrenoes per mile of' gusts 
of 5 ft/seo or greater and wind speed for the Sussex route. There is a 
correlation between gust intensity and wind speed. The results have also 
been grouped in ranges of wind speed for four ranges of temperature lapse 
rate e They are listed in Table 4 and shown plotted on Fig.5. Again the 
results show aorrelation between gust intensity and wind speed. The Figure 
also shows that lapse rate is an important factor and that the differenoe 
in the degree of turbulence between the two extreme ranges of lapse rate, 
one stable and the other unstable, is marked. 

Plotting the number of gusts per mile of 5 ft/seo or greater against 
lapse rate (Fig.6) again shows some oorrelation, especially for the higher 
values of wind speed. Grouping the data in ranges of wind speed gives 
Table 5 and the results are shown plotted on Fig.7. This olearly shows a 
relationship with lapse rate beooming most marked at the higher wind speeds. 
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6.2 East An&& 

The number of gusts per mile cf 5 ft/seo or greater is plotted against 
wind speed on Fig,8 and against 1aFse rate on Fig.9. The results were too 
few to allow separation of the effects of wind speed and lapse rate, 
Separation was moreover made impractical by the fact that on the occasions 
when flights were made, high winds were assooiated with high lapse rates and 
low wind speeds with low lapse r&es. 

The results frcm this route, due to the hilly nature of the terrain, 
include a con.siderab1.z effect from loads due to ~~contouring'~. Also fewer 
flights were made ever this route msking it more dif'fioult to draw conclusions 
from the results, BJ co;-gszlng the results against wind speed however (Fig,lO) 
there appears to be a s:i~~5ficcrl'i trend of increasing turbulence with in- 
oreasing wit-d spee2, but no trend can be observed with lapse rate (Fig.11). 

6.4 mrison bstnreen the Su.zsex and East Anglian Route:i -.-i-n;aa--suML-.~~~.z~~ 

An attempt has been made to examine the variation in the gust speotra 
due to the difference in the type of terrain, The comparison has been 
restrioted to the Sussex and East Anglian routes, the results from these 
routes being less ,tife;ted by "oontour3.r~ 1( loads than those fron the Welsh 
route. 

The average figure for the number of g::sts per mile for six flights 
over the Sussex ronte and six over the East Anglian route, when the wind speed 
and lapse rate were within a limited range, was obtained. Each group of six 
flights was made on days when the wind was in the range of 11 to 16 kts and 
the lapse rate 2,0 to 3.1°C/1000 ft. The two sets of results are shown 
plotted on Figo12. The flat terrain along the East Anglian route prcdu@ed 
fewer gusts than the more tidy and varied terrain of the Sussex route, 

6,5 Ciso\&t?Teen UK. and North Afrioa __C--- 

A comparison has been made between the gust spectra measured on the yjK. 
routes with those measured in North Africa during the ~Swifter' experimenti 0 

The results for al1 the flying on each of the three lJ,K, routes have been 
oompared with those obtained in North Afrioa in the most severe conditions, 
namely, midday flights over th.3 hilly desert leg, An average gust spectrum 
for the whole year ~-2s taken for the Narth African flying and also an average 
spectrum for the three summer months of June, July and August, when the 
turbulence was more se-rere thar in other months. The results are shown 
plotted on Fig,1 3. 

It will ):e seen that thz average gust intensity even for the three 
summer months is not aignif-ioantly higher than the average for all the flying 
on the Sussex route, The U,K, flights tended to be carried out on days when 
turbulence was cqected although this was not always the oase. The flights 
oover a large range of wlind speed and lapse rate and they were made during 
all months of the year. It is also significant that the ILargest figure 
obtained on any flight for <he total number of oocurrences per mile of gusts 
of 5 ft/seo or p;re:.tar VJ s PFgroximately 13 during the North Afrioan flying, 
compared with a figure of 17 cbtained during a flight along the Sussex 
route. 

.-.ssa,%--Un~~~-~~~ - .  

* Comparative gust hzaG. -1rrements were risde on a B,2 and B,,6 Canberra in North 
Afrioa to establish that tiffercnces were not due to the different marks of 
Canberra used -in North Afrioa and U,K, I 



7 CONCLUSIONS 

The results from the three routes in the U.K. are as follows:- 

(i) Over a varied terrain oonsisting of a mixture of low hills, 
woods and farmland, aa found in Sussex, both wind speed and tempera- 
ture lapse rate were found to be significant factors in producing 
turbulenoe. The effect of lapse rate increased with inorease in 
wind speed. 

(ii) It was not possible to distinguish between the effeots of wind 
speed and temperature lapse rate over the flat terrain of East Anglia 
due to the limited amount of flying carried out over this route. 
Unfortunately, high temperature lapse rates occurred when high wind 
speeds were present and low lapse rates were assooiated with low wind 
Speeds. 

(i&Over the hilly terrain of Wales, wind speed appeared to be a 
si&f'ioant faotor in produoing turbulence, but the msulix from this 
region were affeoted by the loads caused by following the oontours of 
the hiills. 

For a given vslue of wind speed and lapse rate there was found to be 
significantly more turbulence over the undulating, varied terrain of Sussex 
than over theflatterrain of EastAnglia. 

The intensity of turbulenoe at low altitude over Southern England was 
oomparable with that measured over the hilly desert of North Afrioa. 
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BpplENDIx 1 

DETAILS OF AIRCRAFTAJD INSTRUMENTATION 

I The airoraft used in the tests was a standard Canberra B.6, having an 
all-upweight at take-off of 43,000 lbs, Other aircraft oharaoteristics are:- 

wing span 64 feet 

Wean chord 15 feet 
Gross wing area 960 sq.ft. 
Aspsot ratio 4.25 
Slope of lift curve 3.6 per radian _ 

The R.A.E. Counting Acxelercmeter Mk.4 oarrled on the airoraft records 
the number of times that the normal acceleration has exoeeded the following 
levels of absolute acceleration:- 

Leve3s > l.Og level flight ocndition 

1.2 1.3 I,& 1.6 q.8 2.0 2.2 2.4 2.6g 

Levels < 1,Og level flight condition 

o,y 0.8 o,? 0.6 0.4 0,2 0 -0.2 -0.4 -o.6g 

F'urther details of the oharacteristios of the accelerometer are given 
in Ref.2. 

The instrument also oontained an airspeed indioator, a olock and, instead 
of the standard pressure altimeter, a mil1iammeter connected into the radio 
altimeter oirouit suitably oalibrated to indicate the height of the airoraft 
above ground. Arrangements were made for the acceleration counters to be 
switohed on at the start of a run by an observer in the aircraft. The camera 
would then nommenoe taking a pioture of the counter readings, airspeed, height 
above ground and time every minute until the end of the run when the observer 
would switch the oounters off. The camera would then take one more picture 
at the oompletion of the minute during which the oounters were switohed off. 

Notes on the airoraft fuel state were made by the observer at intervals 
during the runs. 

On flights before 31st Msy 1960 the lapse rate was obtained by making a 
run at 1000 ft above ground between two of the 200 ft runs and measuring the 
outside air temperature by means of a Meteorologioal Offioe B&Lanced Bridge 
Thermometer at one minute intervals throughout the three .runs. By plotting 
the three sets aE' readings an average value of lapse rate was obtained and 
this was so&led to give the average lapse rate over a height band of 1000 ft. 

For f'lights made on and after 31st May 1960 the same three runs were 
oasried out but arrangements were made for the bridge output to be recorded 
oontinuously on a Beaudouin A.?3 reoorderD The lapse rate was obtained by 
analysing the reoord in a similar manner, except that the temperature readings 
were taken at shorter time intervals. 
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TA.BLE 4. 

Lapse Rate Range 2.0 - 2.4°C/1000 ft 
6 - IO 7 369.9 1 1439 3.92 

11 - 15 15 161 I 976 6.06 
21 -25 , 24 14908 + 1346 8099 

Lapse Rate Range 2.5 - 2.Y°C/1000 ft 

O-5 
:.8 

18604 ' 674 3.62 
6 - IO 887.2 5.11 

11 - 15 12.3 615.8 ;z 9.52 
16 - 20 18 18507 1786 9.62 
21 - 25 ;: 192.9 2335 13.19 
26 - 30 I 29708 4387 14.73 

Lapse Rate Range 3v0 - 3,4°C/IOO0 ft 

6-10 I 8 

I 

371.6 1553 4.18 . 
11 - 15 1103 550~6 

if-2 
7092 

16 - 20 18 36308 12.23 

Lapse Rate Range 3.5 - 3~9°C/1000 ft 

II -- 15 12 2133 11.20 
21 - 25 24 

'1zE 
0 3-165 16.99 

TABLE 5. Sussex - effect of lapse rate on turbulence 

WindRange 5- 8Knots 

2.0 - 2-4 
2.5 - 2.8 
2-Y - 3.2 

Wind Range 9 - 12 Knots 

I*5 - 2,o 
;:; - - 335 2e5 

3.6 - 4.0 

Wind Range 21 - 24 Knots 

2,l 

::25 

1-5 

::.: 
308 

105.5 
490.7 
55006 
lYO.4 

14908 
lsl2.9 
186.2 

1439 
2589 
1553 

471 
3693 
4360 
2133 

1346 
2535 
3165 

3.89 
4.43 
4.48 

4.46 
7.53 
7.92 

11.20 

8.99 
13.19 
16.99 
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