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SUMMARY

Measurements of the flow in turbulent line vortices along the
centre of a pipe have been made to determine the growth of trailing
vorticss in thc wake of an aeroplane. It is found that the rate of growth
is small and of the same order as for a laminar line vortex.
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1« Introduction

The dominant feature of the wake of an seroplane is the pair
of trailing vortices. In ordcr 1o assess the influence of this wake on
another aircraft passing through 1t, an estimate of the rate of spread
of a vortex in turbulent flow must be made. A suggested theoreiieal
solutionl to this problem requires knowledge of the eddy wviscosity,
which mey be found from measurcments on vortices. Some measurements
have been made behind aeroplanes in Tlight?s3 but have not led to a
conclusive result except in so far as they do show that the effects of
the two separate vortices are still detectable aficer the vortices have
been in existence for half a minute or mcre, at a distsnce of several
thousands of feet behind the aeroplane cavsing them.

Apparatus to give the required data has been designed and
builtl at the Imperaal College. Results obbained from this apparatus
are presented in this report,

2. Apparatus

The original apparatus was modified in some details so as to
improve the flow and lo increase the accuracy of the measuremcntes A
sketch of the layout is given in Fig. 1. The vortex strength could be
varicd by alteraing the settings of the swirl vanes in the imtake or by
changing the axial speed. The veloeiy and direction of the air flowing
in the pipe were measured with a Conrad yewmeter, a total head tube and
a static tube. Radial position was measured to & 0.001 inch with a
micrometer head, angular position to & 0.1 degrece with a pointer on a
scale. Brief explorations of the flow were alsc made with a hot wire
anemometer and using paraffin 'smoke'! ingected through the tip of the
fairing from which the vortex core originated.

3. Scope of Tests

The test programme consisted ofi-
(2) flow vasualisation and turbulence invesigation,

(b) traverscs at mtervals along the pipe, meacurlng direction,
total head and static pressure.

f
Section (a) was intended to verify that the flow in the vertex
core was turbulent.

The tests made in Section (b) were as follcwp.

- - o L . o~ PR - o — - e = -

Swirl-vane angle  Approx. axial

Test nurber (degrees from velocity Axial extent of
, radial) (feut/sccond) travurse (1nches)
! 1 5 190 12.5

1 2 10 190 42,5
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If 6 iz the anglec of pitch at radius r and u is the
axial velocity (assumed to be independent of r), the circumferential
velocity at radius » 1s ur tan 0. Hence the vortex sireagth is given
by

K = 2’]{11 (I‘ tan e)km' t.a(?)

and so if (r %an 8) 18 plotted as a function of r (Fir. 6) then K
can be deduced.

The size of the vortex (D) 15 dcfined an terms of the area
between this curve and the value of (r tex B)Iv]'AX- We take

00 l r tan © |
oo [Tl I e e (2)
oo i (r tan G)W&X_j
As the vortex develops 1t would be cxpoected that D would incroase.
[It may be noted that (r tan 6) is a measure of the angular momenium
of unit mass; this definition of size may be comparcd with that of
momentum thickness for a boundary layer].

The experamental results are presentcd as cwrwes showing the
variation of K and D for each vortex exswined, arbitrarily choosing
the zero of time to correspond to the firsi observation point slong the
length of the pipe.

An "effective viscosity" s ey be deduced from the values of
K and D, Iif the circumferential velocity 1s sssumcd to be of the same
form {41) as for a laminsr vortex, that is

{ P f
(r tan 8) = (v tan @), |1 = coxpe =mommmms )

)

where %, 18 an unknown constant. This distributzon of velocity is a
good representation of the observed distribution.

We find by substitution frem {3) into (2)
D? = Lme(t + ‘to) eoe (i)
The effeetive viscosity e can then be found by plotting D* against +t.

5. Results

Photographs of smoke falsments aduatted to the vortex centre
1uder laminar and turbulent conditicns are reproduced in Fige 2. The
hot wire anemometer showed that the turbulence level was of order 3% in
the core; the results of the turbulence measurements, which are plotted
n Fig. 9, are discussed in the Appendix,

) Typiecal sets of ricaswrements of paitch anple, total pressure and
static pressure are ploited against the observed radial position of the
traversing instrument in Fags. 3, 4 and 5. Fag. 6 showe (r tan 8)

plotted against r for the data gaven in Fig. 3. Vortex strength and
size are given in Table I and plotted 1a Fags. 7 and 8.

Corrections have becn applied for the following:-

(1) Displacement of the yavwmeter head when votated,

(2)/



...j_!‘_

(2) An effect due to the stem of the instranent not passing
exactly through the centre of the vortex,

(3) The change of axial velocity along the pape duc to the
growth of the wall boundsry layer and

(4) The associated contraction of the stream lubes in the mddle
of the pipe.

As shown 1n Fig. 6, the corrections undor (1) and (2) were
considerable when the piich angle was large

The measurements scemed to indicate that the axilal velocity at
the centre of the pipe was rather above the axial velocity ocutside the
vortex, but this probably arose because of errors un the reading of the
static tube in this region.

6, Discussion

The flow obscrvations using smoke (Fig, 2) and the brief
investigation with a liot wire anemometer showed inat the [low was turbulent,
but a fuller hot wire oxploration than was actually made would be recuired
to desceribe quantitatively the turbulent velocity fluctuations. Becausec
the smoke was slightly heavier than air it tended 1o collect at the edge
of ihe rotating core of the vortex anc 1t may be seen that ithe radius of
the region sc defined did not increase spprecisbly along the papes The
mnitial size of the vertex was fairly large, being determined by the
boundary layer on the entry.

The strength of each voriex was sensibly constant along its
length (Fig. 7).

The outstanding feature of the results is hat the measured
rates of growth (Fig. 8) were exiremely small. This was not due io the
presence of the pipe which contained the vortex breause the expeorinental
conditions were choscn so that the pipe wall boundary layer and the vertex
core did not join.

From (4) we find that the effcctive viscosity is given Ly

D 4db
e = cee(5)
2x dt

It was expected that ¢ would be very much greater than the kinematie
viscosity w; alsc 2t seens certain that, apart from uxperunental CrTOrs,
the mimmm rote of growth 1s given by rcplacing e by v in {4). The
rate of growth of a laminsr vortex of the same inaitisl size is shown .n
Fig. 8 and 1t will be secn that this 18 of the same order as the obsecrved
rate of growth.® This rate is so small that it is not possible to measure
1t accurately with the present apparatus.

7+ Compariscn with Flight Tests

The American [light tests were nct sufficicently detarled for
analysis but they indicate that the trailing vortices grow very slowly.
The R.A.E. £light tests were primarily intended to determine the amount
of disturbance to an airereft flying through the troaling vortices. They

were/
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*
The results of test 1 suggest at first sight a considersble rate of growth
but this andication depends on two or three experimental points and these
valuces mzr be in error.
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were also analysed to determine the vortex size, bul the method of
measurement, which consisted of cbservetions of aileron dasplacement of
the following aarcralt, 18 not sufliclently sensitive to give reliable
results for the growth of the vortices.

8. Conclusion
The laboratory tests described in this report indicate trat the
rate of growth of a turbulent line vortex is small and of the same order

as3 for a laminsr vortox.
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TAB
e

Measurements of Strengih and Size of Four Vortices

Axral Vortex Voriex

Test Axaal Velocity Tame Strength Size '
. Number Distance u tx 10° k D

(inches)  (£t/sce} (seconds) (£t%/scc) (anches) !

4

0 130.6 0 2,8, 0. 256
5 132.5 2.29 2,79 0. 24,9
1 10 185.0 1o 56 2.88 0,282
15 16741 6430 3.35 0. 230
174 188.0 7e92 3,23 0,370
20 169, 2 9. 02 2,98 0311 |
ook 1904 2 10412 3,70 04 569
25 191.3 14424 2.82 0, 2G5
e 192.3 12,29 3,30 0409 !
325 194 oly 1eli§ 3ok 04103
37% 196.5 16,58 5e 21 Oulidih
1L, 0% 198.5 18,67 R 0438
o 179.9 0 7,63 Oa 309
5 182.3 2.0 7.32 0., 289
2 10 185,0 le 57 A - 0.270
1h 1875 6.0 7.02 0276
175 188.9 794 6y 0,266
20 190.0 901 7.07 0,286 !
00k 19443 10410 7e43 0. 297
25 192.7 11.18 . Te22 0e208
2 W52‘HSW1%%5 655 _ @;&{f
32? 719644 1040 6o 77 0. 281,
B?g 193, 9 16450 6.95 Qe323
J+2"§ 20105 18.57 ?007 ] 00317 i
T 17044 0 153 0.558
5 172.3 2,13 15,17 04358
3 10 1705 1. B, 15.47 1 0.578
15 17€.7 7424 15.5) 0..00
175 177.9 5,38 45,08 0.336
20 178.9 ' 5,55 1Ba01 0ul21
205 180, 0 10.71 15, 21 0367
25 181.0 . 11.87 15.75 0.370
275 182.0 13,02 . 1.0 9.3%§
32% 1@5.1 15429 15.25 E'EZS |
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IBIE I contd.

Measurenents of Strengih and Size of Four Vortices

y - - - - PR . e e e na o —— - EEEE Y w . b e o

Axial Vortex Vortex ;

; Test Axial Veloeity Time Strength Size
; Number  Distance u t x 10° X D :
* (anches) (ft/sec) (seconds) (f1*/sec)  (inches) i
{“‘i’:" o IO I e, S LTINS LT UL &k N T T am TINIT I L T T e T ’:

0 283.1 0 2. €0 0,296  '¥¢
3 5 28645 146 2ol 0312 ¢+ 13
* 15 293.6 oo 3 26413 0,403 1
§ 17k 29542 5.0l 26,00 003 !
i 20 297.0 . 5475 2he 76 0,318 @
} [P F— e - - e - - e T e - ¥

22"2L 298-8 6.1}1}. ?l(..s 31 O' 382 ‘ Pk
j 25 300, 5 7o 1k 2oy 0.321 ! cu A
i 275 302.2 7.8% 67 Okt

32% 30546 9.20 23.86 0,351
X 37? 309.0 10,56 21.19 0.305

AFPPEND
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APPENDIX
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Turbulence Measurcments

The longitudinal component of turbulence, u', was measured
by vertical travers. across the vortex, for the following conditionsi-

I Vane angle : 4C°

axial dislance from bsginning of
cylindrical scetion of pipe @ 2 .

ixial velocaty U (ft/sec) | 77 @ 11n i 159 -
i 1
Corresponding time (scc) C0.0267 ' 0.0176 0,0120
II Vane angle : 10°

Axial veloeity : 87 ft/sce

Distance from beginning of ;
eylindrical scetion {(ft) : .

| 5 ]
10,0115 0.0230 '

Corr.sponding time (sec) L 0.C 0,02

The results are given in FMg. 9 in the form of 400 u'/U
plotted against distance from the axis of the tube. This shows (1) that
the twrbulence lovel in the vortex core iicreases with increase of speed
and (2) that the cffeet of distance downstresm on the turculence ilevel
is small at a spe.d of 87 ft/sec.

No definite conclusions can be drawn fron these resulbs. It
is possible, (1) *hat the vortex growth is little affected by turbulence
level, because of the stabilising influcnce of the swirl and/or (2) that
the turbulence level is affected by transilion position on the entry
fairing.

S5C



Key_ A Access holes for
traversing instruments
S. Wall static pressure tappings

J Joints

F Conical fairin
Note - Working section turned end forend

to traverse downstream flow

Anrgu\la}r' sheet 8%
a
metal faring nkake
i8owirl vanes
) sf\ Yon Wor‘kin secton Scale iz full size.. o
2/ la 35 All  dimensions in inches
\—.
— fan—"
- F
> 40
& —
ky ’ 3
27
®
Two layers
of ¥sinch & BKJPGZ‘E; box
honeycomb /Supports.\
1 Floor level 1
T T T T o s S S S T
Layout of vortex
decay apparatus




The smoke hag a&sumed d uniform ahmﬂdwhkm appeamnm which is
mmntamed along the length of the pipe. g -

;Flew" at dbout 185 featisecund méacﬁtmg turbulent tlow. The gmoke-
appedrs s A dufiusz claud s:%ugtzd at tﬁe edges of the core @f the

yoriex.

NOTE. In both phutugmpha the lower limit of the Eitummqtad pepz is
not the wail of the pipe but & screen used solely for photographic
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All readings made
25 inches downstream
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Total head (inches of alcohol below atmos. press)
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(r tan N Gnches)
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Radial distance (inches)

Uncorrected {" Test No |

) 0 Test No?2
cobservations s Test Nod

(Test 3 similar to test 4)

All readings made 25 inches
downstream of the first Lraverse.
The curves in this figure incorporate
corrections (1) &.(2) (see para.s page 5)

IS



strength "K" sq ft./sec.

Vortex

Fig 7
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Vortex size*p"ins.
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