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SUMmY 

Counting accelerometer records have been obtained of the twbuleme 
enoomtered by R.A.F. Comet 2 airoraft, equipped with cloud collision warning 
radar, in 335,000 miles of operational flying largely on routes conneoting 
the U.K. with Singapore. 

It is shown that the Comet 2 met signifioantly less turbulence at all 
altitudes than the Comet 1 which was not carrying this radar, and that the 
reduction in the frequency of ooourrenoe of gusts inoreased with gust magni- 
tude. No gusts as great as 20 ft/seo were recorded by Comet 2 aircraft during 
the oruise. 

Comparable data from U.S. airarait have also been considered, and show 
a similar reduotion in the occurrence of large gusts. 

Replaces R.A.E. Tech. Note No. Struotures 335 - A.R.C. 25141. 
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1 INTRODUCTION 

Counting Accelerometers have been installed in a number of airoraft to 
investigate the atmospheric turbulence encountered during flight, and results 
already published include those from B.O.A.C. Comet 1 airoraftl. The present 
paper discusses results from two Comet 2 airoraft of the Royal Air Force 
Transport Command which were fitted with cloud collision warning radar. As 
the Comet 1 aircraft were not fitted with this equipment, comparison of the 
two sets of results will show any reduction in the turbulence encountered which 
is due to its use sinoe, although slight differences may exist between the 
operation of B.O.A.C. and R.A.F. aircraft, past experience suggests that such 
differences should have little effect on the data. 

A similar comparison has been made with some N.A.C.A. information from 
twin-engine short-haul transport aircraft*, some of whioh were fitted with 
aloud collision warning radar and some of which were not. 

2 INSTRUMEIUTILTION Ah'D TYPE OF FLYIXG 

2.1 The Compound Counting Aocelerometer 

The type 4 Counting Aocelerometer installed in the Comet 2 is a later 
version of the type 2 installed in the Comet 1, and a full description of these 
instruments oan be found in an Instruction LeafletS. 

Briefly, the type 4 CountingAooelerometer consists of two units: the 
acoelerometer unit, which is installed as near as possible to the oentre of 
gravity of the airoraft and which responds to the aircraft normal acoeleration, 
and the observer unit, which automatically counts the number of times given 
acceleration levels are exceeded and then photographioally records the counter 
readings, airspeed, altitude and time at regular intervals. 

2.2 Airspeed switoh 

To ensure that the accelerations recorded were true gust accelerations 
and not bumps in take-off', landing or taxying, the type 4 Counting Aooelerometcr 
fias fltted with an airspeed switch, which switohed on the instruments auto- 
matically when the airspeed exceeded I25 knots I.A.S. after take-off, and 
switched them off when the airspeed fell below 110 knots I.A.S. before landing. 

2.3 Baromctrio switch - 

In the type 4 CountingAooelerometer the oamera oan be operated at two 
speeds. These are adJusted so that piotures are taken more frequently during 
climb and dcscent than during cruise, The change is controlled by a barometric 
switch and for these tests it was arranged that the camera should reoord at 
intervals of 4 minutes below 28,000 ft and at intervals of 11.6 mins above 
28,000 ft. Beosuse of the action of the barometrio and airspeed switches the 
last interval before the camera changed speed or the reoorder was switched off, 
may not be oomplete. 
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2.4 Type of flying and are* covered 

The two Comet 2 airoraft of Transport Command on which the Counting 
Aocclerometers were installed, mere flown mainly on routes from the U.K. to 
Singapore with very occasional flights to Africa, Australia or Christmas Island, 
as shown by the map in Fig. 1. These flights covered some 335,000 miles overall 
and were mainly training flights. 

3 BASIC ADD PROCESSED DA'U - 

3.1 Basic data 

The basic data are taken from two sources: the film record of the OOtber 
and instrument readings previously mentioned, and supplementary flight data sheets 
which are completed by the operator9 to give the date, time of take-off, duration 
and route of each flight, together with the weight of the aircraft at the time Of 
take-off. 

3.2 The data processing and results 

The data are coded and transferred to punched oards for processing and 
details of the method of handling these have been given by Heath-Smith4. 

During processing each interval is classified as belonging to one of the 
following flight conditions: 

(a) Initial climb, The first interval of caoh flight. 

(b) Final desoent. The last interval of each flight. 

(0) Climb. Any interval during whioh the airoraft increased altitude by 
2CKXl ft or more. 

I& fKeZe 
Any interval during which the aircraft decreased altitude by 

. 

(4 Cruise. The remaining intervals, 

The meanspeed and altitude of each interval are taken to be representative 
of condition9 throughout the interval, exoept for the initial climb and final 
descent records. For these the final airspeed and mean altitude were assumed 
for the initial climb intervals, and the initial speed and mean altitude for the 
final descent intervals. 

The tables of Comet I results given in this note arc the outcome of a 
recent re-analysis standardising the altitude bands of Counting Accelerometer 
data, thus rendering them more directly comparable with the Comet 2 results. 

The time spent at different speeds and altitudes is given for the initial 
climb and final descent in Table 1, the climb in Table 2, the descent in Table 3 
and the oruise in Table 4, for the Comet 1 and similarly in Tables 5, 6, 7 and 
8 for the Comet 2. 

The acceleration data are arranged as the number of counts at the different 
acceleration levels in suocessive altitude bands, with the total recorded time 
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appropriate to each band and the corresponding estimate of statute miles flown; 
thoy arc presented in Table 9 for the Comet 1 under the two headings of olimb 
and deaoent together, and oruiae; and in Table 10 for the Comet 2 under the 
headings initial climb, final descent, climb and desocnt, and cruise. The 
initial climb and final deaoent aooclcration rcoorda for the Comet 1 were notueed 
sinoe they included ground loads. 

Tables 4 and 8 show that the cruise took place largely between 30,000 and 
1~0,000 feet, particularly in the 33,500 to 36,500 ft. bend for tho Comet 1 
aircraft, and betileen 35,000 and l&Z,500 ft, particularly in the 37,500 to 
41,5CC ft band ?or the Comet 2 aircraft. 

The method of processing the aooeleration counts to convert them into gust 
counts is the same as that used by lieath-Smith' involving the use of the discrate 
gust concept, with gust alleviation factors from work by Zbrozek5. The airoraft 
characteristics necessary for these calculations are listed in Table II, and 
representative acceleration to gust velocity conversion factors are given in 
Tables 12 and 13 for the Comets 1 and 2 respectively. The resulting gust 
velocities are presented in Tables 14 and 15 in the same way aa the aooeleration 
oounts in Tables 9 and 10. 

The monthly distribution of the 744 hours of flying time recorded between 
June 1957 and August 1360 with Comet 2 airoraft, is shown in Fig. 2; but it was 
found that insufficient gusts had been reoorded at the oruiaing altitudes to 
merit investigation of the seasonal, or geographical, variations of the 
turbulence intensity. 

Table 16 is a list of the altitude bands into whioh the data were grouped, 
together with the code numbers used for them in the figures. 

4 DISCUSSION OF MSULTS 

4.1 Overall variation of gust-frequency with gust speed 

The variation of gust frequency with gust speed is illustrated in Figs. 3, 
4, 5 and 6 by plotting the miles/gust against feet/second for each altitude band 
in the combined climb and desoent data and in the cruise data from Comet 1 and 
Comet 2 aircraft. For this purpose, the initial climb end final deaoent records 
of the Comet 2 were amalgamated with the rest of the climb and descent. 

In these four figures the general tendency is seen to be for the gust 
frequency to deoreaae with both altitude and gust magnitude, although it should 
be remembered that the small numbers of counts at the higher gust speeds make 
this end of the curves leas reliable than the low speed end. If the upguat and 
downgust curves are compared on each figure, it is found that the ratio of 
upguata to downgusts remains fairly constant in each altitude band. 

4.2 Gompariaon of intensity of iurbulence for Comet 1 and Comet 2 

The complexity of the four figures mentioned in the preoeding paragraph 
makes oomparison of the slopes of the Comet 1 and Comet 2 curves difficult, so 
the data from all altitudes were combined to give one upguat and one downguat 
curve for climb and descent, and a similar pair of curves for cruise, for eaoh 
airoraft. Since they were not used in the Comet 1 analysis, the initial climb 
and final descent reoorda were omitted for the Comet 2 for this comparison. 
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The resultant ourves are shown on Fig. 7 and the slope of the Comet 2 curve 
is seen to be steeper than that of the Comet 1 curve in eaoh case. 

The slopes of each pair of ourves being similar, it was felt justifiable 
to simplify these results further by adding the upgusts and the downgusts to 
give one curve for the climb and descent of each airorsft, Fig. 8, and one for 
the cruise, Fig. 9. On these figures the slopes of the Comet 2 ourves are con- 
siderably steeper than those of the Comet 1, indicating that the ratio of large 
gusts to small gusts is lowor in the Comet 2 data. 

The previous Comet 1 analysis' showed that all gusts greater than approxi- 
mately 23 ft/sco were associated with cumuliform cloud. Sinoe the maximum 
gusts encountered by the Comet 2 wcrc between 15 and 20 ft/sec during oruise, 
and between 25 and 30 ft/seo during climb and descent, it would seem that the 
aircraft avoided nearly all the cumuliform aloud and its associated turbulence, 
due no doubt to the cloud collision warning radar with which they were equipped. 
Gusts of all magnitude were met far more frequently by Comet I aircraft than 
Comet 2 and a general conclusion ooiild be drawn that the slopes of the Comet 1 
curves in Figs. 8 and 9 are typical of atmospheric turbulence which includes 
that associated with cumulo nimbus, whilst the steeper slopes of the Comet 2 
curves are representative of turbulcncc occurring in clear air, cirrus or 
stratus. 

4.3 Variation of gust frcaucnoy with altitude for Comet 1 and Comet 2 aircraft 

The frequency of ooourrenoc of gusts greater than, or equal to, 74 ft/soo 
was plotted against altitude in Fig. 10 for both Comet I and Comet 2 aircraft. 
Both ourvcs wore drawn with due regard to 95% confidence limits calculated by a 
method given by Btilen6, but for greater clarity these have be+n omitted from the 
graph. 

The ohoice of a particular gust velocity for this type of investigation is 
governed by two considerations, one of which is that the velocity should be low 
to give a relatively large number of counts. The other fact of importance is 
that a given aoccleration counter of the counting aoccleromcter is actuated by 
gusts of different velocity aooording to the speed, altitude and weight of 
the airoraft at the time when the gust is encountered so, in order to cnsure that 
for all but exceptional conditions of flight the estimated number of gusts is an 
interpolation of the reaorded aooeloration counts rather than an extrapolation, 
the gust velocity chosen should correspond to an acceleration grcatcr than 0.2g, 
the lowest threshold of the instrument. The 74 ft/sec velocity satisfies 
these ruquircments for almost all conditions of flight for both Comet I and 
Comet 2 aircraft. 

The climb, cruise and descent data from all routes were oombined for Fig. 10 
since results from low love1 cruise, probably recorded during stand-off and 
landing approaoh, were felt to be really more typical of climb and descent 
rather than cruise, in that the pilot would be unable to oxeroise so much 
discretion in the avoidance of turbulonoe. Also, some oruise is probably 
included in the high altitude climb and descent records since, as desoribed in 
section 3.2, the crxterion is a change of altitude of 2000 ft or more during one 
interval of time, and this is rather a small ohsnge for11.6 mins flying. 

As both Comet 1 and Comet 2 aircraft flew predominantly the U.K. to 
Singapore routes, these data represent a mixture of overland and oversea 
information. 
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The Comet 2 initial climb and final doscent records have been shown as 
single paints on the graph, which indicate more and less severe gust frequency, 
respeotively, than the rest of the low altitude data. A possible explanation 
of this difference lies in the faot that immediately after take-off many flight 
operations are performed in a very short spaoc of time, whereas the oorres- 
ponding operations prior to landing are spread over a much longer period, and 
so the associated accelerations will be condensed into the first few minutes of 
climb but distributed more widely throughout the descent. 

Inspection of the curves indicates a steady decrease in turbulence with 
altitude up to about 35,000 ft for Comet 1 and 30,000 ft for Comet 2, although 
it should be noted that very few gusts were recorded between 17,500 and 33,500 ft 
with Comet 2 aircraft so that the curve through these four points is rather 
arbitrary. However, the goneral trend is for the gust frequency to decrease 
with altitude up to the region of the tropopause, and at all altitudes the curve 
for the Comet 2 lies above that for the Comet 1, the differonce being roughly 
oonstant at the lower altitudes. The increase in turbulence at the higher 
altitudes shown on these ourves is illustrated and discussed in greater detail 
in Fig. 12 and section 4.4. 

Table 7 of the Comet 1 report' gives the counts occurring in cumuliform 
cloud and clear air as a percentage of those oocurring under known conditions for 
average gust speeds and, interpolating, it is found that about 70$ of the 74 
ft/sec gusts encountered under known conditions between 17,500 and 42,500 ft, 
oocurred in cumuliform cloud. In this analysis the gust frequency of the Comet 
2 between 29,500 and 41,500 ft was 30-387, of that of the Comet 1, indicating 
once more that the deoreasc in gust frequency was due to the avoidance of 
cumuliform cloud and its associated turbulence by USC of the cloud collision 
warning radar on the Comet 2 aircraft. 

4.4 The pilot's influenoe on aocclerations recorded 

When analysing the turbulence enoountered by an aircraft, it is, of course, 
necessary to take into oonsideration the pilot's influenoe on the accelerations 
recorded. Perhaps the most obvious and dire& effeot of the pilot's handling 
of the airoraft is the inorcase in positive aoceleration counts resulting from 
manoeuvre loads. To illustrate this, and to investigate further the atmospheric 
turbulence encountered by Comet 2 aircraft, the ratio of upgusts to downgusts 
for gusts of magnitude greater than, or equal to, 7& ft/sec was plotted against 
altitude on Fig. 11. For this purpose the climb and desoent reoords were oom- 
bined, and kept separate from the cruise records, also where the rcoorded gusts 
or miles flown were too few to be considered signifioant, oertain altitude 
bands were combined, During climb and descent at the lower altitudes, the 
ratio of upgusts to downgusts is seen to be rclativcly high, which is probably 
due to manoeuvring in the vioinit 

s 
of airfields, with possibly some overland 

oonveotive turbulence effect also . At the higher altitudes, the climb and 
desoent ratio tends towards the cruise ratio which shows slightly more positive 
counts than negative. 

Another important oonsequtince of the pilot's handling is that the aircraft 
is to some extent able to avoid certain types of turbulence. With aircraft not 
equipped with cloud collision warning radar, this avoidance is usually limited, 
particularly for continuous cloud, to climbing above it, On the other hand, 
pilots of aircraft which do oarry this radar have a greater degree of freedom 
in their choice of avoiding action, as the axtcnt of the cloud is known and a 
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single cloud, or sparse aloud, will simply cause the aircrsf?. to make a detour, 
ohanging altitude only when the cloud is known to be very dense. 

It is to be expeoted then that this operating diff'erenoe will have a direof 
effcot on the turbulence encountered by the Comets 1 and 2 at their cruising 
altitudes, The Comet 2 data should show mainly the effect of the olear air 

6 9 10 turbulenoe which is known to ooour at these high altitudes,, ) over both sea 
as well 8s land routes, and which oannot be avoided sinae the cloud aollision 
warning radar can give no warning of its presence. The Comet 1 results, in 
addition to this, should show the effects of inoreasing altitude in rough weather 
to olimb above the storm clouds. 

Aoocrdingly, the inorease in the frequency of occurrence of gusts in the 
region of the tropopause, noted on Fig. 10 for both Comet 1 and Comet 2 aircraft, 
was investigated in greater detail by plotting, in Fig. 12, the magnitude of 
gust against its frequency of ocourrenoe, separate ourves having been drawn for 
each altitude band of the high level c-ruse. 

It will be seen that the Comet 2 CWV~S have the steep slope and total 
absenoe of big gusts previously associated in section 4.2 with clear air 
turbulence and it seems that the observed increase in &st frequency at these 
altitudes is an aotual feature of clear air turbulence, which on the Comet I 
has beoome somewhat masked by the effect of convective t.&%ulenoe. 

Some U.S. results from h:gh altitude turbulence measurements showed the 
same trend as these British data, and m their report10 Coleman and Steiner 
suggested that 'The increase in the amount of rough air at altitudes between 
30,ooO and 40,000 ft is probably due to the high winds and mnd shears 
associated with jet streams which are normally prevalent at these altitudes 
for the mid-latitude area , . . . . . 

When sn airoraft does encounter turbulence the pdot tries to alleviate its 
effects by rcduoing speed; this is illustrated in Fig. 13 which shows the 
variation of gust friquenoy with airs P ecd at eaoh of the main cruising altitudes 
of the Comet 2, for gusts exceeding 7s ft/seo. This figure shows quite clearly 
that as the gust frequcnoy increased, the airspeed deoreased. 

4.5 Comparison of British and Amer-Loan results with special rcferenoe to the 
effect of a;rborne radar 

A comparison of the turbulcnoc oncountered by twin-engine short-haul trans- 
port aircraft wsth and withoilt oloud collision warning radar, has been made by 
Copp and Walker with Vgh and Vg records. The result of this comparison must be 
treated with some reserve sinoe the recording periorls for the aircraft with and 
without radar are not striotly comparable, being April, 1956 - May, 1957 with 
radar and October, 1955 - April, 1956 without radar, and other investigations have 
shown that the overall level of turbulence is likely to be much less for the 
winter than for the complete yearll,l2. 

If the mile/gust value was plotted against each gust magnitude for the U.S. 
data, as it has been for the Comet data in Figs. 8 and 9 of this report, the 
'without-radar' curve would cross the 'with-radar' curve, since the airorsft with 
radar encountered more gusts of all magnitudes up to about 30 ft/seo, but fewer 
gusts of magnitude greater than this. 

-9- 



Assuming that the relative frequency of gusts of different magnitude does 
not change appreoiably with the season, and the evidence supports this, then the 
effect of seasonal variation on either curve will be to move the curve up or down 
leaving its slope unchanged. Therefore, in the case of this U.S. data, the 
result of correcting for the seasonal variation on the 'without-radar' curve 
would be to decrease the mile/gust value at caoh gust speed and thus to lower 
the curve. The two curves would then be relatively similar to those given in 
this report. 

5 CONCLUSIONS 

The analysis of atmospheric turbulence datafrom Counting Accelerometers 
installed on Comet 2 aircraft carrying cloud collision warning radar, showed the 
gust frequency to be less at all altitudes than that enccuntcred by the Comet I 
which was not so equipped, 

The numbers of all gusts exceeding 7& ft/sec at the oruiaing altitudes for 
the Comet 2 were found to be about 30-3&z of those for the Comet I, i.e. the 
proportion found previously in the Comet 1 data to be associated with clear air, 
cirrus or stratus, 

This avoidance of cumuliform cloud by use of the cloud collision warning 
rsdsr also resulted in the frequency of occurrence becoming progressively less 
with increasing gust magnitude, and no gusts greater than 15 ft/sec were met 
during cruise by Comet 2 aircraft. 

Comparable data from U.S. airarsft have been ocnsidcrod also, and these 
show a similar reduoticn on the cccurrcnce of large gusts. 

Thanks arc due to the Royal Air Force for their help in the collection of 
these data. 
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TABLIE II 

Aircraft chamctcnstlcs assumed 

ccmet 1 comet 2 

321g area: 2,015 sq ft 2,027 sq ft 

Mean chord: 17.52 f t  17.63 ft 

Aspect ratlo: 6.60 6.51 

Lox speed value of slope of the lift 
curve for lr.compEsslble flow 4.80/IYdXLTl 4,b5/radmn 

TLELE 12 

Representative values of accelera tum/#ust speed conversion factors 

COEDT 1 

/ hdlcated 
i- 

Gust speed/acceleratron m ft/sec/g 
Sea level I! 25,000 ft (1 45,000 rt 

Air speed (drcraft weight (x 1,000 ib) 



TABLE 13 

Remesentative values of accelerstiorL/ ~unt>Eoeed conversion fectors 

CCiCET 2 

Sea level 

~uust/speed/~celerat,-~~ In ft/sec/g / 

25,000 ft 45,000 ft I 
:ur-crtit weqht (x 1,000 ib) 

60 80 100 / 1 120 '160 i80 ;100i:20 60 I i;', c j :oo 1 20 

I I I 
100 i 47.41 57.81 68.36 45.90 / 57.371 67.33 

150 I 

230 

;-I;; ; ;:E 

1;:;; 

53.78 : g-40 j 33.46 40.E5 j 23.66! 

79.88 / 39.31 ; 49.85 ! 60.84 171.29 Li.88' 35.20' 

/ 119.68 19.80/ (27.64 -i'.62j 

'LO.75 24.95 I 30.47 35.72 

: 1 16.621 30.;; ;.;I 

:I. 

j e:50/ 

+LW;i 

,N 250 19.30 
I 

23S3 ; 27. 81 32.50 '15.23 23.57 
I 

/ 15.14 j 21.70 1 
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Ccu-,ting acceler.meter records b&m been obtalned 01 the 
turtmlence enccunteFed by R.A.F. Cnret 2 aimft, equipped with cleud 
~0ilisi0n ~arnmg radar, in 335,m miles or 0pemio~l wing 
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with gust msnitude. No wsts as great as 20 ftlsec mere ~Rcorded by 

cLm%t 2 aircraft durlns the cruis-9. 

ca,,,parable data frem U.S. aircraft have also been consIdered, and 
show a SlmllaT redlIct1on In the OcCmnce or large wsts. 

with @St magnitude. No gu8ts as mat as 20 ftlsec were rmm-ded by with wst m@Iltude. No @sts as great as 20 ftlsec were l~,xrdtd by 
Ccmrzt 2 aircraft durlILs the omise. cculet 2 a1mt dmin# th3 cruise. 

Cmle data fnm U.S. aircraft have also been oonaldered. and com~le data mm U.S. aircraft have alsO been considered. and 
show B similar re&ctlon In th? occullpllce or large gusts. sbm a slmllar reduct1an in the 0ccun.eme or large gusts. 





C.P. No. 713 

0 Crown Copyrikht 1964 

Published by 
HER MAEWY’S STATIONERY OFPRX 

To ba purchased from 
York House, Kiugsway, London w.c.~ 

423 Oxford Street. London W.l 
13~ Castle Strset, Edinburgh 2 

109 St. Mary Street, Cardii 
39 Kmg Street, Manchester 2 

50 Fairfax Street, Bristol 1 
35 Smallbrook, Ringway. Birmingham 5 

80 Chichester Street, Belfast 1 
or through auy bookseller 

5.0. CODE Ne. 23-9015-13 

C.P. No. 713 


