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ROYAL ATRCRAFT ESTABLISHMENT

Turbulence encountered by Viking
aircraf't over Europe

by
J. R. Heath-Smith, B.Sc.(Eng)

SUMPARY

Accelerations in turbulence were recorded on B.E.A, Vikang
aircraft for 117,000 miles of flying over Eurcpean routes during three
years.

The records show that the number of gusts decreases from sea
level to 8000 feet., There 1s some evidence helow 5000 feet that
turbulence is greatest in Sprang and least in Autumn.

Average gust frequencies during climb and descent were twice
those during cruise below 8000 feet end this is attributed to the
pirlot's dascretzon in the choice of crulsing altitude.
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1 Introduction

Trom November 1951 to November 1954 a Counting Accelerometer was
carried in a Yiking aircraft of Bratish Eurcpean Airways, which was
operated on normal passenger service over Burope. The records obtained
represent 117,000 miles of flaght below 10,000 feet.

The data are examined: to determine the variation in turbulence
with altitude and with season. -

2 Deseription of Equipment and Flying

2.1 Instrument and Installstion

The Countaing Accelerometer’ responds to the accelerations 1mposed
on 1t along one axis and records the number of times each of a series of
acceleration levels has been exceeded. Successive counters represent
levels at intervals of O.1g and readings are given for a range of 1.2g
to 2.9g for upward accelerations and from 0.8g to -0.9g for downward
accelerations. The above values are nominal and have been corrected in
this report except where 1t 15 stated otherwise. An altimeter, airspeed
1ndicator and spring-driven clock are prouped around the counter dial
and the whole assembly 1s photographed at rcpular intervals of approx- -
1mately 10 mimles,

The Counting Lccelerometer was rigidiy attached to the airframe in
the forward luggape comportment about three feet ahcad of the centre of
gravity of the aircrai™ and in such an attatude that vertical accelera-
tions were measured when the aircraft was in cruisaing {1lipht,

2.2 The flying covered by the records

The recorids were obtained between Noveﬁber 1951 and November 1954
on 350 flights covering 117,000 miles of operational flying on European
routes based on London. The daistribution of recording time between
menths of the year is shown an Fag 1. The instrument was carried at
dafferent times in Vikaing circraft G-AIVH and G-AMGT.

3 Variation in turbulence with altitude

The recording intervals asre of average duration 10.5 minutes and
contain the total counts of acceleration durianp this interval and the -
speed and height of the aircraft at the end of this interval. Appendix I
describes varioug corrections which are made to ihese readings and the
method of translating the accelerations into gust speeds.

Table I as a swmmary of the time spent at each speed and altitude
during clamb, cruise and descent. Table TI 15 a summary of the counts
of acceleration grouped accordaing to speed, weight and altitude,

Table III 1s an estamate of the gust speeds encountered in each altitude
band duraing climb, cruilse and descent, 48 the c¢limb and dcscent gust
frequencaes are sumlar they are shown separately and combined.

Fi1g 2 shows the gust freguencies in each altitude band for cruise
and for climb and descent. Fiz 3 shows darectly the varaation with
altitude of the frequency of gusts preater than 10, 15 and 20 f{/sec for
cruise and for climb and descent, The form of these curves and the
difference between cruise and combined climb and descent suggests that
the operating comditions and flight plan of the Viking influenced the
recorded gust freguenciles.



There 15 evidence in the records from Comet aircrafth that pust
frequency decreascs exponentially with altitude up to about 25,000 {4,
This result 1s practically free from selectave rccording as the aircraft
climbed and descended through this range to a strictly observed flight
plan, It 15 assumed therefore that yearly average turbulence over Europe
decreases exponentially with altitude within the altitude range of the
Viking and this tutbulence 1s referrecd to hereafter as atmospheric
turbulence to distinguich 1t from recorded turbulence, As the Comet
spectrum refers to world-wide routes 1t 1s not used directly [or compa-
rison with the Viking recorded turbulence.

There are two ways 1n which recorded turbulence i1s influenced by the
p1lot of the azrcraft. Under nearly all conditions of flight the palot
takes sideways avording action to some extent when faced with bad weather
and Tor this reason recorded turbulence will be less than atmospheric
turbulence at aill altatudes. In addztion the average flight plan in
Table I suggests that the pilot was allowed considerable discretion in the
chorice of cruising altitude, as tne aircraft cruised over a wide range of
altatude being lamited to 10,000 feet as. the cabin was unpressurized.

The palot's choice would be influenced to a great extent by weather
conditions; the general result would be the selection of law altitudes
during calm weather and or high altitudes during rough weather,

It follows that the pust frequenciles recorded during cruise would be
less than the atmospheric average at the lowest altitudes and greater than
the atmospheric average at the highest altztudes, because flight at the
highest altaitudes would be made only when the weather was rough and flapght
at the lowest altaitudes would be made only during calm weather, Simlarly
gust frequencies recorded during climb and descent would be the atmospheric
average near sea level and progressively greater than atmospheric average
with increasing altitude because the climb to the highest altitudes wouwld
be made only in rough weather.

In fact, these effects can be seen i1n Fig 3 in the curvature and
relative position of the cruise curve and climb and descent curve, In the
lowest altaitude band the same degree of turbulence was recorded in descent
and cruise from whach 1t is deduced that altaitudes below about 2000 feet
were maintained only for landing aporoaches and circuits,

It has been assumed that atmospheric gust frequency can be represcnted
by a straipght line in Fig 3, snd 1ts position can be estazmated by continuing
the low altitude portion of the climb and descent curve as a straight line,
shown as a broken line an Fig,3 for gusts greater than 10 ft/sec. This
line intercepts the cruise curve in the region of minimum recorded gust
frequency which alsc corresponds approximately with the most usual cruising
altitude.

L Seasonal variation of turbulence

The records best suited to a2 study of seasonal variation of
turbulence are those made at low alvitude durang climb and descent as they
are representative of all weather conditions,

A summary of the 10 ft/sec gust counts and mileages in each month
for the altitude range 1500 to 5500 feet are given in Table IV. The
turbulence for each month 1s expressed as the ratio of the average nwsber
of gusts per mile 1in that month to the average number of gusts per mile
during the year. The yearly average 15 the weighted mean of the monthly
averages. Turbulence ratio is plotted against month in Fag L and



confidence lamits are shown for each point within which there is 93%
probability that the true average lies. In the estimation of these
limits allowance 15 made for the tendency for gusts to be concentrated
in regilons?. The degree of concentration i1s estimated by comparing the
average number of gusts in a recording interval wilh the proportion of
antervals containing gusts grealer than 10 ft/sec.  This informataon is
included in Table IV,

The confidence limits in Mig L suggest that the monthly sample size
is too small for accurate assessment of the variation of turbulence
between months but there 13 some indication that turbulence 1s greatest
in Spring and least in Autumm, Yo assegs the variation quantitatively
two hypotheses are now examincd using the x2 test {or goodness of fat.

The first hypothesis 1s that all the observed variation i1s sampling
error and that average monthly turbulence i1s constant. The result of
this test 1s a probability of 10% (32 = 17, 11 degrees of freedom).

For the second hypothesis, visual inspection suggests a sinusoidal
variation of goodness wath a period of one year. If a sine curve 1s
based on the mean anrual turbulcnce with amplitude and phese adjusted to
make %2 a minimum, the result 13 a probabality of 15% (x2 = 13, 9 degrecs
of freedom).

It appears that ncither fit is good but the sine variation 1s
nevertheless mors probable than no variation on the present evidence.
On the basis of the fitted sine curve the cxiveme variation in monthly
turbulence is about 3 1o 1.

5 Conclusions

There i1s a continuous decrease in gust frequency with ancreasing
altitude from sea level to 8000 feet,

As a result of the pilot's choice of flizht path with regard to
weather conditions the averape gust freguencics during climb and descent
were twice as great as averane pust frequencies during cruisc, at
altitudes below 8000 feet.

There 1s some evidence that turbulencc below 5000 feet is greatest
in Spring and least in Autumn and that the extreme monthly variation
during the year 1s of the order of 3 to 1.
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APPENDIX T

Description of acccleration data and gust analysis

The data consist of a series of consecutive records of average
duration 10,5 marmutes, contaimng the mumber of times each acceleration
level was exceeded and the speed and altitude of the aircraf't at the
end of the interval. The speed 13 expressed to the ncarest 10 knots
I.A.S, and the altitude to the nearest 1000 fcet above sca level.

Those rccords which may contain the effects of ground loads are
discarded with the result that, on average, the farst and last 5.25
minates of each flight are not included in the analysas,

Those records in which the altitude change 1s greatcer than 1 unit
(nominally 1000 feet) are classificd as "clumb" or "descent" and the
altitude reading 1s corrected with due regard to the probable variation
of gust frequency with altitude. The remaining records are classzified
as "Crvise", When the speed change durang an interval is greater than
1 umat (nomnally 10 knots) the mean speed 1s taken.

The records are sorted into the following alfitude bands: 0-1500
feet, 1500-3500 feet, 3500-5500 feet, 5500-750C fcet, 7500-9500 feet and
9500-11500 feet.

The counts of acceleration are grouped and summarized accordang to
the flight 'condrtion, altitude and speed of the aircraft,

Mean axrcraft weights of 32,400 1b, 31,750 1b and 31,100 1lb are
calculated for the clamb, cruise and descent from the take-off and
landing wcignts known for each flight.

Accelerations are translated into gust speeds by the formula:

U=2A4nw
v equivalent vertical pgust specd
An normal acceleration increment in g units
wing loadang
F gust alleviation factor®

Po air density ot sea level (I.C.A.0.)
a slope of the laft curve (low speed)
Vv indicated airspeed

By graphical interpolation the counts are referred to gust speeds
of 10, 15, 20, ..... ft/sec and a gust speed distribution is obtained
for each altitude band and flight condition. The mileage flown in
each band is estimoled and the pust duistributions are obtained in terms
of the average distance hetwecn gusts exceedang given magmitudes.

* The gusi is assumed to increase linearly to 1ts maximum value i1n a
horizontal distance of 100 fect. The alleviating factor is calculated
as a function of the mess parameter ug = 2w/g p € a where p 18 air
densily and T is the mean serodynamic chord, Allowance 1s wmade for the
effect of aspect rairo on the ratc of growth of lift. Corpressibility
effects arc neglected.






TABLE I

BEstimated time in minuies spent at each speed and zliitude

Altituae above sea level (I.CLA.N.Y In 1000's of feet
Climb Cruise Descent

- 00| O1f 02 O3 ) 04 OS5 061 071081 O3100; 01 02 03 04 05 06 07 03 o] 10 1] 00| 01 o2 ] O3} 04; 0O5] 06| O7| 0OB{ 0O
& 100 105] 25 101 10 100
§w 110 5 5 10 10 215 135 201 20 101 10 110
i 120§ 30| 25| 25 10 10 20 20 55 10 10 10 10 10 1451 2901 2101 110 51 30 10 10 10 120
- § 130 {160 | 2451 235|120 B0 65) 40, 20120 40|20 65 115 230§ 135 95 &5 105 190 | 20C 170 20f 120} 295 | 3551 115 651 651 30| 20 10 130
§5 720 |130] 390 | 27012350 [ 200 | 145 (190} 551 30| 40| 10f 115| 3154 250 | 315¢ 335} 715} 945 1145]1280] 60G| 135 511201 195, 2801170 18C) 65 651 301 40} 140
2 150 4G [ 120 )1 115§ 230 | 265 | 220 | 2 30 40 1361 35549 420 | 380} 12501 2165 2720 | 2835 | 24804 1105] 170 1451 135 [ 190 | 220 210 1200 | 55| 40f 150
g 160 201 751105{125| B5! 20} 10 20} 1807 370 330 { 495] 1105{ 1910 1665 | 870 | 3051 135| 20 10 105 B5]145]| 220 190 {180 ] 95] 40! 160
{170 1G] 30§ 201 10 20 o5 85 851 180} 190 651 105 19 10 20 865|160 |200{ 105 751 &C 170
180 1¢ 10 i0 20 20 20 10 180

Total {325 700|670 | 560|630 {630 | 55 {295| 90 | 120 | 70} 545 J1325 1385 (1420 | 2085 | 5045 | 5500 | 5155 | 42851 2030 | 3:51 530 925 {1010 | 8QC t765 925 | 630 | 560 1230120

- i 1
Climb: 4,565 nins. Crulse: 30,0 mins. Descent: 6,585 mins.







TABLE IT

Summary of Acceleration Data from Viking Airoraft

i

Altitude above | Imdicated Recording Number of times each level of acceleration was exceeded
Flight sea level airspeed Time - Nominal Acceleration-Ievel (see footnote)
Condition feet knots (10.5 min units) -
0.2g | 0,3z | Oukg | 0.5 [0.6g | 0.7g | 0.8g | 1.2g (1.3 { 1.k [ 1.58 |1.6g | 1.78 { 1.8 | 1.9g
Climb 1,500=3,500 120 2 b 1
130 10 1 3 19 11 51 16 2 1
<440 16 - 1 1 2 3 7 52| 100 22 8 1
150 20 2 3 13 6l g9 13 3 1 1
160 9 7 9 37 60 22 N 2
170 1 6
28 1 1 5 9 48 1 9L ] 320 74 17 5 1
3,500-5,500 120 1 2 7 1
130 10 3 8 16 1
140 30 1 ! 3 L 1 L7 71 10 L 1
150 L7 1 2| 19 751 125 21 L
160 22 1 1 2 37 6L, 11 1
170 3 : 5 5 6 2 1
113 1 1 5 7 w! 17 289 L6 10 1
5,500-7,500 130 6 2 7 14 16 9 2 1 1
140 23 2 12 2% 12 2 1 1 1
150 40 3 2, | 9 1
160 10 1 11, 12
170 1 0 )
80 2 13 6, ] 101 30 5 2 2 1
7,500-3,500 130 6 1] 12| 15 2| 1
) 140 7 1 1 10
150 7 4) 0
160 1 0 0
21 2 13 25 2 1
Climb total 272 2 b 10 181 103 w514 735 | 152 33 8 3 y
Cruise 0-1,500 110 1 0 0
120 I 2 8 33 85 20 3 1
130 8 8 37 Lk 8
140 12 1 1 4 6 31 81 150 L7 L 2 1 1
150 13 17 38 77 29
160 19 3 10 69§ 180} 343 | 116 15 6
170 2 1 2 11 2h 57 i 2
59 1 1 5 20 153 393 756 241, 2L 9 1 1
1,500-3,500 110 1 0 0
i 120 6 3 15 58 19 6 3
130 33 1 2 7
140 5 1 1 10 Wl Mk 22 3
150 Th 1 1 1 3 15 77 285 422 107 14 L
160 72 1 2 9 2y 78 | 309} 108 92 20 2
170 17 2 L 351 110 107 38 8 5 1 1 1 1
180 1 0 9
258 1 2 3 15 Lk 203 766 | 1116 278 51 1 1 1 1 1
3,500-5,500 120 1 . 0 7 3
130 22 - 1 I 1
140 62 1 2 3 7 30 89| 127 32 5 2
150 155 1 5 Iy 151 2t %)) 13 L
160 152 4 1 1 5 281 122} 178 34, 7 2
170 2H 13 33 23 3
180 2 0 1
419 2 3 5 17 116 399 548 117 25 8




TABLE 1T {Contd)

- —Number of ¥imes each level of aceceleration was exceeded

Flight Alzizuiewzgw" iinfsgzzgd ,Re;;.};gi"‘g Neminal Acceleration Ievel {see footnote)
Condition feet knots (10.5 min wnits) | 0.2z | 0.3g | O.kg | 0.5 | 0.6g | 0.7z 0.8 [ 1.2g [ 1.3 | 1.4g{ 1.5g [1.6g | 1.7¢ | 1.88 | 1.9g
Cruise 5,500-7,500 130 16. . |- - 1 3 ...71. - 22 26 é 2 1
(Conta) 13,0 156 9 3 . 371 . 93 101 32 12 B 2 1
H 150 465 - 14 2 b 181 - 73- 222 { 270 €0 12 'S 2 1
160 253 2 8 32 6y | 118 22 B 3
170 2L, G 13 28 5
956 1 3 10 LO 165 414 543 125 34 18 & )4
) 7,500-9,500 120 2 0 3 1
[ 130 37 1 5{ 1| 55 5 1
150 Z39 R 6 30 147 243 36 7 1
150 506 S I S A% R L0 134 167 57 7 1
160 112 2 21 62 59 9 2
170 14 i N 12 5
899 1 3 10 23 a7 | 388 | 539 93 17 2
9,500-11,500 120 3 0 0
130 18 1 6 17 21, 8
140 70 - 1 2 20 72 95 17 2 1
150 121 . 8 42 55 16 5 2
160 15 1 2 5 1. 14 L
170 1 O e
226 2 6 39 145 185 L5 7 3
Cruise total o817 4 7 13 L7 150 754 | 2505 | 3687 902 158 [N b I 1 1
Descent 0=~1,500 4100 1 - T - 3 5 5
- 110 1 3 18 2
120 7 1 11 19 3
130 2 1 2 22 L3 i2
140 5 25 L9 57 20 5
160 1 1 1 B 16 14 6
170 2 - 0 0
49 1 2 360 104 | 160 L7 5
1,500~3,500 100 2 3 11 10 5 2 1
10 2 y 5 21 1
120 22 1 1 91 51| w1 | 1
" 130 28 3 21 83 159 8 7 3
140 33 1 8 27 6 157 39 5 2 1
150 27 1 17 66 151 27 & 1 4
160 18 1 3 9 Ll 70 12 L 1 1
170 6 e ] b LO 78 8 27 7 2
138 -4 20 ] 123 | 426 | 795 | 179 35 14 L
3,500-5,500 110 2 1 3
120 3 ! 3 14 5 2 1
130 12 2 15 L5 6 1
140 31 1 b4 iy 6 36 104, 147 50 10 6 1
150 39 1 5 27 77 143 2L 5 2
160 35 1 2 8 14 L6 133 180 55 9 6
170 34 6 L1 67 18 1 1 1 1
180 I 1= 1 ki 1 2 2
160 21V L 13 26 | 118 376 598 158 28 16 2 1




TABLE IT (Contd)

. Altitude above | Indicated Recording Number of times each level of acceleration was exceeded
Cgiggizon sen level airspeed Time Nominal Acceleration level {see footnote)
feot knots (10.5 min unite) {500 0.3g | O.hg | 0.5g | 0.6g | 0.7 | 0.8g | 1.2g| 1.3g | 1.4a | 1.55 | 1.62 | 1.7¢ [ 1.82 ]| 1.9
Descent 5,500~7,500 120 i 0 0
(Gomtd) :fg 15 1 7 2? ng 9 2
2
150 39 3 18 56 64 16 1 1
160 35 1 1 9 35 35 L 1
170 17 13 21 3
180 3 1 N 13 27 28 11 3 2 1
113 2 9 L7 156 195 L3 7 3 1
7,500-9,500 120 1 2 10 21 L
130 1 ¢ 0
140 7 5 5 1
150 10 0 1 1
160 13 1 10
170 2 1 L 3 1
3 3 20 L0 7
Descent total Lol 2 4 20 | 57 327 | 1082 } 1787 438, 75 30 7 1

The necessary corrections for instrument error to the nominel scceleration levels are:

1 .25;,

1.3g, 1.4

1.5g and greater

¢.0g,

0.7g, 0.6g

D.5g and smaller

- 10 =

10,03¢
+0,02g
-0.03g
~0.02g
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TABIE IV

Relative turbulence each month recorded during
climb and descent {1,500-5,500 feet)

‘uIDItAg IDALYH U PAUtLd - CXCTIE D RL0E"IY
- ZL -

No. oF No, of Recording | No. of gusts Tle s Turbulence Ratzio
. intervals Distance exceeding
Month | recording | ya4h gust | in Statute | 10 ft/sec per ﬁiiﬁi{ym;ii:éﬁzizt
intervals | 5 40 rt/sec miles (up + down) gast
1 1L L 137 66 6.57 1.2
2 33 13 1023 208 L.52 1.7
3 28 13 867 81 10.7 0.76
L 5h 32 1678 2L0 7.00 1.2
5 79 31 2450 © 402 6.10 1.3
6 19 9 603 121 L.98 1.7
7 75 34 23z2 236 9.84 0.82
3 30 11 931 97 9.60 0.85
9 33 22 1023 188 5.4 1.5
10 8 9 1180 32 36.9 0.22
11 36 11 1417 73 15.3 0.53
12 29 6 899 29 29.0 0.28
Totals | 468 206 14,530 775 e
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