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SUMMARY

Present-day calculation methods for turbulent boundary layers
and other thin shear layers are often inapplicable to the more
complex flows met with in engineering practice. Sometimes the thin-
shear-layer approximation itself (a purely mathematical approximation
having nothing to do with the physics of turbulence) is violaﬁed:
more frequent}y still, the turbulence structure ceases to obey the
empirical rules‘which describe its behaviour in simple flows.

To develop suitable calculation methods, more experimental
information about these complex flows ié required. This Thesis
presents the results of an experimental investigation of a highly
curved, two-dimensional mixing layer. The results are compared with
the more familiar plane self-preserving mixing layer and an attempt
is made to explain some of the interesting physical phenomena caused
by the distortion, with a view to assisting in the development of
suitable calculation procedures.

The curvature is of a stabilising nature, so that the turbulent
intensity is considerablﬁ reduced and on removal of the curvature this
intensity, instead of increasing monotonically to its original level,
overshoots and then reduces monotonically. It seems that the
turbulent diffusion is suppressed relatively more than the other
terms in the Reynolds transport.equations, resu%ting in a 'surfeit'

of energy production.
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1. INTRODUCTION

1.1 INTRODUCTORY REMARKS

In recent years, particularly éince the widespread introduction
of electronic measuring eduipment, there has been a considerable
improvement in the ﬁnderstanding of many fluid motion phenomena.
Perhaps the most notable examﬁle is the ‘advance in our knowledge of
the random, eddying motions of turbulent flow; but most workers would
agree ghat it remains '"the chief outstanding difficulty of our
subject" as Lamb(l) called it over fifty years ago. Not only is this
most complicated kind of fluid motion the most interesting to a
scientific research worker but it is also the most important to an
engineer because of the great variety ?f practical sitﬁations in
which turbulent phenomena are important and in which their effects
. must be quantitatively predicted. Much of the power required to
propel aircraft, ships, or high speed vehicles, or to pump fluid
through large pipes and channels, is expended in overcoming the
large frictional forces generated by’turbulence,,which are many
}times larger than they would be if steady, laminar flow could be
maintained. Turbulence is also the most important agent in mixing
two different fluids, from milk in a cup of tea to pollutants in the
atmosphere or ocean, /

Turbulent velocity fluctuations are at their most intense and
frictional for;gs and mixing rates at their largest in 'shear
layers', fairly thin sheets parallel to the fiéw direction across
which the speed of flow changes significan;ly:' the turbulence
maintains itself by extracting'énergy frdﬁ the ﬁean shear. The most
common examplé is the boundary layer next to a solid surface, in

which the speed of flow increases rapidly from zero at the surface



because of the extra interactions, accelerations or distortions —. __

' to a more nearly constant value in the external stream: most shear

layers far from a solid surface are descended from boundary layers
which have separated from the surface, either at a sharp edge or in
a region of rapidly decelerating flow.

A large amount of data has been accumulated relating to turbulent

' shear flows, especially boundary layers,and this has led to better

understanding of the physics and consequent significant improvements

in calculation methods. Of necessity most of the work, until very
recently, has concentrated on relatively simple turbulent shear flows,
usually those in which the 'thin-shear—layer approximation', originally

developed by Prandtl(z)

s can be applied. A thin layer is an obvious
starting point from the fluid mechanic point of view, but also the
immediate requirements of the engineer, in particular the aircraft

designer, have no doubt played their part. There are, however, many

practical flow situations even around an aircraft in which the above

approximation cannot be applied because the shear layers are not 'thin'
and slowly growing. This does not necessarily imply that such flows
are radically different from Prandtl's thin shear layers; simply that
involved present day calculation methods are usually inapplicable.
Because of the great lack of experimental data relating to such
cdmplex flows there are two outstanding reqﬁirements which need to be
met before it becomes feasible to comstruct useful calculation proced-
ures. Firstly and obviously, more data are needed and any experiment;
should be oriented towards particular physical phenomena. Secondly, it
is important to understand, in principle at least, the basic physical
processes occurring. It is dangerous (though possible) to relate cal-
culation methods to experimental data without such undérétanding. The

work described in this Thesis is an attempt to satisfy, in part, these



two requirements in the case of turbulent shear flows subject to large
curvature. Such flows are typical of a number of engineering situa-

tions, especially the flow around 'partly streamlined' bodies, whose

shapes are constrained by non-aerodynamic considerations. High speed

vehicles are the most prominent example of bodies whose air resistance
is important but which cannot .be as well streamlined as an aircraft.
In view of Donald Campbell's life-long association with high speed cars
and boats it was felt that this would be a suitable line of investiga-
tion during the author's tenure of the first Donald Caﬁpbell Fellowship.
Since the long-term aim is to assist in the evolution of calcula-
tion methods:which are able to cope with such complex flow situations,
an experiment on an idealised flow is clearly a more profitable
approach than, say, the ad hoc investigation of a Rarti;uigr' T me————
practical problem. The latter would perhaps be of more immediate use
but we aim to gain understanding of basic phenomena in order to provide
useful data for calculation methods. The former has certainly been
achieved and it is felt that progress has been made towards the

latter, although, particularly as some of the results were totally

"unexpected, our understanding is still far from complete.

The following sections of Chapter 1 briefly review the literature

and introduce the present experiment.

1.2 GENERAL EFFECTS OF FLOW CURVATURE

Rayleigh(B) was perhaps the first to consider the influence of
of
curvature on the stabilityxfluid flow. His analysis, which was

f(é), indicated that the motion

explained in some detail by Wattendor

of an ideal fluid with mean tangential velocity U at a distance R

from the centre of curvature of the streamline is stable if the

radial gradient of the angular momentum UR is positive and unstable



if it is negative. The truth of this general criterion in turbulent
flows has been amply demonstrated. Wattendorf and, more recently,
Eskinazi & Yeh(s) and co—workers have made measurements of the turbu-

lent flow in curved ducts. Eskinazi & Yeh found that the production

"of turbulence is larger near the outer concave wall and smaller near
‘the inner convex wall than the corresponding values in a straight

. channel, in agreement with Rayleigh's stability criterion.

(6) (7N (8)

Stratford, Jawor & Golesworthy' ’, Sawyer' ’, Guitton and ’

. others have shown that a wall jet on a convex surface grows more

"rapidly (and that on a concave surface less rapidly) than a jet on

a flat surface which, again, is to be expected from Rayleigh's
criterion. In the convex wall jet there is a large outer region
where the momentdm gradient is negative so that the turbulence is
amplified with a consequent increase in entrainment and jet spreading
rate. Conversely, measurements madg in boundary layers developing on

(10) and Schubauer &

a convex wall by Patel(g), Schmidbauer
Klebanoff(ll) suggest indirectly that in this case convex curvature

reduces the turbulence level. So & Mellor(lz), in addition to

 confirming these findings, measured the turbulent energy and shear

stress directly and found that, as expected, convex curvature tends
to reduce the production of turbulence. These authors also investiga-
ted the system of longitudinal vortices, similar to Taylor-Gortler
vortices, existing at the concave wall (unstable curvature effects)
whose existence had previously been recognised by a number of authors:

Patel(ls)

for example.

Because ,of the turbomachinery and geophysical applications
there is considerable interest in the effects of rotation on shear
flow turbulence. Rotating flows, particularly those rotating about an

axis perpendicular to the plane of mean shear, are directly analogous



to flows with longitudinal streamline curvature. (In fact most of the
basic differences result from the different co-ordinate systems usually

employed for the two cases). Johnston(14) (15)

and Halleen & Johnston
have studied the ;ffects of rotation on the boundary layers in turbo-
machines and on flow in a rectangular duct. They found that rotation
suppresses turbulence production in regions where simple stability
analysis (similar to Rayleigh's analysis for curved flows) indicates
that it should. Indeed, at sufficiently high rotation, complete
relaminarisation of the trailing (stable) side wall layers was

(16)

observed. Hughes has made measurements in the boundary layers on

the centre body (stationary and rotating) of an annular diffuser and
)

found similar general effects. Although Schmidbauer's 1936 experiment

- clearly indicated the importance of curvature effects in boundary

layers, Thompson(17)

was perhaps the first author to indicate the
necessity of incorporating a curvature parameter in calculation
methods. He found that for small flow curvature, as was present in
the aerofoil experiments of Schubauer & Klebanoff for example, the
effect of the streamline curvature on the turbulent motions and the
entrainment of free stream fluid was much more important than the__
extra terms in the mean motion equation. Such effects can be
appreciable even for quite small mean flow curvature. In fact, as
Bradshaw(ls) has pointed out, the fractionai(change in apparent mixing
length is typically of the order of ten times the ratio of the extraa
rate of strain caused by curvature (%) to the usual strain rate, %g
say. For small curvature Bradshaw was able to modify the calculation
method of Bradshaw, Ferriss & Atwe11(19> by considering the
meteorological analogue (buoyancy) of streamline curvature. If the

transport terms are negligible he deduced a 'Richardson' number for

curved . flow




Ri = %I_J_/gﬁ';/p)i

L

where L 1is the dissipation length parameter used in Bradshaw et al.

By replacing L by
: 3
2U T
LI+ TG L))

he obtained a significant improvement in the agreement between calcula-
" tion and the data of Schubauer & Klebanoff and Schmidbauer.

Simple linear corrections such as this will obviously fail in
| (18)

(5

cases where streamline curvature is large. Indeed, as Bradshaw

pointed out, the curvature in the experiments of Eskinazi & Yeh

I 5

was so large.that the curved-flow analogue of free convection
appeared (UR ~ constant). In these cases the flow was grossly )
altered and clearly any calculation method may well need to take into
account the extra Reynolds stress gradients in the equations of |
mean motion as well as the dynamic effects on eddy structure. A first
requirement therefore, aé indicated in Section 1.1, is information

on how the turbulence in general anditﬁe Reynolds stresses in

particular react to the disturbing effect of large extra rates of

strain caused by flow curvature.

1.3 THE PRESENT EXPERIMENT

The bagis of the present work is, as tﬁe title suggests, an
experimental investigation of a highly curved mixing layer. It was
decided that a fairly simple distortion of one of the well-documented
plane shear flows would provide more useful information than an
investigation into a more complex flow situation. One of the latter °
that was considered was the flow down a backwardvfacing step but this
is a considerably more complicated flow. Because of the separation

there is a basic change of 'species' of thin shear layer, from °



.M

- boundary 1a§er to free mixing layer and back to boundary layer, so

that effects other than those caused by curvature or pressure gradients

: wili be apparent.

It is fairly simple to produce a plane self-preserving mixing
layer and this flow has the advantage of a,relatively'large scale
(compared with the usual labo;atory boundary layer, for example): it
is generally easier to make measurements in a large scale flow.
Accordingly it was decided to generate a plane mixing layer and then
apply a large distortion by deflecting it through 90° (Figure 5.1 and
Plate 3). :This is half an impinging jet. - a flow of practical interest.
The latter will presumably eventually recover to its usual self-
preserving state and particular interest is focused on the region of
distortion itself and the recovery region that follows it. |

A disadvantage of the free shear layer is the presence of high

percentage turbulent intensities at the low velocity edge; instrument

”~

raccuracy is usually less in such regions. This no doubt is partly

responsible for the scatter in the published measurements of self-

preserving shear layers. It was therefore decided to perform a

“baseline experiment by measuring all the relevant quantities in the

self-preserving layer, so that useful Eomparisons between these and
the results in the distorted layer were possible.

Chapter 2 describes the basic experimeﬁtal arrangements~and.the
instrumentation, whilst Chapter 3 introduces the various axis systems
used and sets out the Reynolds-stress transport equations in these
various co-ordinates. Chapter 4 presents the self-preserving layer
results and Chapter 5, which contains the bulk of7the work, describes’
the results of measurements in the curved mixing‘layér. The main
results are discussed and some subsidiary measurements presented in

2

Chapter 6.
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2. THE EXPERIMENTAL ARRANGEMENTS AND INSTRUMENTATION

2.1 THE WIND TUNNEL

The experimental programme was carried out in the 30" x 5" No. 1
open circuit boundary layef tunnel of the Department of Aeronautics
(fully described in IC Aero ﬁ;port 72-10) . ’This tunnel is Priven by a
12} kW centrifugal blower, has.a contraction ratio of 9 and a maximum
speed of about 45 m/s. The working section which is used for boundary
layer work is in two separate lengths of 1.45 m and has an adjustable
roof. In the present investigation, however,this working section was
used only for measurements in the plane self-preserving mixing layer,
when the roof was removed and the side wall; extended. A special rig
for reproducing a mixing layer which is turned through 90° was designed\
and built in the departmental workshop. Plates 1 and 2’;how the rig
in position at the exit of the contractionm. \The position of the
backplate could be adjusted longitﬁdinally to select the width of the
shear layer in the region of deflection and also vertically in order

to vary the qﬁantity of air bled from the base for boundary layer

control. Once a suitable and stable flow had been obtained_(gs

detailed in Section 5.1.1) the backplate was kept in the same position
throughout the complete experimental programme.
The dynamic pressure in the contraction exit was found by

(20)

Wong to be uniform to within 0.2% of ipU2 at about 30 m/s and the

turbulent intensity iL-(with the backplate in position) measured with
an unlinearised hot wgre and corrected for electronic noise was about
0.087% at 15 m/s rising to about 0.12%.at 30 m/s. This was somewhat
higher than the values obtained with the normal working sectiom in

. . ) .
position but was still two to three orders of magnitude below typical

turbulence levels in the shear flow under investigation. From rough




- u? sPectr; measured in the exit there appeared to be no dominant
frequency.

The contraction exit velocity was monitored by'a Betz manometer,
measuring the difference between the settling chamber total pressure
and the exit static pressure. For practically éll the experiments
described in Chapters 4 and 5 the . exit . velocity was kept at about

30.3 m/s.

2.2 TRAVERSE GEAR

A number of the wind tunnel working sections in the Aeronautics
Department are fitted with 3}" brass discs which plug into brass
rings inserted into the tunnel floor. These discs can be fitted with
various types of traverse gear and for convenience similar ‘arrangements
were made for the present work. The curved layer rig was fitted with
mounting rings spaced at intervals along the.éentre line of the floor
and the backplate. Exclusive use was made of a Disa traverse gear
type 55HO1 which was adapted to enable it to be attache&“to one of the
brass discs (Plate .2 shows the compléte assembly mounted on the back-
plate). The traverse gear could be fitted with pitot tubes, hot wires
" or thermocouples as required.
For makihg measurements in the curved part of the distorted shear

layer a somewhat different arrangement was required as it was necessary

to align the probes along or close to the local mean streamline and to

traverse normal to it. Chapter 5 describes bow the actual position
of the curved flow was first determined and once this had been done a
rotating traverse mecﬁanism was designed and built. This consisted
basically of a rectangular section bar spanning the gap between the
two side walls at a position corresponding to the approximate centre

of curvature of the curved layer (Plate 3). The bar, which could be
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rotated about its own axis in steps of 2%% carried the Disa traverse
gear which was usually mounted at the centre but could be moved later-
ally along the bar to enable checks of spanwise consistency to be made.
A further mechanism was constructed which enabled the hot wire probes
to be rotated in pitch to an accuracy of ko. Movements of this pitch
mechanism altered the spatial position of the probe so that careful
calibration was necessary to determine the Disa traverse rod movement
necessary to compensate for this. The traverse gear had a ten-turn
potentiometer attached so that probe position could be measured simply
by the potentiometer output voltage. The complete arrangement of rota—
ting traverse, Disé traverse gear and pitch mechanism is shown in Plate
2 and the sketch in Figure 5.1 shows the various movements possible.
The Disa traverse gear was calibrated (using slip gauges) to give
10.00 volts for 10.00 cms of movement with an accuracy of 0.1% of full
scale. Actual spatial position of the probe was of course only known | §
to the accuracy of measurement of the initial zero position which was
about * } mm. Traverses which involved movement of all three mech-
anisms (pitch, rotation and radial movements of the traverse arm in
the pitch plane) were a little less accurate; careful checks showed
that once the probe had been set in an initial zero position it could

be moved to any desired position in the flow (subject to the limits

of the system) to an accuracy of * } mm. Most traverses in fact ?
only required movement of one or two of the mechanisms and since the

shear layer width was, at the very least, 50 mm over the range of

interest the positional accuracy was considered satisfactory.

2.3 PITOT TUBES AND MANOMETERS

Total-pressure measurements were made using three pitot tubes

(Plate 4) manufactured in the Departmental workshop. Because of the

10




initial uncertainty of the mean flow direction in the curved mixing
layer it was important to have as good a pitch (or yaw) response as
'possible. The probes were calibrated for yaw in the small 20" octa-

gonal closed circuit wind tunnel in the Aeronautics Department and

found to have a flat response to within 0.1% of over % 12}o and

U
max

to within 17 over x 20° (Figure 2.1).

For most of the pressure measurements an Airflow Developments Mk. 5
anr | manometer was used. This instrument has a single inclined tube which
--—._v~ could be rotated in a vertical plane so that the full scale reading

corresponded to 3", 1", 2" or 10" of water. The four scales gave
internally consistent readings over most of the overlap regions to
. within 1% on pressure (4% of velocity): they were calibrated against

the Betz manometer used for monitoring tunnel speed and found to

differ by less than 1% on total pressure over the whéle range.

P

2.4 HOT WIRE TECHNIQUES

2.4.1 Hot Wires and Calibration Procedures

Disa singlé and crossed hot wireé, éypés.SSFOl and 55A38 res-
pectively, with type 55D01 constané temperature anemometers and assoc-~
’/iated equipment including a type 55D30 r.m.s. meter, were used for all
the turbulence measurements and for mean flow profiles in regions where
the static pressure varied rapidiy (i.es thg/'corner' region of the
curved mixing layer). In an investigation of heat transfer laws for
‘Long, fine wirés;Bradbury & Castro(21) (Appendix I) found that the

felétionship suggested by Collis & Williams(zz) for the wire Reynolds

" number range:o.oz < R < 44, given by.

©_-0.17
N D = 0.24 + 0.56 R 0%
m 0 m
4 a )
was accurate to within about 10% for 2 < 6ﬂ < 30, where 0, refers to the
a

wire temperature. N, ©, R are the Nusselt  number, temperature and

11



Reynolds number réspectively and the subscripts, m and a, refer to

wire properties evaluated at the mean temperature (6%9 and the ambient

temperature (Oa) respectively. The wire aspect ratios for which a cor-

rection was applied varied between about 1000 and 2000, but some tests

were made on shorter wires to ensure that there were no large

aspect-ratio effects.

In common with many other workers, therefore, the relation

g2 = Eoz + B0 W 2.1

was used for all hot wire calibrations and this‘was found to give a
good fit to the data in the speed range 3 < U < 30 m/s (even though the
aspect ratio of a typical Disa hot wire is about 200) provided that the
wire was not very old or dirty; E02 was found by plo;ting E2 against
UO’L"5 and extrapolating back to.zero velocity = it is therefore not the
value of E2 actually measured in still air. Each wire was calibrated
immediateiy before and after every'traverse to ensure that drift was

negligible and if variations of more, than 2% on‘E2 at a given velocity

occurred the traverse was rejected. Figure 2.2 shows a typical

- crogsed-wire probe calibration.

2.4.2 Yaw Response Calibrations

Consider a wire at an angle (90 - w)o to the x—axis (see sketch
below). The simplest assumption for the yaﬁ response is that the wire
responds only to the component of velocity normal to its axis, so if
V = 0 the effective velocity is Ucosy. However the 'effective' (or
apparent) angle ¢e may not be exactly equal to the geometrical angle
¥, which is anyway difficult to measure accurately, and it is therefore
better to calibrate the wire for yaw., This was perférmed by mounting
the crossed-wire probe in a free stream of constant velocity and

measuring the anemometer output voltages for various yaw angles.

12



+ For a yaw anglé of © (see sketch) and assuming an

effective cosine law (2.1) becomes

2 _ .2 e 0, 45
EO ‘ Eo + B(Ucoswe + 0) .

Using the correéponding equation for © = Q it

follows that

E 2 _ E 2 1/0.45
2] [} }
E 2 _ E 2

Cyf*e» ' =0 o

The right-hand side is plotted against sinf and a

sin@tanwe = cosd - {

- straight line drawn through the points; its slope is
therefore taﬁwe. This procedure amounts to a curve fit, the cosine curve
being chosen to touch the real calibration when the flow is along the
probe axis. Any-deviation-of the points from a straight ilné\ié”Tafter-WM-~\A
allowing for any experimental errors) a measﬁre of the error caused by
assuming an 'effective' cosine law response. Figure 2.3 shows a |
typical yaw calibration from which it can be seen thaﬁ the effective
cosine law was quite adequate up to at least = 15° to the 0 = 0° line,
or in other words down to at least 30° to the wire axis. The work
~described in Appendix V (mentioned below) suggests that the effectivel
cosine law is adequate for even larger angles. The effective angle.

Vo drifted very little with time and often d}d not change significantly
over a period of one to two weeks of contin&ous running.

It is possible to adopt more complicated formulae for the yaw
response, most of which involve the velocity component tangential to
the wire. Some authors (Rodi(23) for example) go as far as calibrating
the wire in pitch and yaw right up to angles almost coincident with the
wire-axis and then claim greater accuracy at high'tufﬁulence leﬁels.
But at high turbulence levels the instantaneous velocity vector will

often be approaching the wire from behind (particularly a wire inclined

13



at 45°°'to the x-axis) and vhatever one does it is impossible to
correct for the consequent 'rectifying' effect of the wire. In
Appendix V this problem is investigated more closely: the conclusion
is that any increase in accuracy attainable by using complicated yaw-
response calibration procedures‘does not warrant the extra effort and
time required. It seems that there are sovmany‘other uncertainties
in hot-wire operation that such increasé in accuracy is lost in the
: 'background scatter' observable in the géﬁefai rﬁn of published hot-
--r. %y Wire measurements, parficularly in such high-intensity flows as the
one under investigation here. However, in many-cases it is possibly
worth using the relatively simple. Champagne et a1.(24)
tangential cooling method, but sihée only comparative results were
sought, even this was not conéidered worthwhile in the pfesent

experiments., N

2.5 ANALOGUE AND DIGITAL RECORDING

Apart'ffom mean flow measurements, a few exploratory intensity

' méasurements and U-component spectra; all the turbulence data were
' obt;ined by recording the hot-wire signals on analogue magnetic tape
wand subsequently digitising and recording on digital magnetic tape

for reduction on the CDC 6400 computer at Imperial College. If only

mean squares and Fross-products (i.e. ;EL ;2; ;5 and uv) had been
required this would have been a somewhat expensive, though probably
more accurate, method compared with using analogue equipment, but
since triple—products were required and the necessary recordiﬁg- and
digitising equipment was readily available it was felt to be well
worthwhile. Storing the data on magnetic tape also provided the
opportunity for further information, such as the intermittency, to be

-
found at a later date if ;equired.

14



As little electronic equipment as possible was used between

the anemometers and the tape recorder so as to reduce electronic

noise, drift of zero levels and the like. Each anemometer output
signal was passed through a high-pass filter to remove the d.c. and
then through one of the modular operational amplifiers ("PHI system')
developed in the Department by Mr. B.J. Belcher and manufactured by
Servicon Dynamics Ltd. These were arranged to have a variable gain
to bring the signal to a suitable level for recording on an Ampex
FR1300 analogue tape recorder. The gain was measured using a cali-
brated signal from a sine-wave generator. All fecordings were made
at a tape speed of 60 ins/s and at this speed the tape recorder had
a frequency response of 20 kHz. |

Digital recording was performed using a small PDP-8/L computer
controlling an ADOéB analogue to digital converter and an Ampex TM16

digital tape transport. The input requirements of the AD converter

were not compatible with the analogue recorder output voltagéiIévels, —_—

so the signals were passed through a further series of modular,

operational amplifiers with fixed gains and summing d.c. voltage

.lines. The system had a total digital sampling rate of 20,000 per

second (although the analogue tape speed could be varied if required
to alter the effective digitising rate) on 1l to4 input channels
(5,000 samples per second per channel for 4/§hanne1 recording) and a
quantisation level corresponding to 10°binary bits or 1 part in
1024. For crossed-wire work only two channels were required so the

effective sampling rate was 10,000 per second.

The operation of the complete system is described fully by

Bradshaw(zs). e
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2.6 ANALYSIS OF DIGITAL DATA'

During theicourse of the pfesent;investigation there were a
number of workers in the'Departmen£ using the analogue-to—digital
(AD) conversion system de$¢ribed briefly in Section 2.5, so that much
of the necessary computer programming had been done. In particular,
Dr. A. Brandt had written the‘sﬁbroutines required to read in and

de-multiplex the 12-bit (PDP) .words from the digital tape and store

‘them in the CDC 6400. This involved putting them in 60-bit (CDC)

words and then sorting them into arrays, for each of the original

.. channels (two in this case). These routines are described in detail

in Brandt & Bradshaw(26). It was left to the individual user to

. deal with the resulting data as desired.

In this case two programs were used. Each included a routine
to convert the data into suitable physical form (u— and v—-component
signals) by linearising and combining the two original signals. The
equations used far this, derived from the hot-wire response equations,
are laid out in Appendix III. Prog?am DIGAN thén computed all the
powers and cross—products required.
It was not necessary tg analyse every single datum point as the

sampling rate was effectively 10 kHz (having been chosen with the

requirements of conditional sampling in mind) so that adjacent samples

i
/

were highly correlated. Checks showed that the resulting time lag
between points on different channels was small enough for the errors
caused by assuming the points to be sampled instantaneously to be
insignificant, but sequential sampling didAprevent the possibility of
large reductions in the analogue tape speed to lower the effective
sampling rate and computer central processor (CP)-éime required.

Instead only every 40th pair of datum points were linearised and

used for the.running averages. For a typical sample of 20 seconds

16
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(real time) duration this amounted to using 5000 almost random
datum points, which was quite adequate (see for example.Mande1<48)) and
reduced the CP time by at least a factor of 2.
About 12 20 second samples could be recorded on‘a singleldigital
tape, so the usual procedure'was to record'a complete traverse
(8 - 12 stations) on one digital magtape. Prgg;amrDIGAN included a
subroutine (FIND)'which cquld‘search fét any pgrticular recording but
the usual scheme was for DIGAN.to operaﬁé‘oﬁ gach recording
sequentially and hence output the:fesults‘for a complete traverse.
Development of DIGAN inclgded checking on the sample length
required to obtain steady ("converged") averages of the various
turbulence quantities. Tests forvconvgfgence were made using two
typical signals, one recordedvin\the centre of the mixing layer whege
4theu.turbu‘lent intensity was high and the intermittency low and the
other in é region of low intensity and high intermittency. It was
© expected ;hét a longer sémple would be required to get good, steady

values in the intermittent region. Figure 2.4 is a plot of the
oz evers

2
‘ [ Ur' *

,'real time since for this test every datum point was used) up to

running average of computed after every 5000 points (} second
200,000 (20 seconds real time) for these two siénals. Figure 2.5 is
a similar plot for one of the triple produc;g 6%2%9. It is clear that
convergence takes longer for .the highly intérmiégent signal. However,
the actual, absolute value of the turbulence parameter is usually
considerably less in the highly intermittent region of the flow
(except for quantities like u") so that the accuracy of the resﬁlt
expressed as a percentage of its final value need not be so high.
For example, the 'waviness' of the %E; signal in“théwﬁigh intensity

r

region between 10 and 20 seconds is no more than about 17 of its

final value whereas for the intermittent signal it is more than 2%,

”
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Ve,

but the actual value of %’é for the latter signal is an order of

r
magnitude less than the high intemsity value. 20 seconds was
chosen as the length of sample used for. all the turbulence computa-

tions. This would perhaps be a little excessive if only second order

‘products were required, but as higher order quantities were needed

and since one would usually use integrating times of at least 20

. seconds if analogue instruments were used, this was felt to be a

Y.

suitable compromise.

In contrast to the conditional sampling programs the
de-multiplexing subroutines were responsible fof most of the CP time.
For the 20 second sample, the total CP time was about 60 seconds of
CDC 6400 time, of which only about 10% was attributable to the
linearisation and calculation of the turbulence quantities.,

For the intermittency measurements program CS4A (described in
reference 26) was modified. Setting up the intermittency criteria

is described in Section 4.6 and since no conditional averages were

required most of the running average routines  were removed to save

CP time., The resulting program (CS4C) had a run—time of about 600

-seconds of CDC 6400 time/20 seconds of real time data, which was about

half the time required for. the full CS4A program (reference 26).

2.7 OTHER INSTRUMENTATION

Initial work to set up the best position of the baékplate in
the curved layer rig involved flow visualisation. The standard
oil-flow technique, using a mixture of kerosene and "Dayglo"
fluorescent powder was used to investigate the genmeral flow pattern
on the floor,%nd the backpiate and a paraffin smoke generator was

used to investigate the general behaviour and position of the curved

—

mixing layer.
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To check for possible three~dimensionality (lateral conver-
génce or divergence) of the flow and for the measurement of a mean

flow streamline in the potential flow region at the high-velocity

'édge of the mixing layer, the heated-wake technique was used, A

Nichrome wire stretched between the side walls was heated to almost
red heat using a 2 kW Variac and temperature profiles in the wake were
measured with a éomark thermocouple system and digital voltmeter.
Some zero drift problems were encountered but by using a second
thermocouple as a reference in the Comark differential thermocouple
system it was possible to detect temperatuxe differences as low as
0.1°C, which was quite adequate for the purposes mentioned above.
At the beginning of the investigation, while the wind tunnel was
being built and while awaiting the d.c. motor and thyristor drive,
some time was spent in developing the pulsed hot wire anemometer
(Appendix II)., It was felt that this instrument might well be
used at a later stage for measurements in regions of the flow where

hot-wires would be too inaccurate. In the event time did not permit

this work but the apparatus is now being used for deflected jet

/ studies by'another worker in the Department..

e
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PLATE 1. Rig for the curved mixing

layer experiment.




PLATE 2. Rotating traverse

arrangements.

(See also fig. 5.1)




PLATE 3. Flow visualisation showing
approximate position of curved

mixing layer.
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FIG. 2.3 Typical crossed hot wire
- yaw response. _
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3. TRANSPORT EQUATIONS AND NOTATION

-'3,1 THE TRANSPORT EQUATIONS IN CARTESIAN AXES

The exact transport equation for the Reynolds stresses uiuj is

(27,

_, (see for example Hanjalic & Launder

“j“k'é'x'k'*“i“/kaxk 'ZVW 3%,

D
Dt (“i“j)

.E.’ Bui 3uj ' 3uiu.
(8 + axk u u. uk -V S §

+
»p : xj_ 3xk 3xk
9 —— 3 e .
- -5;: PY; + 3"5 (pui) ] (3.1)

with the usual suffix notation. The equation for the turbulent energy

transport can be obtained by equating i and j and summing, writing qZ

for u.z. Neglecting the viscous diffusion term (v —-2- (u u )) and

%y

noting that the first pressure term dlsappears for 1 = j we obtaln,

in x~y-z axes

9x ax 9x "a_y
L G By L L
x(%qu-*p) 5y (%qV.+p) € (3.2)

!

for a steady, two-dimensional flow and assuming isotropy of the dissipa-
ting eddies so that the dissipation rate is given by

su., 2
e=v(—l' .
X,

Similarly the shear stress transport equation follows direc'tly from
equation 3.1 for i # j. Making the same assumptionéw,wt;his can be -

written
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D_ 9 9 ZSU T2 v
k-] ___ — = - — -
o (uv) B U (uv) +V 5 (av) AR
pdu  dvy _ 3 .2 PV, _ B .2 _ Ppu .
+ ( .ax X (uV‘i";L) -é—s-r-(vu+%—) 3.3

(The viscous term disappears.completely if the small eddies are
isotropic).
In the plane mixing layer it is usual to employ the dimensionless

self-preserving forms of equations 3.2 and 3.3:

Ur Ur dn U 2 U 2 U 2 dn Ur
S r T :
2 2
d d
-G G5 e i - 3.4
U U U
r T r
and
— Z 2]
v U d ,uv v u d U
T | T ED = - [ et | &
[Ur Ur} dn Ur2 [Ur Ur ] dn ‘U
: 3.5
inloaly Loty o Tawy s <">]
dn I;S dn U3 oU 2 | 3y Ur 9% Ur ‘
T r
where the pressure transport terms (and the term‘ﬁ_ ( ) in the

2"dn

energy equation) have been omitted. U_. is any convenlent reference

r

/’

velocity and n = %.

3.2 THE TRANSPORT EQUATIONS IN CURVILINEAR CO-ORDINATES

Since the turbulent energy equation (3.2) expresses the rate of
change of a scalar quantity the various terms will be unaffecte& by
the particular choice of co-ordinate system. For example, the total
production term which in cartesian axes is given by
(v —%iz +V —iézﬁ will not change in magnitude if it were derived in,

ay
say, polar co~ordinates, although the individual contributions to the
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total production will differ. However, the turbulent shear stress

is a vector quantity and therefore the various terms in its transport
equation will in general depend on the particular axis system used.
So to present shear stress balances whose individual terms have the
éame physical significance as those in the usual equation for plane

flows (equation 3.3) requires particular care in the case of a flow

—
. e

: T ——
with large curvature effects. T—

The instantaneous equations of motion including all the longitu-

(28),

dinal curvature terms can be writ#en (e.g. Van Dyke’

-

Ju ov
a—s--l-hE-'PVK o,

£+vuaz+hvﬂ+-uw<=-la2+uh2-'{l -§£~u¢<——a—‘-’—} .
n 0 san h sl

B A I T M. '{vl[h U | e - 2y

ot s on o on 28 ‘h|" %n 38
 and

ow ow ow _ S W) ) 2

at *u 38 *+ hv on : W~ p 9z *Ww

where h = 1 + nk(s).

4 u, v and w are here defined as-the total velocities, s is any
surface of curvature\k(s) and n is;a line normal to it. k is positive
if n increases away from thetcentre of curvaﬁure. Using these equations,
the turbulent energy and shear stress traps%ort_equations can be

derived in the usual way.
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The energy equation is

. 2 2 - —
oM e B - 2 @y -
98 on 98 an

o ow= oV . 03U _ _ 9 2 u
=W (g thogs - Uk) - == (g7u + g—)
- 9 2 PVy . 2 PVy _ B ’
h = (q°v + . ) =k (3q°v + . ) - € 3.6

and the shear stress equation is
"N ‘ '

duv duv _'_ 2 AV _ _ 2. 3Uu "2 _ 2
U 7 * Vh o0 u (as' UK)» v h 3; + U¢ (u v©)

S (Pv B o n o + BY) - (avZu - o
™ (u'v + 5 ) - h ™ (uv” + 5 ) - Kk (2? u-= u)

T

P @Y, p 2u
* 0 (Bs *h Bn) 3.7

with the standard notation. In common with Section 3.1 the viscous
- diffusion terms are omitted.
It is.particularly convenient hére to choose the surface, s, to
 $e a streamline and to define the origin of co-ordinates to be at the
particular position of interest, with n decreasing away from the centre
of curvature so that at n'= 0, h =1, V = 0 and k is negative. We now
define rectilinear Cartesian axes x”, y~ which coincide at their origin
with the s,n axes at a given point s = s,, n =vn0. The transport
equations invthe two systems arevcémpared in Table 1.
The equations emphasise thé stabili§ing cﬁé?acter of the curvature.
Both k and %% are negative so)that tyg'éusatufe'pgrﬁgvpf the energy and
shear streséfproducfion‘germs reduce the magnitude of the total produc~

tion. Note that it is only because we have chosen the Cartesian axes
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TABLE 1
The Energy Equation
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to coincide with the local streamline direction that the individual

terms in each set in the energy equation are identical: for example,

. not only is the total production the same in both cases (of necessity)

but the contribution made by the shear stress production is also

identical:
- ,0U - = 40U Vv
ov ﬁﬁ; Uk) = OV (ay, + Bx’)J .

As it happens this is also true for the production term in the shear

0, although there is an additional term,

stress equation because %%
Uk (;E - ;2), which might be thought of as a ' curvature production'’
term. However the shear stress advection is c}early different in the
two axis systems. uv, unlike ;z’ is affected by rotation of the axes.
and therefore U %%2 is different from U‘%gz because the s axis hasv
rotated through an angle ds/R in the distance ds. Now we shall see
that if s,n coordinates are used, with a suitable choice for the

s axis, even this sharply-curved shear layer behaves approximately .

like a plane shear layer in the sense that the largest Reynolds-

stress gradient is %%1 , normal-stress gradients being much smaller.

In analysing the experimental results we therefore use the (s,n)

system described in the next section, with the s—axis aligned with
the 'effective direction' of the shear layer. The transport equations
in (s,n) coordinates contain extra 'curvature' terms which are small

1

compared with the other terms, as will be seen in Chapter 5.

3.3 NOTATION

| Because of the geometrical complexity of the curved mixing
layer, various co-ordinate systems are used and to avoid later confu-
sion these are now defined. Figure 5.2 anticipates later results but

conveniently defines most of the co-ordinates used. -
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The origin. of the usual linear Cartesian co-ordinates, x, y is

~taken as the shear layer separation point (the upper lip of the con~

traction exit) for both the plane and the curved mixing layers. The

. z~wise linéfﬁefinéd by x.=;12.6, y = 25.1 (distances are in cms

unless otherwise stated) is the axis of the rotating traverse

) deshribed in Section 2.2 and radisl lines inclined at €° to the .

- ’\'f)-

”x—éxis are defined as 'j-lines'. j (or J) = 1 corresponds to
0= 900,.j = 2 to © = 85° and so .on.in steps of 5° to j = 19 at
o = 0% |

Section 5.1 describes the measurement of what is termed 'the
bounding streamline'; rather than to use true polar co—ordinates
(r, ) it was convenient in the experimental work to define subsi-
diary rectangular Cartesian co—ordipatgs xs‘, yj‘ for‘each j—=line
(Figure 5.2a). yj‘ is measured along a j-line from its intersection
with the boundiﬁg streamline and is taken positive towards the centre
of curvature (the low velocity side of the layer); xj’ is measured
from the same point, positive downstream. R.j is the distance from

the rotation axis to the bounding streamline, so that yj' = Rj - rj

(Figure 5.2a). All dashed quantities, U”, V* or u”v” for example

are measured with respect to the local xﬁ‘, yj' co~ordinates: note
Zeasurec P .

that these co~ordinates are not necessarily aligned with the mean

/ . :
/

flow direction., ‘ /

For the pain part of the data analysi; rectangular, Cartesian
co-ordinatesi¥‘, y“, and curvilinear co-ordinates s“, n” are used.
It is shown in Section 5.2.3 that the local direction of the-curved

T e—

mixing layer can bg identified and 8” is measured from the separation-
point along the line of maximum turbulent energwaéioéeﬁto n =20 in
the plane layer and also close to the 'effective' n = 0 in the curved
layer =~ Section 5.2.35: n* is measured along straight lines normal-

~ ’ ' o . N
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to this line, S is used (instead éf s’)rté denote downstream
traverse‘locations. It should'be notedﬂthat in general s” is not

a streamline, although it is closé to being one. The curved mixing
layer centre line is defined throughout this Thesis, unless stated
othe£wise; as the line of maximl.unuc;-2 (n” = 0) in the curved portion

of the flow (y <.25) and the 1iﬁé d = L0 in the vertical portion. This
latter line is close to the line of maximum EE (in fact it lies between

—

q?2 ' and AL 0.67 - see Figure 5.2a) and was chosen simply for
max U,

convenience. The co-ordinates x”, y~ locally have the same
orientation as s”, n” but since they are rectangular Cartesians the
tranposrt equations in x”, y” contain no curvature terms, whereas

those using s”, n” do.
~J

Undashed -quantities (U, V or av for example) relate to both

x“, y7 and s; n” co-ordinates remembering that, for example,

%gi # %52 since for measurement of the latter UV must be rotated.
As no velocities are associated with the reference axis system x, y
in the curved layer case, this‘should involve no confusion.,

All mean and turbulent quantities throughout the‘rest of the
text are, if éot actuaily written as such, understood to be non-

dimensionalised by the tunnel reference velocity, Uy. Other symbols

and notation are listed in the appropriate section.

’
v
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_ 4. THE PLANE MIXING LAYER

4.1 THE SCOPE OF THE TESTS

There has been a number of apparently careful investigations of
'the plane self-preserving mixing layer. For'exa@ple Liepmann &
Laufef (see Townsend(zg)) méde detailed measurements of the turbulent
intensities, scales and dissiﬁation. More recen£ly Wygnanski &
Fiedler(éo) undgrtook'a comp?ehgnsive rapéélofimeasuremeqts including

conditionally-averaged quantities and Bradshaw & Ferriss(31) and

Bradshaw, Ferriss & Johnston(32)

investigated an axi-symmetric mixing
layer. Rdﬁi & Spalding(33) have also measured some of the more basic
turbulence quantities. There are a number of differences in the
results, some of which are undéubtedly'due to differing measurement
techniques and qthers may be caused byvdifferent ‘initial conditions
viﬁpséreémlof-Sep;fationl Bradshawcsa) has shgﬁn how ﬁarious upstream

boundary layers affect thé development of the mixing layer. It
 ftherefore;s;emed worthwhile to make a further fairly careful study
'6f this basic flow if omly to se;ve'és a baseline for comparison
"‘with the distorted mixing layer. Measured differences between these
’ two flows could then bé attributed to fluid-mechanic phenomena
irrespective of uncertainties about previous workers' results since
the general measurement techniques would bg/identical.

The usual mean flow and turbulent quantities were measured,
including all the triple product terms (with the exception of the
pressure transport and the pressure-strain term) océurring in the
energy and shear stress transport equations (Chapter 3). Some
spectra of the longitudinal component of the turbulent fluctuations

A%

_were also measured, enabling the dissipation to be estimated by a

-§. law fit,and the intermittency was measured using the digital programs
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mentioned in Section 2,6; see Section 4.6 for details of the criteria.

4,2 THE MEAN FLOW

4.2,1 Mean Velocity Measurements

Initial pitot.tube traverses across the shear layer were made
at a number of stations downstream from the contraction exit to
determine the approximate dist;nce required for the flow)to achieve
self-preservation and to find the virtual origin of the flow.
Figure 4.1 defines the axis system (see also Section 3.3).

As indicated by Bradshaw(3a)

the only affect of Reynolds number
(if it is high enough) on a free turbulent flow will be on the initial

conditions, so that for a mixing layer the velocity profiles in the

self-preserving region will take the form ‘ fvsx“\\\\\%_*‘gt%~
u -
Ur = f(x - xo)

where X, is the virtual origin of the flow and may vary with Reynolds
number. Exploratory traverses at various free-stream speeds (Ur)
showed that this was indeed the casefand,‘as was stated in Section

2.1, all the main work was done at a free stream speed of about

" 30.30 m/s, which ensured reasonable instrument accuracy over most of

J

the flow. To find the virtual origin, the points at which the mean
velocity was 0.90 and 0.25 of the free stream value (U,) were plotted
against x (Figure 4.,2). The spreading rate; defined rather

arbitrarily as'?—-érsrja where § is the distance between the two
o

X
5

lines of constant %— defined above, was 0.112 and was constant
, r A

after about 15 cms downstream. This is very close to the value
found by Liepmann & Laufér (0.11) and by Bradshaw.& Ferriss (0.116)
but is substantially less than the 0.154 measured by Wygnanski &

Fiedler.
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From mean flow profiles of the laminar boundary 1ayer‘just
upstream of separation from a rearward facing step on the lower sur-

face of the tunnel exit, Wong(zo) found that the momentum thickness,
U 6,

&2, was agbout 0.3 mm ( : 2z 600). The boundary layer on the upper

surface (without the step) is unlikely to be very different from

this. Bradshaw found that the distance to self-preservation after
5

Jx 10% for laminar upstream boundary layers

Ur U 62
with a Reynolds number of 500 < 5

separation was about

< 1000. This implies that in

this particular flow self-preservation may not be complete until

about 35 cms downstream of separation. In fact’checks showed-Eﬁéff*““‘““mwmr
self-preservation was achieved a littler earlier than this but all
the main turbulence measurements were made at a station about 53 cms
downstream: this was certainly well within the self-greserving
region of the flow. K |

The mean flow profiles plotted as.g— against n where n = ;f:z§‘
are shown in Figure 4.3. X was taken a:»- 2.4 cms: the value fougd

from Figure 4.2 and collapse is seen to be very good. Unlinearised

hot wires were also used to measure the mean flow profile at x = 53

and the results were found to agree very well with the pitot tube

profiles, though this must be a little fortuitous at the extreme low

velocity edge of the flow as the response of/both instruments in this

/
region is somewhat uncertain. /

4.2.2 Calculation of the Transverse Mean Velocity Component
The transverse mean velocity component, V, was required for the
calculation of momentum and energy balances. If the flow is exactly

self-preserving U and V are functions only of n so that the continuity

PANSS

L e

equation can be written as

v, av S o s
""an T " O S o

dn
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and hence
n | |
VvV = f ndU . ’ ‘ 4.1
provided that V = O at the lower limit of integration denoted by 1 and
where Vn is the value of V at n.
At sufficiently large negative values of n (the high velocity
edge), V will be zero and inspection of Figure 4.3 show§ that at

n == 0.10,~%— = 1 and %g-is very nearly zero so this seems a reason=

r : -
able location to assume a zero V. The lower limit of integratiom is
therefore taken at n = = 0.10 and equation 4.1 can be rewritten.

: n

V =nU_+0.1~[ Udn 4.2
n n 1

where Un is the value of U at n. The distribution of.V acrdsstEE“*‘““f‘ﬂ-‘M»»
layer follows simply by graphical integration of the U profile.
Later work on the curved mixing layer involved development of a
computer program to find the mean streamlines. This consisted
basically of using the continuity quation with measured profiles of

resultant mean velocity ((U2‘+ Vz)i) - from hot-wires - to find U and

- .V everywhere in the flow. To obtain an idea of the sort of program

required, a similar procedure was used for the plane self-preserving
flow. This is discussed in Section 5.1.6 and Appendix V and the only
point of interest here is that, althoﬁgh thé numerical integration
(for the plane layer) started considerably further out in the
potential flow (n = - 0.40), the transverse velocity component did
not change significantly from zero until n = - 0.10, so that the.
assumption of zero V at n = - 0.1 for the graphical integratién is
seen to be quite satisfactory. Figure 4.4 showé.fhéA;esulting
V-velocity variation from both techniques. The graphical integration

(using equation 4,.2) is expected to be‘a little less accurate”at the
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extreme low velocity side of the flow, because the measured U—profile

is really a (U2 + Vz)i profile and U is very low in this region = the
numerical.integration takes thiélinto account; Both methods of course
depend on the accuracy of the measured mean flow profile which in any

" ‘casé is'somewhét#poorer at the low velocity, high intensity edge of

Wéﬁé floﬁ.i |

Also ﬁiptted in Figure 4.4 are the values of V measured using a
linearised cross—wire probe. This was not the aim of the cross-wire
\ j{,traﬁerses but the data wére.évailablé'ﬁnd‘it*is!surprising, in view

of the inherent inaccuracies of a crossed hot-wire, that the values

of V measured in this way are so close ‘to the calculated profile.

;- 4,3 THE TURBULENCE

) 4,3.1 Turbulent Intensities N

Crossed hot-wire traverses were made at # = 52,2 cms with the wires

in four different planes. For determination of ;i, ;E, w2 and TV

*and the corresponding triple products, recordings were made at 13
stations with the hot wires first in the x~y and then the ¥~z planes.
To obtain the non-zero triple product in the y-z plane (;;5) the wires
‘were placed in a plane at 45° to the x-y‘and x~z planes and the |
measurements repeated with the wires at - 45°. This not only gives

a better-conditioned ‘easure of ;;5 but alsg/provides a number of
cross-checks. For instance, both u? and.;ﬂ’aré measured with the
wires in all four configurations and u2v can be deduced from the two
'45° sets of measurements and compared with the results obtained in.
~the usual way from wires in the x-y plane. Comparisons of this sort

give at least®some idea of the reliability of the cross=-wire

measurements. -

—

Figure 4.5 shows the variation of u? across the layer; there i8 ~——— ————
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encouragingly little scatter between the four sets of measurements.

Figure 4.6 gives the variation of the lateral components of turbu-

lent intensity and also plotted is the sum, v2 + w2, deduced from the

o , ' . .
two 45 traverses. The difference between this and the sum obtained

from the conventional traverses is less than 107 at every point and

this is a good indication of the consistency of the results. Table 2

gives the maximum values of u2, v2, w? and TV (discussed in Section

4.3.2) compared with those found by other workers.

TABLE 2
SOURCE w2 V2 w2 W | o
m Cc
Present Work 0.0264 | 0.0130 | 0.0163 | 0.0085 |0.0098
Liepmann & Laufer ?% 0.0220 | 0.0105 | ° - 0.0088 {0.0092
Bradshaw et al,(32) 0.0210 | 0.0170 | 0.0190 | 0.0100 [0.0100
Wygnanski & Fiedler? | 0.0290 | 0.0174 | 0.0228 | 0.0095 | 0.0092
Rodi & Spalding 3% 0.0280 | 0.0121 | 0.0120 | 0.0100 | 0.0105

uv and uv are the measured and calculated
. c

shear stress, respectively.

Wygnanski & Fiedler's results seem in general somewhat high and

the only other comment worth making, apart frdm the obvious remark that
. N / .

there is considerable scatter between the different sets of data, is

that the spread of intensities, or to put’it'ahother way

by Bradshaw et al. is considerably lower than all the other -

investigations suggest.

4.3.2 The Turbulent Shear Stress

v

u
=§’ measured

The shear stress measured in the usual way and also deduced from

the measurements made in the 459_p1anes~
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is shown in Figure 4.7. The




'.vmaximum vélﬁe of about 0.0085 is compared with other workers' results

The integrated form is

in Table 2 and is seen to be a little lower than the average. Cor=

. rection for tangential cooling of the hot wire (which in fact both
"Wygnanski & Fiedler and Rodi & Spalding applied) would tend to raise

. the measured UV but for the reasons discussed in Section 2.4 and

Appendix IV this was not done in the present experiments.

The shear stress distribution was also calculated using the

- mean momentum equation and the mean flow profiles. Following

Townsend(zg) the momentum equation can be written
W, W, (35 W, 3% |
Uso+V T (u = v%) + 3y v o2 . 4.3

Replacing U,:—2 and v2 by their self-preserving forms £(n), gl(n) and

gz(n) respectively equation 4.3 can be'rewritten, neg;ecting the

_viscous term, and making use of the continuity equation (equation 4.1).

n no, .~
wWo- £ { fdn - {‘ £dn + £ (1) - (nf), + { nd(g,~g,)

x
L3

4.4

‘As for the integration of the continuity equation, the lower limit was

taken at the point n = 5 0.10 where the measurements indicate that GV

is close to zero. The last term is important only at the low velocity

Il

edge of the flow where, for example at n = 0.10, the norméT"stress*A‘A_h;‘

term reduces the calculated shear stress by about 207. The resulting

distribution of TV is also'pldttedvin Figure 4.7 and the maximum

‘value is seen to reach about 0.0l10 which, as Table 2 indicates, is

quite close to the value calculated by other workers. This is merely "

a reflection of the agreement attained in the mean velocity profiles,

although it-is curious that despite Wygnanski and Fiedler's very

34 ‘
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different mean velocity profile their calculated shear stress is also
very similar. This may be a reflection on their calculation

procedure. —
. uv

m——

The shear stress correlation coefficient, vu? /@2, where TV was

-taken as the calculated value because of the rather low measured value,

'is plotted in Figure 4.8. The maximum value of about 0.53 agrees

| quite well with other workers, except Wygnanski and Fiedler's rather

low value of 0.41 which is caused by their relatively high tutbulence

intensities,

<

4.3.3 The Triple Products and Flatness Factor

The various non-zero triple products are shown in Figure 4.9.
The results are very similar in form to those obtained by

Bradshaw et al. and Wynanski & Fiedler although somewhat lower in

3

magnitude than the latter. Figure 4.9a shows u’® measured with the

" wires in all four configurations and u?v measured in the usual x-y

plane and deduced from the 45° measurements. The scatter is no more’
than one would expect and in fact the terms u?w, w3 and TWw which,

in a fully two-dimensional flow should be identically zero, are on

~the whole less than 1 x 10" which is a factor of 20 less than the

—— ————

maximum u3, However, the smallest non-zero temm, vwz, only reaches

a maximum of about 3 x 10% so that the relative accuracy of this term

must be somewhat less than that of the largér triple products. It is

w2 o3

interesting that vw* is not the same in magnitude as v

(32)

as was
assumed by Bradshaw et al. in their calculation of the energy
balance diffusion term but is only a little more than half';s.
Wygnanski and Fiedler found a similar resulg.

The flatness factor of the u-component of Velbéity is plotted in

Figure 4,10 and again the scatter is not excessive. The region of

———

flow for which the flatness factor is less than the'Gaussian value

35
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of 3 is not so extensive as the measurements of Bradshaw et al. indi-
cate mainly because of the faster rise on the low velocity side of the

flow. There seems to be no obvious reason for this difference but

" since the present results agree with those of Wygnanski & Fiedler

t
?)?
it may be caused by the inherent axi-symmetry of Bradshaw's flow.

{at least on the basis of the value of at a given value of U)

4.3.4 U-Component Spectra -

U~component spectra were meagured at x = 20, 30 and 52 cms and-
n = O using a normal unlinearised hot wire and a Bruel and Kjaer

spectrum analyser. Figure 4.1l shows the resulting spectra plotted

. 2 U
in non-dimensional form as ¢11 vs. %z-where ¢11 -Eé:ggl——— . E%E
¥ SELRY.S

and w = 27f. u2(f) is the u~component energy in:a frequengy§yand

———

centred on f and of width Af; since the %-oc;ave filters were used
throughout, Af was 0.231f.

The plane mixing layer is one.of the few laboratory flows in

Ve

which one might expect to find an extensive inertial frequency range

where the dissipation is negligible-and the turbulence is isotropic.

(31) (35)

Bradshaw points out that Batchelor's condition for universal

equilibrium of the dissipation part of the spectrum can be written

(%ED% >> 1 where Ve is - GVY%%u In the present case, at x = 50 cms, -
(Eégi is about 250. Further 2(;593, which should also be much
greater than unity for an appreciable inertial sub-range to exist,

is about 32, so not only can one expect isotropy of the dissipating
eddies, but it is likely that there will be an inertial sub-range.

In fact, Figure 4.12, which shows k¢11(k) and k3¢11(k), the one-
dimensional energy spectrum funct{dn.and the dissipation spectrum
(multiplied by the wave number k sé that the areas under the curves

tepresent,the‘tqtalrenergy and the rate .of decay of energy

36
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respectively) indicates that there is almost a decade of wavenumber
where the contribufion to both spectra is a small part of the total.
The spectra in Figure 4.11 certainly indicate a region of about a
decade over which the T% power law seems to hold.

Further ‘discussion of the spectra and confirmation of the pre-

sence of an inertial sub-range is deferred to Section 4.4.1

——

\\
- 4,4 THE TURBULENT ENERGY BALANCE
~ 4.4.,1 The Dissipation Term
" The Kolmogorov hypothesis leads to the well known result
/ :
EG) = 23 k33 pdy 4.5
8

where ks = 633)1 and E(k) is the wavenumber magnitude spectrum func—
v

tion. If the hypothesis holds for a range of wavenumbers upon which

viscosity has little effect (the inertial sub-range) then E(k) must

be independent of ks so that F(%—) = o where o is a constant.
-8 :
Various authors have quoted values for a; perhaps the most
(36)

convincing measurements are those of Grant et al. in a-tidal

~ channel and they find o = 1.437.. Using this value and the isotropic

/
relation between E(k) and ¢(k), i.e.

2E(k) = k2 2o (k) _ i d90k)

akZ ak } //

{

equation 4.5 can be written :

-5/3
o (k) _ 8/3 kvy T
v 0.481D <Ur)

4.6

}

where D is a non-dimensional dissipation rate C%ED « An obvious check
. ’ r )

on the presence of an inertial sub-range in a laboratory flow is to

replot Grant's data as ;%* vs. 103(%29 for various values of D and

. r r ; :
compare .the resulting universal' curve (which is probably reasonably

N
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accurate even in the eissipation range) with the laboratory spectra.
This technique is analogous to the "Clauser chart" principle for
determining skin friction in a boundary layer. Figure 4.13 shows the
plane layer spectra (Section 4.3.4) plotted in this way and it is
clear that only at the high frequency end, where the hot-wire's
spatial resolution is inadequate, do the spectra deviate from the
true 'universal'lspectra. This fit immediately allows a value of D
1 to be interpolated and is of course a valid procedure even if no ’%
ey region exists, provided that there is a region of fit in the dissipa-.
tion range of wavenumbers. Inadequate spatial ;esolution‘will often
prevent this so it seemed worthwhile to make some length correctioms.
Wyngaard(37) has demonstrated how this can be done and has shown
that, typically, for a 1 mm hot-wire in a region where the
Kolmogonoff length scale, Ngs is 0.04 mm,'the\spectrum function is

underestimated by about 407 at %2 =1 x 1073, Figure 4.13 includes
T

the corrected values of ¢ (using Wyngaard's results) for the spectrum

* measured at x = 30 cms, and this cleerlf increases the range of
N ~ ) L .
agreement with the universal curve, although a faster fall-off still

,oceurs at %2 values corresponding to frequencies greater than about
T

25 = 30 kHz because of the hot-wire anemometer's limited frequency

response, )
For the centre-line spectra the conveceion velocity, U

 (k = %320 was taken as the local mean velocgty;.Aihis is a reasonable

c \ ‘ 020
value where the flow is almost fully turbulent and in fact (U +_§§H),~

‘ ’ ‘ q
/ which is perhaps the 'next best guess' for the convection velocity,
only dlffers from U by about 17 at the centre of .the m1x1ng layer.
In the 1nterm1ttent reglon some other deflnltlon of U is required:

we return to thls prdblem in Sect1on 5.2.5 where spectra measured

away from the centre*llne are d1BCussed.




-

The complete procedure outlined above yields a value of 0.0452

‘for the’ non-dlmen31onal dlss1patlon term, EE; « However checks showed
Ur
that the area under the spectrum curve plotted as ¢11m vs. logw exceeds

- the correct ‘'value of unity by, on average, 8%, indicating inaccuracies

LR '{"‘)

in the frequency analyser filters. This leads to a 16Z error in the

: diséipation and the results (including those in the curved layer) were

‘reduced accordingly. The resulting value of 0.039 compares quite

(31)

favourably with the 0.036 given by Bradshaw . His value was
simply the original measurement of Liepmann and Laufer factored
suitably so that,rhe lateral diffusion term (of'the energy balance)
obtained by difference integrated to zero. However, D can only be
estimated from plots like Figure 4.13 to within about 3% and this
produces changes of about 127 in e, so that it is probably fair to
say that the dissipation rate can onl& be esﬁlmated from frequency
spectra to within about 15 - 207.

Bradshaw also found that the dissipation across the shear layer

3/2.

was very nearly proportlonal to (q2) the dissipation curve in

the present energy balance was obtained by assuming this to be the

,case and using the above value of 0.039 at n = O. —

At x = 50 and n = 0 the values of the dissipation length scale,

, L;. the microscale, A, and the Kolmogoroff length scale, Ngs defined

below, were 1,01, 0.152 and 0.0035 cms,respectively.

: @)% 1sv@? v3, 14
L_ € ) € = = (—-) .
‘ ‘ A2
_— : . U U ooy s
At‘thls station § (the distance between E; = 0.9 d ﬁr' 0'25)\13~‘~—~_~fe
5.6 cms. The turbulence Reynolds number, R.e was about 500. )

4.4,2 The Production Term and Overall Balance

The production was calculated using both the measured and the“

calculated values_of the shear stress. Using the measured values

———




-;the laterglfdiffuéion term obtained by difference fails to integrate
'tb ?ero by about 147 of the area ﬁnder the production curve and if
'thg‘calculated shear stress is used the difference term again fails
to integrate to zero, this time by about - 10% of the same production
.area. In the latter case the diffusion term is quite close to the
measured values and to that obtained by Bradshaw(sl). Since, in the
curved layer, caiculation of the shear stress from the momentum
equation’wgs very inaccurate it seemed best to use the measured
values, so for the purposes of coméarison this was done for the -
production curve shown in the energy balance of‘Figure 4,14, Figure
4.15 shows the diffusion by difference compared‘with the measured

, %; (57;). Tak%&gsthe difference term obtained by using the calcula-
ted shear stresﬁ?%or the production as likely to be the more
accurate, this indicates that the pressure diffusion, %; pv), may
well be small compared with the triple-correlation diffusion - a

(31), whereas Wygnanski & Eiedler(so)

result also found by Bradshaw
found a high value of the pressure<§iffusion particularly at the high-
. velocity edge of the flow.
/ Only measured values of diffusion are/bresented in Figure 4.14 ;
and the resulting 'out-of-balance' term is also shown. The errors

are highest in the central region of the flow and are probably no

greater than one would expect, although they would be considerably

reduced if the calculated shear stress were used for the production
term and it seemed pointless attempting to achieve a better balance,
" particularly in view of the unceftainties in the dissipation term
(Section 4.4.1).
It is also worth noting that the normal-stfesswﬁroduction term
contributes iess than 5% to the total except at the outer edge of

the flow where the total is small anyway; similarly the -longitudinal
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diffusion is negligible except at the outer edge where it becomes

of the same order as the advection and the lateral diffusion.

4.5 THE SHEAR STRESS BALANCE

The production, advection and triple velocity diffusion terms
of the shear stress transport equation (3.3) were calculated and
the resulting balance is showﬁ in Figure 4.16. ' The pressure-strain
term was obtained by difference? assumiqg‘fhat‘the pressure transport
terms are negligible. It is réasonable to suppose that the pressure
diffusion will be notlafger and probably smaller than the equivalent
pressure transport of energy, which, as shown in Section 4.4, is
itself quite small.

Longitudinal diffusion of';hear stress is exceedingly small -
even at the outer edge of the flow it is little more than 10% of the
”4tofal,' and theT;72 %%-production term is also very small, being less
‘than 57 of';é.gg over most of the flow. The advection and diffusion
. terms are;héticeably‘smaller éﬁéﬁ the production, compared with the
cbrresponding terms in the energy balance. Using the computed shear
stéess distribution the advection term would be some 15 — 207 larger

—

but this would make very little difference to the pressure—-strain
) e
term.

4.6 THE INTERMITTENCY

\

4,6.1 The Problem

There is a variety of opinion about the‘besé way to measure the
intermittency at a point in a turbulent shear flow. The earliest
method, by necessity, was to take a film or make a chart recording of

the signal from a hot-wire placed in the flow and to estimate the

]

/ A S
intermittency by marking the regions of turbulent and non-turbulent

(49)

activity. This somewhat crude method, employed by Bradshaw for
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example, is obviously rather subjective, but the results seemed

sensible. More recently, Wygﬁanski & Fiedler(38) used the u-component .
. _ 2
signal from a hot-wire and if the function u, %% exceeded a certain

at2
threshold value, the flow was deemed turbulent, They used analogue

equipment for the differentiations and adjusted the threshold level

until the resulting intermittency signal (zero for non-turbulent and

-1 V, say, for turbulent flow) 'looked right' when displayed with the

u-signal on an oscilloscope. This'technique removes the tedium of
having to analyse long lengths of film or chart recordings but the
subjectiveness is certainly not removed.

Kovasznay, Kibens & Blaékwelder(Bg) argued that it would be
better to use, ideally, the fluctﬁating vorticity signal, since this
should be identically zero in the irrotational regionq. Using two

hot-wires spaced a small distance apart they‘measured %% as a first

approximation to the vorticity and, again using analogue equipment,

32y

3 9%u .
produced 3?:3§'and EE'(EEZBy)' From these two signals they deduced a‘

u
exceeded a

2
characteristic time scale of the turbulence and if 3%3;

certain threshold value for longer than a time related to this time

. scale, the flow was defined as turbulent. This method goes some

way towards overcoming what seem to be two basié/problems involved
in intermittency measurements. ,

Although no definite conclusions will¢5e reached it is worth
making some general remarks about these préblems since interest in the
intermittent structure of the turbulent shear flow is increasing and
unless one is aware of the'difficulties, it is easy to produce results
to order without understanding the physics.

The first problem is "what signal should be used?" It is

clearly best to use a signal, like the vorticity, which should be

-zero in the potential flow regions rather than, say, the u= or



v~component of velocity, which take significantly non-~zero values

" in irrotational regions. However, despite the very different methods
used by different workers there is reasonable agreement between the
intermittency results in 'standard' turbulent shear flows. This is
probably because every worker tends to inspect his intermittency
-signal and adjust the criteria until it 'looks right'. The human

eye is admirably consistent, although it may not interpret tﬁé

data correctly.

This is linked with the .second problem = "how do we treat the

very short bursts?" (both turbulent and irrotational) which
inevitably occur in the intermittency signal. The present work high-
lighted this problem, probably because we were operating on digitised
signals in a computer. There was therefore no inherent 'delay time’
in forming the necessary quantities and comparing them with threshold
levels, as there is if analogue equipment is used, The necessary

(40) who nevertheless

presence of this delay was noticed by Thomas
implicitly assumed that there were no turbulent bursts shorter than
the delay time. If only the overall intermittency or averages taken
/in the turbulent and non-turbulent regions are wanted this may not
be impo;tant since there are usually as hany short upward as’
downward-going spikes in the intermittency signal. However, if one

is interested in quantities such as average burst lengths, or the
eddy statistics in general, there is a reai p;oblem.

At the present state of knowledge about.turbulence.and the small
scale structure in particular, I feel that what‘one does about the
very short bursts is conditioned simply by what one believes about
the turbulence. If it is felt that a vorticity'sheeéﬂﬁhose thickness

is of the order of the Kolmogorov - length scale can exist in isolation,

then every burat'of‘duration equal or greater than that length scale,
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divided by a suitable‘convection speed;'cpuidvbe accepted. On the
other hand if”it is believed tﬁﬁt:éuch AHVOrticiéy sheet could only
exist embedded in a larger eddy, ﬁﬁen one would have to define the
smallest size of 'larger eddy' and cut out all bursts of a time scale
smaller than such an eddy. This, in effect, is what Kovasznay et al.
did by defining a charactefis;ic'time scale and cutting out all

shorter bursts. The resulting intermittency signal would certainly

~'look"better,'but may not of course be correct. The eye tends to

‘look at the overall picthre rather than the small detail.

' Kovasznay in fact states the problem succinctly: "In order to

define the iﬁterface, one faces the same type of difficulties as in

defining the shore line of the sea; it always depends on the magni-

-fication, if you like, on the coarseness of the method of detection.

The shore line, on the one hand, may be considered relatively smooth,

or, on the other hand, full of small inlets and islands, depending

upon how small details are taken into account".

4.6.2 The Method Adopted

The basic digital program written by Dr. A. Brandt (described

',in detail in reference 26) was modified for use in the present work.

Various criteria were tested and it was finally decided to define the
3 (uv) 32 (uv)
ot 5t2
threshold values. The uv product is usually a far better signal to

signal as turbulent if either

exceeded certain

use than the u- or v-component velocity because, as inspection of

each signal showed, the fluctuations of uv in the irrotational regions
are far less (when expressed.as a fraction of the fluctuation levels in
the turbulent zones) than in the corresponding velocity. signals., On
average of course, the shear: stress is.close»ﬁo'ieroginlthe irrotational

flow,~a1th6ugh‘Stewart(4i?‘has shown that. in general its instantaneous

value is nmot zero and that even lits mean yalue;needxnotnbe7gzggglz_zero.

- -
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Ideally one would like to be able to vary the threshold levels
over a region around the .'correct' values with no resultant change
in the intermittency, y. No such region could be found: Figure 4.17

shows the variation of vy with the threshold values for 3(uv) and

ot
32 (uv) . . . . e s .
————7;— . Inspection of the intermittency signals indicated no obvious
ot ' '

. 'correct' values for kl and k2~(de§ined in Figure 4.17) and, after

many records had been studied, it was decided to use kl = 0.10 and

k2 = 0,15, These values gave the variation of intermittency in the
plane layer shown in Figure 4.18., The measurements of Bradshaw et

al.(32) in an axisymmetric mixing layer indicaté a slightly broader
profile on the low velocity side (correlating with their flatness

factor results mention in Section 4.4.3) but the general agreement

is considered satisfactory. The comparisons are based on the value

v

Ur

agree with the present measurements when plotted on this basis but

of y at particular values of ——; Wygnanski &vFiedler's(so) results
not when plotted against n.
Since only the overall intermit;engy was\ required, the short

burst problem was not important. Any burst containing two or more
2

- .datum points (i.e. a sample of length —————— s at least) was

20 x 103-
retained but cutting out single spikes was not based on any physical

reasoning. It simply produced a signal which "looked' better. In
fact, close inspection revealed that if two*boint bursts had also
been eliminated, a much cleaner intermittency signal would result -
looking more like the sort of signal one usually associates with
analogue intermittency meters. Two-datum-point bursts correspond

to a frequency of 10 kHz and a burst thickness of about 2 mm:  the
latter is between one and two orders of magnitudéwgrééter than the.
Kolmogonoy léngth (based on the dissipation rate at x = 50 measured

as in Section 4.4.1) so it is conceivable that bursts shorter than
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this could occur. One inevitable result of the short bursts is that
the intermittency never quite reacﬁes unity in the mixing layer.
Probably the only way to determine the maximum intermittency is by
careful scrutiny of smoke.pictures: irrotational fluid must sometimes
reach the centre of any shear layer so in logic Ypax TUSt be less

than one.

To economise on computer time, only five seconds of real time
data were used for the intermittency measurements; Figure 4.19 shows -
that this is an adequate time., The small scatter in Figure 4.18 is
an even better witness.

At a later date some chart recordings of the hot-wire anemometer
output signals were produced and the iqtermittency estimated from
these in the usual way. The results are also shown in Figure 4.18

and despite the very short sample léngths used (less than } s in

most cases) and the uncertainties discussed above,there is reasonable

agreement between the two methods. -

The intermittency factor can also be estimated from the flat=

ness factor, as shown by Townsend(?g) and the resulting y defined as

L& =
@H?® ()2

T
where the denominator is the flatness factqfvin the fully turbulent
central region of the flow (approximately 2.7, see Figure 4.10) is
also plotted in Figure 4.18. The agreement is surprisingly good in
view of the fact that the u-component velocity fluctuations cannot
be expected to be zero»in the potential reg;ons. ’ |



. FlG.4.1 THE PLANE MIXING LAYER
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FIG. 4.2 Spread of mixing layer

Y,cms. ' -
- /G/
3t -7
2} /@/‘ ? u
/@’ o Ez 0.25
1} 9 X %: 0-90
_o— )
o
ol . - : ' L
__ok ' 30 40 X, cms. 50
C— )
—1- \4\ -—
k -
-\2- ~QX\




FI1G.4.3 Mean velocity variation.
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Longitudinal turbulent intensity,
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FI1G.4.6

Transverse & lateral turbulent intensities,
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FI1G. 4.7
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FIG. 4.8 Shear correlation coefficient (calculated TV used).
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FIG.4.9a Triple products,
VU: x10°
U,
0} .
0.6 a
& \ »
B ‘
0.4
o)
0.2 A\
RO,
Ne.
%Q ’ 0'05 0.1.0 2|

-0.6

Symbols as
in fig.4.5

© 4
u* 5 m/\x
X 10 A
U,. f X
2.0 /'/ oA o
o
/
1.5 A
o)
X
©
1.0 2
A
0.5
X
L‘A t 1 1 1
@\8_0_05 0 0.05 010
(0]
0 a
—“ 5 X
& A
S
1.0 ymbols as

in fig.4.5



FI1G. 4.9b

Triple products,

o
\ .
\
\ 7N
\ 2N
/ "\ \
ol1 A’\ ] x \ //;‘ }7\ v
10 ' z
1 VA _ —0.05 g 0.05 010
V\ 9 . 10 N
kN * 7 /
uv v
T VW’
by 10;4 \ -—V- - 3
uw? g >
: _ X
x \ e = 10
Uy



o]
- 4 8 /a
©
¥
i o)
i o
A
g ¥
\ 0}
\%\ o
\ A
e x

O s s e e

: * Wygnan‘ski & Fiedler

' == = — —Bradshaw & ferriss

| .
0,%,8,A5 As in fig.4.5 L

|

0.08 . 0.04 0.0 0.04 0.08 0.12 016 1

FIG.4.10 Elatness factor




10 7

Xte
10 4

X\%\g\
X, cms.

]

>
e ¥
)
o
x’

o

30 3o
- o
10 + | 53 "é\
X0
«‘.
XQ+\
-8 . 0+ h
101 © \
o = u(f) _U. .
Tl Af 2y +
bobal
. : ’ see §4.3.4 X
- 3 0)
w = 27TX. X
' +
X
3
10 100 1000 WX
-
FIG. 4.11 u-compaonent spectra at'7=0.



FIG. 4.12 Energy and dissipation spectra
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FIG. 4.13 Comparison of spectra  with

Grant's wuniversal curve.
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FIG. 4.14 Energy balance (measured

values)
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FIG. 415 Comparison between triple velocity diffusion

and total diffusion obtained by difference.
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FIG. 4.6 Shear streés balance.
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FIG. 4.17. Variation of intermittency .
with threshold levels,
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5., THE DISTORTED MIXING LAYER

5.1 THE MEAN FLOW

5.1.1 Setting up and Flow Visualisation

o

The curved mixing layer was produced by placing a barrier in
the lateral (y-z) pléne between the side walls so as to turn the
plane shear layer througﬁ'90°.‘ Figure 5.1 depicts the arra&gement
and includes a rough sketch‘of the resulting mixing layer. Plates

1 and 2 (see Chapter 2) are photographs of the actual rig in.

RN

position at the contraction exit. : o

——
——————

The ratio of the digtance to the backplate to the contract@on
exit height determines both the ratio of shear layer thickness to
radius of curvature and the ratio of the thickness of the potential
flow layer to that of the shear layer. Lt was desirable to make the
former ratio as large as possible while ensuring that some potential
flow remained between the growing shear layer and the backplate at
least up to the end of the region of interest. However, it was also
necessary to bleed off the boundary'iayer - and some of the potential
flow - to prevent sepafation at the 90° corner. Paraffin vapour
'smoke' injected into the mixing layer near the contraction exit was
used to check the extent of the shear layer and a mixture of 'Dayglo’
powder paint and ker osene was used to chéck'for separation on the
floor and the side-walls near the corner. fThe backplate distance
was gradually increased, adjusting;the bleed width to the minimum
that would prevent separation, until the point at which the shear
layer had spread to the backplate had moved as far upstream as was
acceptable.“ . B

Plate 3 is a typical smoke photograph of the final set-up;

with the bleed width set at 5 cms and the backplate set at 44.7 cms
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the mixing layer did not meet the backplate boundary layer until
about 80 cm up the backplate and tﬁis was considered satisfactory.

The flow visualisation also chécked, as far as is possible with
such a technique, that there was no large scale 'flapping' of the
mixing layer.

Y

5.1.2 1Initial Total Pressure Measurements

All the work presented here and in later sections was undertaken
at a contraction exit velocity of 30.3 m/s, as in the plane mixing
layer experiment.

Once a satisfactory flow had been obtained'the next -task was to
find the .actual path of the mixing layer with respect to the floor
and the backplate. This was done by performing total pressure
traverses across the shear layer at positions corresponding to the -
discs set into the floor and backplate as described in Section 2.2.
Traverses using the floor discs near the contraction exit and the
backplate discs beyond y = 25 cms were quite straightforward as the
mean flow curvature in these regiong‘was small. However, traverses
in the curved portion required considerable care to ensure that the-
readings were not affected by inadequate pitch response of the pitot
. tube. The procedure was as follows. Once the former traverses had
been made, a reasonable guess at the 'average' mean streamline
direction on an intended traverse line in tﬁe corner region was made,
and a pitot probe similar to the ones shown’in Plate 2 was bent so
that it would face in this guessed direction. A set of nine
traverses (five vertical and four horizontal) was taken in this way
and since the pitot tube pitch reéponse was flat to within 0.27% of
dynamic pressure for pitch angles less than 1250-(§éé”Figure 2.1)
only one of these traverses had to be'repeated wi;h.a slight change

in the probe angle.

- i



Figure 5.2a shows three lines of constant total pressure. Since

in the plane mixing layer %—-was found to be 0.67 at n = 0, the line

r
g—-= 0.67%2 = 0.45 is plotted, where the total pressure P is measured
r

with respect to the atmospheric pressure. The lines 2 =0.81 and ——— -

P B

r

P ' . e

= 0.0625 are also shown. Because of the static pressure variation
T

in the corner region these lines are not expected to coincide,heces-
sarily,with the lines %~ = 0.90 and %— = 0.25. This is discussed
further in Section 5.1.;. Figure,S.Zg shows the continuation of
these lines in the vertical portion of the mixing layer.

A measure of the accuracy of these traverses, which are not
plotted individually since the final velocity measurements were made
with hot-wires, is given in Figure 5.2a. There were three points ,
where horizontal and vertical traverses crossed and the points
" marked as stars (*) on the Figure are ﬁoints at whichI%—-in the
horizontal traverse was equal to #— at the relevant y-szition in

r i
the vertical traverse. The error is always equivalent to less than

-Fdprd

1 mm in spatial position.

The initial total pressure ttéQerses across the vertical position
" of the mixing layer (Figure 5.2b) extended only to y = 47 cms but in
view of later findings, the rig was extended vertically and all later
work included measurements up to y = 75 cms.

Although the streamlines in the curvedjportion are not, of
course, exact circular arcs, inspection of Figure 5.2a showed that
they were quite closely apprg;imated by circular arcs with the centre

at x = 12.6, y = 25, which was therefore chosen as the pivot

position for the rotating traverse mechanism.

5.1.3 Checks of Two—-Dimensionality
The work described in this Section (and Segtion 5.1.4) involved

the use of the heated wire technique described in Section 2.7. Before
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. tance measured around the %—-= 0.45 line (plotted in Figﬁgé 5.2a)~——

—

'proceeding further with the mean flow work it was felt advisable to

check that three-dimensionality of the flow, caused by variations in
the thickness of the side wall boun&ary layers, was not important.
This was done by stringing a heated nichrome wire vertically across
the contraction exit at x * 2 cms and at two positions either side
of the centre line, z = + 23 cms. The mean temperature variation
with 2z in the wake of the heated wire was measured at three fixed
positions in the x-y plane and the results are shown in Figure 5.3.
The reference therﬁometer was placed at some convenient location
outside the wake of the heated wire, so that Figure.5.3 shows the
excess temperature in the wake, AI,-non-dimensionalised by its
maximum value, plotted against z” where z” = z * 23. Even at the
location furthest f£rom the heat soufce'ATmax was about £QC and was
easily detectable.

Figure 5.4 shows the points of maximum excess temperature
(which were assumed to coincide with the wgke centre-line) plotted
against the distance, d”, from the source; bars on each point denote
the possible error in position of ATmax' d” was taken as the dis-

T
which was quite close to the three wake traverse locations which were
at (x,y) co-ordinates given by (25,4), (34.7,37) and (34.7,50). ‘

/

Because of the complicated static pressure variations,particularly‘

‘near the side walls in the corner regiom,it would be difficult to

predict the behaviour of the side wall boundary layers. However, from

Figure 5.4, it is clear that the curved position of the flow diverges

a
1

slightly., It is most unlikely that this divergence is linear, but even
drawing the steepest possible straight line through the four points
(the fourth being the actual location of the heat source) yields an

apparent origin of the flow at about 2000 cms upstream. - Ihe'effect
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of lateral divergence on the shear layer growth rate (or the momentum

where 6 is the thickness

balance) will be a term of order §

: 2(s - S°
and S is measured along the shear layer centre line, additional to a
term of order %g-or gu So the error caused by neglecting the diver—
gence is of order ————g———-; S is = 2000 cms and S never exceeds

2(8 - So)_ o

100 cms so the maximum error will be only about. 3% and usually
considerably less. Since this is almost within the expected measure=-
ment accuracy of “the turbulence quantities it seemed pointless to

Avy)”35p1y any corrections.

5.1.4{:Measurement of 'The Bounding Streamline'

These measurements, using the heated wire technique described
. in Section 5.1.3, were made after the hot-wire measurements. described
in Section 5.1.5 but form a convenient introduction to the latter.
In order to derive the mean streamlines from the measured velo-

(% + v2)4) by integrating the continuity

city magnitude, 6, (ﬁ
equation (see Section 5.1.6) we need to know the path of a single
reference streamline and the veloci;y variation along it to provide
a boundary condition. Since the floor streamline cannot be used
becguse of the bleed, the most convenient choice is a streamline
somewhere in the potential flow on the high velocity side of the

mixing layer. A heated nichrome wire was stretched across the con-

/
/

traction exit along the line y = - 4 cms ané temperature traverses
made across its wake at 12 intervals of 0 = 10° between - 20°.and
90° inclusive. ’Three further traverses in the vertical portion were
made at y = 40.6, 48.6 and 61.2 but.these were not used as it was
not possible to determine the wake centre-line position to better
than about 1} mm at such large distances downstream;‘iln fact the
calculations described in Section 5.1.6 used a separate program for

the vertical portion in which the bounding streamline required as

b
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input was taken_as the backplate surfécéjgtreamline, so that determina-
tion of a free streamline invﬁhé'poténti;; fid& was not necessary in
this region. |

The results of the traverses in the curved portion are showm in
Figure 5.5 where AT has the same meaning as in Section 5.1,3. It is
noticeable (Figure 5.5b) that there is.a temperature gradient across
the shear layer itself; the reference thermometer was in the potential

flow and it was found that the laboratory air (at the low velocity

-

R téide of the shear layer - 'small rj) was actually 1°C below the.

..temperatufeiof the free stream air. This was undoubtedly not

attributable to the heating caused by the wind tunnel blower but it
did inot affect the accuracy of the determination of the wake centre
‘1ine: even at 0 = 209 (Figure 5.5b) the maximum AT was still in the
pure potential flow region.
The positions of maximum AT taken from these ploté are plotted

in Figure 5.2. The resulting smooth curve drawn through the points is
. hereafter referred to as.the boundipg streamline and, as indicated in
Section 3.3, later results of cross shear layer traverses are plotted

»

. against yj where yj’ is the distance from this bounding streamline‘
(Figure 5.2).

As a check on the relative accuracy of /each wake traverse, the
thermocouple was also traversed around the’ﬁbunding streamline and
Figure 5.6 shows the resulting AT plotted against Sb(where Sbis simply .
the distance between each measurement point) and compared with the
individual values of ATmax ﬁaken from Figure 5.5. The éifference is

seen to be very small confirming the good repeatability of the

measurements. Assuming that the position of the maximum temperature

was a good measure of the wake centre-line the error in the resulting

mean streamline position was probably no more than } mm.
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It is worth noting that we cannot expect ATmax to fall off
approximately as sgi (as it might for a self-preserving wake) because
of the large rates of strain imposed by the pressure gradients.
Figure 5.6 shows that AT falls off somewhat faster than %:i.

The mean velocity variation along tﬁe bounding streamline,
measured using an unlinearised hot-wire with its axis in the

-~

z-direction, is shown in Figure 5.7, plotted as %—~against 0. Using
' r

this velocity variation and the known bounding streamline direction
+; it was possible to find U and.V independently{ discussion of this is

deferred until Section 5.1.6."Figure'5;7 also gives an indication

of the static pressure in the corner region; — reaches a minimum

U
. » : r
of about 0.75 so that at this point, since the total pressure is
P
constant along the streamline, —3 3 = {1 - (0.75)2} 0.44 where Ps
10U . '
is measured with respect to r atmosphéric pressure.

5.1.5 Hot~Wire Velocity Profiles

Because of the static pressure gradient across the flow in the
‘curﬁgd portion and since it is difficult to measure mean static
*pressure directly in a highly turbulent flow, the mean velocity field
was measured using a normél unlinearised hot-wire (unlinearised
Abecause at tﬁe time the author felt that the increase in accuracy
obtainable by linearisation, which anyway would only be noticeable -
 typica11y 3Z = near the outer low velocity e&ge of the flow, did not
warrant the use of further electronic apparétus). The wire was
aligned with its axis in the z-direction so that it nominally
fesponded to the total velocity vector ﬁ.

Ten traverses of mean. velocity were made in the curved portion
and a further eight in the vertical pértion. TheAcomplete results
are shown in figures 5.8 = 5.12; traverses in the curved portion

extended in some cases beyond the bounding streamline (yj“< 0) and
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in particular the traverse at é =0 (j = 19) included a quick check
of the backplate boundary layer which, as the inset to Figure 5.10
shows, was 1ess than 1 mm‘thickhét this-position, %— values at the
bounding streamline taken from these plots are also :hcwn in
Figure 5.7; thé &ifference‘between‘these and the values measured in
vfhé stréamline‘traverse is seen to be usually less than 1% of Ur'
. A further éﬁeck, actually within the turbulent flow, was made by
setting the hot-wire up at the %— = 0.67 point on j = 19 (0 = 0%)
'f\\wiw‘and‘traversing around the shear ;ayer, adjusting the probe position
to obtain the same anemometer output voltage at each ©. The
resulting positions of the %— = 0.67 points are shown on Figures
5.8 = 5.10; the repeatabilit; is very satifactory.

The velocity'traverses in the vertical portion (Figures 5.11
and 5.12) are plotted against d, where d is the distance from the
backplate, and are compared where possible with pitot tube traverses.
The static pressure in this region had recovered to atmospheric and
since it was quite close to atmasphgric in the contraction exit
there should be good agreement between the two methods. However,
there is a noticeable difference between the pitot tube and hot-wire
measurements cﬁ the low velocity side of the shear layer. The later
calculations showed that the transverse mean velocity component (V)
was small compared with U at the %— = 0,25 pﬁint, so that this
difference cannot be attributed tarlarge mean pitch angles of the
streamlines. Later work showed that the turbulent intensities were
somewhat larger in~this region than in the plane layer, so it is
possible that some of the errors may have been due to a combination

of inadequate pitot probe yaw response (which would tend to decrease

the measured dynamic p;essure) and hot-wire inaccuracies (Targe-

7

intensities tending to increase the measured mean velocity). However,
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it is difficult to attribute all the difference to these effects,
80 there remains some doubt. The hot-wire profile certainly 'looks'
more plausible (very similar to the plane layer results in fact):
it is assumed that the pitot results are in error in this region, so

that the true %— = 0,0625 line is co—incident with the %—-- 0.25 .
r T
line.

The points on each velocity profile at which %— = 0.9, 0.67 and
r
0.25 are shown in Figure 5.2. There is a considerable difference

-~y for 70° > 0 > 10° between the lines %—-ﬂ 0.81 and\%— = 0,90; this is
" r . :
merely a reflection of the large static pressure in this region. The

normal mean momentum equation can be written

Neglecting the turbulent contributions (aﬁdLEHecks showed this to be
justified, see Section 5.2.7) we can write
)
P—P
b.s _ 1 [ aV dv”
pU 2 U 2 b.s
r r

ax” °

‘where b.s. denotes the bounding'Stfeéml}ne. The results of the mean
flow calcuiation described in Section 5.1.6 enabled a rough variation
-of‘ﬁ %%7 againStiy' to be determined agd it was evident from this that
“at the point where the local velocity'%— wa§/0.67, the difference
- between 10@51 static pressure and atmos;henic was only about 0.1 of
‘its value at the bounding streamline. Even in the region of maximum.
A? static pressure (@ = 40°, éay) this implies that at %— = 0.67 the
sté;ic pressure was different from atmospheric by onl; about 17 of

the reference velocity. It is therefore not surprising that the

lines %— = 0,45 and-%— = 0.67 shown in Figure 5.2 collapse well even .
T T

in the corner region. See Section 5.2.7 and Figure 5.43 for further

details.



5.1.6 Reduction of Mean Flow Data and Some Results

If it were not for the rather complicated geometry of the

curved mixing layer, calculation of the transverse mean velocity, V,
(or, to put it another way, determination of the mean streamlines)
using the continuity equafion and the measured total velocity 6

would be a trivial problem. In fact, as stated in Section 4.2.2,

a very simple numerical program was written for the self-preserving
mixing layer as a guide to the sort of pfogramlrequired for the
curved layer. The results are not presented apart from the trans- °
verse mean velocity profile, Figure 4.4, discussed in Section 4.2.2.

Computation of the curved flow was broken into two separate

programs, the first and more complex solving the curved portion of
the flow (0 = 0° - 90°) and the second the vertical poftion (y > 25.0)
The essential details of these programs, including a description of
the preparation of input data and accuracy chécks using test cases,
are given in Appendix V; No attempt is made to present the complete
results as this would involve a large number of plots and tables

most of which would add nothing of immediate relevance: complete
program outputs are obtainable from Mr. P, Bradshaw of the Department .
xof Aeronautics. Instead, some of the more interesting and pertinent
aspects of the results are presented here and further results are

explained in later chapters. /

J

5.1.6.1 The mixing layer growth rate' In  the case of the self-

preserving mixing layer (Section 4.2) the shear layer thickness, §,

was defined as the distance between two lines of constant %—

‘ * : , o o r

%— = 0.90 and 0.25 being chosen for convenience). Figure 5.2 enables
r : ‘ . e -'  )

a similarly defined shear layer thickness to be determined, § being

measured along\a line normal to the local direction of the %- = 0.67
‘ , : r
line. Figure 5.13 is a plot of & defined both.on constant velocity
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(Gu) and constant total pressure (Gp) lines, against S, compared
with the variation of § in the plane mixing layer (deduced from
Figure 4.2 or 4.3). In the corner region the mixiﬁg layer clearly
grows less rapidly than the self-preserving flow.‘' As indicated in
Section 2.2 the streamline curvature will tend to stabilise the
flow in this region so we would expect a decrease in turbulent
mixing and therefore‘in shear layer growth rate: this expectation
is confirmed.

What is more surprising is that once the curvature has ceased
(beyond S ~ 50) the mixing layer grows a little faster than the
" self-preserving flow.‘ In the light of the previous investigations
mentioned in Section 1.2 we might have expected that after the dis-
tortibn there would be a very slow monotonic return of the mean flow
(and turbulence) to the asymptotic self—preserving_condition. It-
appears that there is an initial 'overshoot' so that §S/dx is asympto-
ting from above rather than below its final value. This overshoot |
implies an increase in the turbuleng‘shear stress beyond the self-
preserving value and indicates that the response of the flow to the
extra rates of strain caused by the curvature is not without
interest. The high velocity side is relatively thicker and the low
velocity side relatively thinner than in the plane mixing layer:
Figure 5.2b indicates that the ratio of the"éistance between the
T~ = 0.90 and 0.67 lines to that betveen the - = 0.67 and 0.25 .
lgnes is considerably greater than 0.6, which zs about .the
corresponding plane layer value (Figures 4.2 and'4.3); Possible
reasons for this are discussed in Chapter 6.
tion of the extra rates of strain imposed by the distortiom,

Figure 5.14 shows the principal rate of strain7ahd the vorticity
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‘-g(bath indepéndent of the axes) around the mixing layer centre line.

,Thé principal rate of strain is given by

sU° <2 ,8u”  av- 2 1%
j - 5

U~ _ 3V~

oy.”  ox,”

J J
gg and §¥ are small so that the principal and shear rates of strain

and the vorticity are all numerically equal to %gu At the very
start of the distortion %%—7 = %r-(where R is the streamline curva-
J

ture) is the term which dominates the change in strain rate, so

and the vorticity is In the plane mixing layer both

that the vorticity and the principal rate of strain should lie at
equal distances above and below (respectively) the ordinary mixing
layer value (Figure 5.14a). The fact that this is not exactly true
is a reflection of the program errors in this region which tend to
increase the calculated vorticity (see Appendix V) and lower the
calculated strain rate, It is clear from Figure 5.l4a that the long~

-

. , . ) . s ~ .
itudinal normal strain, -2—7 only becomes significant compared with

ox.
' . ligg v~ -
the shear strain 3§—7‘+ 3;—79 after S * 30 so that
j 7]

the change in vorticity and principal strain up to this point is due

3¥~7 caused by the rotation.
A

After the sudden increase in the magnitude of the principal

- largely to changes in

gstrain rate at about S = 35, due to gradual reduction in magnitude

of gz —~ and a relatively significant increase in %g—:, both vortieity ———— —

and the principal strain rate appear to agymptote to the values
calculated by assuming that the flow has recovered to a self-preserving
state. In fact, despite the overshoot evident in Figures 5.13 and
5.14b, the growth rate does seem to be roughly consﬁan:_in this

region and the virtual origin of the flow was found simply by
extrapolating this line backwérds to the S—axis (Figures~5.13 and

S5.14b).,
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It is the response of the turbulence to these strains that will
A}
be of particular interest and further discussion of them and of the

direction of the principal strain rate is deferred until Section 5.2.

—

5.2 THE TURBULENCE

5.2.1 1Initial Analogue Measurements

In the course of the hot-wire mean-velocity measurements some
analogue measurements of the streamwise, uz, component “ofturbulence

intensity were made and subsequently a crossed hot-wire was used to

measure u?, v2, w2 and WV around the centre line of the mixing layer

~

(defined in this case as the %— = 0,67 line). The crossed wire was
r

not linearised and the measurements are not presented here as theit
accuracy was not consi&ered to be-as good as the later complete
series of crossed wire traverses. However, ghe work did serve to
acquaint the author with the many problems an& pitfalls invariably
encountered in hot-wire work and the resulting decisions regarding
calibration pr&éedures have been described in Section 2.4. One
result of this work that is worth mentioning because it inspired
much of the later work was the substantial overshoot in turbulent
'/energy (&E = &i +v2 o+ ;i) and shear stress (Gv) after the end oé

the distortion (Figure 5.23). It was felt that the turbulent struc-

ture should be investigated in somewhat more detail than originally
/ 5

&
'

intended.

5.2.2 The Crossed Hot-Wire Traverses and U-Component Spectra

Crossed hot-wire traverses in the curved portion of the mixing
layer were made using the rotating traverse arrangement described in
Section 2.2. The probe was traversed along lines of constant ©
(Figure 5.1) between © = 0 and 90° in intervals of 10° and by using

the pitch mechanism described in Section 2.2, the probe was aligned
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‘in the local free stream direction previously determine&“by the

numerical mean flow program (Appendix V). This was intended to
minimise errors caused by the probe's uncertain yaw response at
large angles of yaw and in fact provided an interesting comparison
between the ébmputed mean flow direction and that measured by the

crossed wire. A typical example is shown in Figure 5.15 where the

mean flow direction determined in these two ways is compared f;»
j=13 (6 = 300). Only at the outer edge of the flow, where the
errors in the computed mean flow direction and also in the crossed
wire measurements are bound to be largest, does the difference.
exceed one degree. This was particularly satisfying (although - =~
perhaps a little fortuitous!) because the crossed wire is not
recognised as an accurate mean flow instrument.

In the vertical portion, where the mean flow curvature was
small, the crossed wire was aligned in the usual way with the probe
axis parallel to the backplate and traverses were made at six

stations using the disc-mounted traverse gear as described in

Section 2.2.

In both the curved and vertical portions each traverse consisted
of between eight and twelve measuring stations,'which for convenience
were chosen to coincide with mesh points as defined in the mean flow
program (Appendix V). Analogue tape recordings of the two anemometer
voltage signals were made at each station with the wires in both the

L
xj‘—yj’ and the xj‘—z planes (x~y and y-z in the vertical portion) and

these recordings were later digitised and amalysed as described in

Sections 2.5 and 2.6. For this work the crossed wire recordings were

linearised digitally; this made extra analogue apparatus unnecessary
and merely involved two extra program statements, with a consequent

increase in central processor time (about 4% of the total program
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time since only a proportion of the total number of digitised samples

was used = Section 2.6) so that it was felt to be worthwhile.

The program output had all the usual quantities i.e. uZ2, vZ, uv
q ] > ]

— —— r——— —

u3, uzv, v?u, v3 and u" (and the corresponding quantities measured in

the x-z plane) non-dimensionalised by the contraction exit velocity Ur'
Typical sets of results (along the J-lines used for energy and shear
stress balances)“are presented in Figures 5.16 and 5,17 where each

quantity has been-rotated so .that i;;jﬁ'ﬁeasured-with.;espect to xj’,

»

yj co-ordinates. This seems -the most-consistent way to present the
results, although to obtain, - for -instance,.shear-stress balances, dif-
. ferent axes are required (Chapter .3). Only the-triple products along
J =.11 are shown as an example;fcompletg tabulations of these and the
-other turbulence quantities are available. from Mr. P. Bradshaw. -
1 As a check on the consistency of the results, a traverse around
"the streamline Y = 40.0, where ¥ (used in the mean flow program, see

- Appendix V) is defined as f Udyj’ where subscript b.s. denotes the
: . b.s.
bounding streamline at which ¢ = O, was made with the wires in the

xj‘.— yj’ and the xj’ - z planes. The resulting measurements on the

J = 11 line (which are typical) are included in Figures 5.16c¢ and
5.17 where it is seen that the differences are quite small, even in
the case of the triple products. This was particularly encouraging

and no attempt was made to smooth the raw data by cross-plotting.

N
s

The normal diffusion term in the energy balance C%; q2v)

——

requires knowledge of vw2. Extra traverses along J = 19 (0 = Oo)

with the wires in planes at * 45° to the xj‘ - yj‘,and xj' -z

planes showed no difference in the relative behaviour of vw? and v°

compared with the plane layer. Since measurement of vw? over the

-

whole mixing layer would have almost doubled the amount of recorded

P

data it was assumed that vw? = }v° everywhere.
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U-component spectra were measured in the same way as for the

' “ﬁiaﬁe mixiﬁg layer. The frequency range of the Bruel and Kjaer

analyser was scanned at a number of positions around the maximum q2

[e}

- line (or, in some cases, on the = = 0.67 line) of the curved layer

[}

r
and across the layer at S = 60. The results plotted in the usual

.-way;are shown in Figures 5.18 = 5,21 and are discussed further when

- the energy balances are presented (Section 5.2.5). It is worth

noting here that there seems to be no extensive ‘% region in spectra
measured away from the (almost) fully turbulent central region of
the mixing layer kFigure 5.21); this may be caused by the highly.
intermittent nature of the flow. Discussion of the spectral
measurements is deferred to Section 5.2.5 when the energy balances
are considered.

5.2.3 The Direction of the Mixing Layer"

One of the interesting features of any distorted shear layer is
the behaviour of the shear stress. However, as stated in Chapter 3,
the shear stress depends on the co-ordinate axes: in a thin shear

layer the x-axis is always taken in the direction of the layer but in

-a highly curved layer like the present one it is not immediately

‘certain whether any meaningful choice can be made for the 'direction'

of the layer. Preferably the several definitions of the direction

’

which are valid in a plane layer should also coincide in the distorted

" layer. If not, it is necessary to abandon the concept of a shear

layer and to treat the flow as sui generis by discussing principal

—

stresses and rates of strain. e

The most obvious definition of shear layer direction in the
curved layer is simply the direction of the 'effective' n = 0 line

defined in Section 5.l.as the line along which %— = 0.67. Other
, R '

possible definitions are
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~ Ay

_results; (83 and 84 Are subject to larger errors near J =”I‘aﬁd~19\-*~*&_\

N
(1) the direction, Bl, of the line dividing the distance

P
between the 5= 0.81 and 0.0625 lines in the same
r , .
ratio as the 5= 0.45 line in the plane layer.
: r
! . (i) The direction, B,, of the line of maximum q? minus

——

about 1° (since qzmax'in the plane layer is at

n -~ 0.017) .
(iii) The direction, 33, of the mean streamiine at %— = 0,67
r
minus about 0.6° (since %~ at n & 0 in the plane
r

layer is about 0.01).

(iv) The direction,,34, of the line haﬁing the same
inclination to the expansive rate of strain as does
the n = 0 line in the piane layer,

The shear layer direction was determined in each of these ways
and is plotted in Figure 5.22, in which B is measured with respect .
to the local J-line. (The 'effective' n = 0 line was found to
coincide exactly with (i) in the curved portion of the layer).
Within the experimental accuracy of measuring directions of curved

lines, say + 1 degree, the four definitions are seen to give similar

- due to mean flow program inaccuracies, see Appendix V). At the

centre of the plane layer a cﬂaﬁge in axes oﬁvl degree produces less
than a 37 change in shear stress; it was the;efore felt that the
smooth curve drawn through the points plfttéd in Figure 5.22 could
justifiably be defined as the variation of the local direction of the.
mixing layer.

5.2.4 Turbulent Energy and Shear Stress

The variations of maximum turbulent energy, q2, and maximum

shear stress, ﬁ%;, around the shear layer centre-line are shown in-:

' Figure 5.23 where ﬁ?ﬁ is measured with respect to both the?ordinéry
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xj’, yj‘ co~ordinates and the curved co—ordinates s, n” defined in

. Section 5.3. The anticipated initial stabilising effect of the curva-

ture is obvious; the shear stress is reduced relatively more than
the turbulent energy. As mentioned in Section 5.2.1 the distinctive
feature of this plot is the large overshoot in energy and shear
stress when the curvature is removed. The behaviour of the maximum
and minimum values of the triple velocity products appearing in the
transport equations is similar (Figure 5.24). Discussion of possible
reagons for this extra turbulent activity is deferred until Chapter
6. However, it is worth noting that the maximum value of.EE;’
on the high velocity side (Figure 5.24b) drops far more than the
other turbulence quantities in Figures 5.23 and 5.24, EE;’ is
related to the entrainment so this is an indication that the entrain-
ment is reduced far ﬁore on the high than on the low velocity side of
the mixing layer and that the turbulent diffusion probably drops
relatively more than the other terms in the energy transport equa-
tion. The latter statement is proven in Section 5.2.5 and both points
are discussed more fully in Chapter 6.

It will also be noticed on Figure 5.24 that all the triple
products on the high velocity side begin to decrease beyond about
S = 80. This is undoubtedly caused by the presence of the backplate:

QZi ,

W2
triple products, indicating that the solid boundary is tending to

there is a corresponding decrease in along the line of minimum
'flatten' the large eddies. This is what one would expect but it
is interesting that q2v decreases as much as q2u. Clearly q2v, as

well as q2u comes mainly from the large eddies. 1In view of this
effect, the energy and shear stress balances in the vertical portion
were derived at cross—sections upstream of § = 80.

Figure 5.25 shows the variation of the maximum principal
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turbulent stress around the centre line compared with the principal
rate of strain, non-dimensionalised by the shear layer fhickness, 8.
Both are divided by the corresponding plane shear layer quantity and
the use of 6p as the non-dimensionalising quantity (for the principal
rate.of strain) rather than S, avoids the problem of a changing
virtual origin. As expected, the resfonse of the turbulence lags
behind,and is somewhat more vigorous than,the mean flow behaviour.
The direction of the principal rate of strain is given by

ol oV

@ = { tan (az dx )
ouU
2 ox”

- and the direction of the principal turbulent stress is

az = i tan-l (___%_ILV___) .
‘ 2
us = v=

Figure 5.26 shows how the two directions vary around the mixing layer

centre line. If the shear layer were to rotate with no change in

the almost zero value of %§~ in the plane layer, a, would follow the

1

dotted line. However the pressure gfadients cause a substantial

variation of longitudinal velocity around the centre line (similar

/to that around the bounding streamline, Figure 5.7) so that %%7

‘takes significanfrnegative (for S < 35) and then positive (for S >_35)

-

values, causing the variation of a; as shown in Figure 5.26..

5.2.5T“Turbuiént Energy Balances
Energy énd shear stress balances have been derived around the
vmix{ng layer centre line and at various cross-sections of the flow.
This and the following.section outline the procedure adopted for
deriving each term in the relevént transport eqﬁation, indicate the
sources of error and likely accuracy and present the resulting balances.

[}

Discussion of the physical significance of the results is deferred to
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Chapter 6.‘

5.2.5. 1

Centre Llne Balance. Figggg_Q;gz In view of the vast

amount of labour required to obtain the balances from the raw

experimental data, particularly to calculate the terms involving

longitudinal gradients of turbulence quantities, the 'centre-line'

is re~defined for the purposes of these, sections as the line

joining the mesh points, i, j, (used in the mean flow program)

‘nearest to the line of maximum turbulent energy (q?). Although not

« .y coincident with it this is very close to the centre-line defined in

" Section B;BWand resulted in a significant reduction in the amount

- of interpolation of experimental data required.

LW

e

The Production Term

_ = ,0U° . 3V~ _ ,2 _ o3y 9U”
uv (By.‘ * dx.” e (u v 9x.” *
J J J

This is relatively straightforward. The mean rates of
strain are output  directly by the mean flow program
(Section 5.1.7) so tbat, using the measured turbulence
quantities, the production follows directly. Shear
stress measurements in the plane layer (Section 4.3.2)
were 15 - 207 lower than the calculated shear stress.

For the sake of consistency no attempt is made to use

;
{

a calculated shear stress in the curved layer (this
would anyway not be a partiaularly accurate calculation)
so that the production term in Figure 5.27 is expected
to be somewhat low. Near j =1 (S = 12):Ehe calculated
rates of strain are too low because of program errors
in this region (Appendix V). o

'Figurg 5.28 shows the contributions of the shear and

[

_normal stress production to the total. In this case of
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(ii)

course the terms need to be measured in co-ordinates
(x“, y°) aligned with the direction of the shear

layer = Chapter 3.

B TGO T
jur 34 - |

 This can also be written as -

- 5
inas

(where s is measured along a streamline) and this form

is preferred as it reduces the labour and increases the

accuracy. The path of the streamline through the point

of interest (i, j) was found from the mean flow output.

‘.Ydata,and q2 at the relevant yi’ position in the J-4,

*J=2, J+2 and J+4 lines was interpolated from the“é;-2

. 5q2
plots (e.g. Figure 5.16). 5%—-was then found by plot-
ting EE against s, smoothing as necessary and measuring

the gradient. Very little smoothing was actually
2

required and as a check on the accuracy, %g—-was plotted

Sp.n
against S and the resulting f %; (q2) dS compared with
— — S1
qzs - qzs . This is a reasonable check since the centre
2 1 ;

;

line defined above is quite close to the streamline
Y = 40 (see Section 5.2.2 for definition of y) so that s

can be taken to be identical with S. The result of this

N g2
check is shown in Figure 5.29 -and Table 3. S taken

from Figure 5.23 is also shown, confirming that s can be

taken as S: in fact it would clearly have been simpler

to use these values directly for the advection term,
e T

but since for the cross-layer balances at positions away
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- from the centre line this was not possible, the proce—

ﬂ'fdure described above was used’thfoughout. Table 3

2. (CTZ) dS differed from g2 -;i ,
S2 S1

S
shows that f 2 58

S1

" by less than about 6% of “their mean, which was

considered very satisfactory.

The Diffusion Term = -
- ] (q EV’) _ 3 (qqu)
ayj ‘ 2 ax.” 2 .

The first term was measured directly from the plots of

q%v” against yj‘ (e.g. Figure 5.17) and sz—u(qzu‘) was

J
obtained in a similar way to the advection term.

Figure 5.30 shows the two parts of the triple velocity

"diffusion in the curved portion of the flow'(in the

vertical portion %;a(qzu’) reduces to zero). The

accuracy of the longitudinal term was not expected to
be very high, particularly on the centre-line where

er—

3%77 (q%u”) is at its -greatest but, as Figure 5.31

shgws, it was possible(to draw plausible smooth curves
through the experimental data. The examples shown are
typical of the results in the regions where Bi. (;357)
was negative (S > 30) and positive (S < 30) and it is
clear that the negative gradients are probably more
accurate than the positive ones because of the difficulty
of deciding which line to draw through the points in the -

latter region. The only way to improve this situation

would have been to increase the number of cross layer

. traverses: this was not considered worthwhile.

Because both the lateral and longitudinal terms are of

1 . . ‘
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- (i)

(v)

the same order but of opposite sign in the region

S = 40, the total triple velocity turbulent diffusiomn
becomes extremely small in this region. This‘is
discussed further in Chapter 6.

The dissipation-sg—-was calculated in exactly the same
way as for the pggne layer (Section 4.4.1). The
universal spectra are not presented: they were similar
to the plane layer case (Figure 4.13). All the correc~-
tions described in Section 4.4.1 were applied, although
it was noticeaﬁle that at large values of S the length
correction was not gufficient to maintain a good fit in
the dissipation range. Since the Kolmogorov length
scale was about 0.04 mm throughout (it only varies as
x* in the plane layer) this was difficult to explain,
but did not prevent sensible estimations of the

dissipation since there was still an extensive inertial

sub-range. The accuracy of the dissipation results is

" not expected to be any higher than that estimated for

the plane layer, i.e. between 15 = 20% (Section 4.4.1)
although since the results lie on a reasonably smooth-
curve (Figure 5.27) they do seem to be consistent.

Discussion of the dissipation length parameter derived

"~ from these results is deferred until Chapter 6.

The Overall Balance

Each term is made dimensionless by multiplying by the

distance, S, around the centre-line. Since the virtual
origin varies with S, at least up to S ~ 80 (Figures

5.13 and 5.14b) it is difficult to.plot the'equivalent
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plane shear layer values of each term, except for
’yﬁery small § and for S ~ 80 where the virtual origin
. So is roughly constant (Figures 5.13 and 5.14b) and the
plane layer values therefore must be increased in the

. S
S So

The but-of-balance' term is plotted in Figure 5.27, It
 is somewhat larger than the plane—layer centre-line
value (Figure 4.,14) in the region S = 80, but this is

—

where the turbulent energy 33; is considerably greater
th;n the plane layer value ?glthough the mean velocity
is the same). It is reasonable to suppose that the
error in measured shear stress will be correspondingly
'greater. In the vertical portion,of course, the shear
stress can easily be calculated from the mean momentum
equation $Section 4.3.2) and a quick check at § = 73
indicated a larger difference between the calculated
and measured shear stress than was apparent in the
plane layer. The errors in the measurement of the
other terms in the energy balance in the vertical
portion of the curved mixing layer are unlikely to be
very different from those in the plane layer, so it
certainly seems that it is efrors in the productioﬁ
term which cause the larger out-—of-balance term in this
region. |
Similar arguments could explain the relatively -small
error around S = 40, )
5.2,5.2 (Cross-Layer Balances Energy balanceénwere constructed

at three flow cross-sections corresponding to § = 34.3 (J =11),

S = 38,8 (J = 13) and S = 81.5 (J = 27) and they are shown in Figures
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5.32 - 5.34. Except for the dissipation the method of deriving each
term, described above, was used over the whole of each cross-sectioﬁ.
Figure 5.35 shows the contributions to the total triple-velocity
diffusion made by the lateral and longitudinal terms in the two

cases where the latter is significant. The errors are probably no
worse than those associated with the centre-line balance; indeed

the lateral diffusion term integrates quite closely to zero and the
errors in the longitudinal term will be smaller away from the centre
line (since the lateral gradients are lower). The diffusion term

plotted in the balances (Figures 5.32 and 5.33) is the sum of the

smoothed curves shown in Figure 5.735.

Figure 5.21, which is typical'of any cross shear layer traverse,
shows that the u-component spectra measured at positions away from
the centre-line do not contain a significant.fegion of 1% slope, when
plotted in the usual way. Attempts were made to construct universal
spectrum in the way described in Section 4.4.1, making allowance for
the intermittency of the flow. Th%s was assumed to have a variation

similar to that in the plane layer (later found to be correct at this

“location - S = 73) and the dissipation was assumed to occur entirely

within the turbulent regions. As stated in Section 4.4.1 the
convection velocity could not be taken as simply the local mean

—=
velocity and it was defined as U, =10 +.2§%; This differed from U by
less than 10% on the high velocity side gut exéeeded U by over 100%
on the extreme low velocity side. The resulting values of the
dissipation were reasonable on the high velocity side but were clearly
grossly.in error on the low velocity side, being typically a factor of
three higher than the.centre-line value. Even significant variations
of Uc and/or f did not produce much change. ‘Sensible reasons for this
behaviour were not -obvious and in view of the difficulty the
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dissipation was derived in the same way for the plane layer,. by
' ' 3/2

-assuming it to vary as (q2) .

The out of balance ﬁgrm, indicated in Figures 5.32 ~ 5.34,

_is in general similar to the corresponding result in the plane layer

(see for example Figure 4.14). The exceptions are the somewhat

' larger value at § = 81.5 (Figure 5.34) which was plausibly explained.

in the previous section and the large values at the high velocity

edge at S = 34.3 and 38.8 (Figures 5.32 and 5.33). In the plane
mixing layer the out~of-balance term, usually attributed to a mixture
of experimental inaccuracies and the pressure diffusion, was very
small at the high velocity edge (Figure 4.14). It is most unlikely
that the large out-of-balance is caused by errors in say, the
advection term and the only possible conclusion is that the pressure
diffusion, usually thought to be quite small, ‘is significant in this
region. This is discussed further in Chapter 6.

It will be noticed that in the balances along J = 11 and 13 the
production term has a small negative floOp' at the high velocity
edge. This is caused by the change in sign of both the mean velocity
‘gradient (Figure 5.9) and the shear stress (Figure 5.16) and is also
discussed in Chapter 6.

5.2.6 Shear Stress Balances

For the reasons given in Chapter 3 the‘éhear stress balance
around the centre-line was measured with respect to curved
co~ordinates (s”, n”) and to evaluate the curvature terms the

curvature, K was required. This was taken as the curvature of . __

the mixing layer centre~line defined in the usual Way:(Section 3.3).

Figure 5.36 shows the measured k plotted against”§ﬂ(§ms’). This

provided a convenient check on accuracy since,
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52
[ ©xds =0, - Og .

Sl 2 1
The smooth curve drawn through the points gives a value‘of the integral
(between § = 12.6 (J = 1) and 51.2 (J = 19)) of 1.56, which is
encouragingly close to %3 the angle‘through which the shear layer turns
between J = 1 and J = 19,

Each term in the transport equation was derived in a similar way
to the corresponding energy transport terms, remembering of course |
that streamwise gradients (%%,) require Q to be measured with
respect to s” and not x”, the 12£E£ direction of s”. The curvature
term K(Z;I: - d@) was extremely small so has been neglected throughout.
It could only be significant compafed with the term UK(E.i - ;E) at the
extreme low velocity edge of the flow where 2; = 0(1),’and in this
region U is small so that UK(:E - ;E) is itsglf‘small;

The resulting shear stress balance is shown in Figure 5.37, where
the pressure strain term has been obtained by difference and the
contributions made‘by-;i_%g> and - ;?UK to the total production are
shown in Figure 5.38.

5.2.6.1 Cross Layer Balances Restating the conclusion of
Section 3.3, it is clearly better to use the relevant curved
co-ordinates to derive the various terms in Fhe transport equation
of a vector quantity (like TV) so that each/;erm has the same physical
meaning as in the plane layer. All the croés—éhear layer balances
were derived before this conclusion had been reached and were
measured with respect to the axes (x“, y”) aligned with the local
direction of the mixing layer. However it will be shown that the
resulting pressure strain term is not Gery sensitive tﬁ»this difference
of axes, so tﬁatﬁiﬁ view of the amount of work required to produce é |

Y
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single balance, they have not been recalculated.

Figures 5.39 = 5.42 show the four resulting balances, measured at
representative positions in the mixing layer. The accuracy of each
term is similar to that for the corresponding terms in the energy
balance. In factythe longitudinal diffusion was found to-be small
compared with the latgral,difoSion, so that the total diffusion

. term is probably somewhat.moré accuraieithan';he energy diffusion
measurements.kl‘ . B | | |

Comparison of Figures 5.39 -‘5.42 and Figure 5.37 shows that
the advection terms on the centre-line are of opposite sign: a
result of the different axis systems used. To check that the
pressure-strain term is not too7dépendegt on the axes, the shear
stress balance at § = 29,9 (J = 9) was also calculated with respect
‘to ‘curved co-ordinates in the same way as the centre-line balance.

"The rotation term (UK(;? f*;i)) was about twice the advection (and
~ of oppositézsign) which itself was of the same order as shown in
Figure 5.40 but of opposite sign. Since the velocity diffusion Qas
 .a1most identical, the resulting pressure—strain term was not very
,p&ifferent from that found in (x“y”) co-ordinates. Figure 5.40
includes this 'correct' pressurg—straiﬁ term and also the production
term, measured in curved co-ordinates. )
/

There is nothing inherently 'wrong' about the balances measured

in x*, y” axes, but care has to be exercised in any deductions that

are made about the physical phenomena relating to each term.

5.2.7 The Mean Momentum Equation-Turbulent Terms

Using the equation of motion writtem in curved co-ordinates
(Section 3.2) the mean momentum equations can be derived. 1In the
usual s”, n” co—ordinates (8” being measured along the mixing layer

centre=-line) they are-
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U v & 33U iy 4 20k = - OB
38 n an 98 08
and
v V. 3av av2 5 - - ap
U i + hV T + P + h T kU Kk {u* v*<) h Tl

(h=1+n0%(s")) .

Using the continuity equation it can be shown that

v 8V _ . 8V _ .30 _ o
55 T AV S FUggm = Vg7 — k¥

U

and this is always extremely small compared with kU? - indeed if s~

were a streamline it would be identically zero. The lateral momen=-

2
the only significant turbulent term is h~%§7 ’

tum equation can therefore be written, since the data indicate that

3 2

- kU2 + h _27 == h 227 .
on’ an

The terms on the left hand side are plotted, for J = 9 - the region

L4
of maximum curvature, in Figure 5.43. ¥ is taken as constant across

o2
the layer and equal to the centre-line value. (learly %§7 is only

significant at the extreme low velocity edge of the flow and both
%53 and K(;E - ;E) are an order of magnitude smaller.

More interesting of course is the behaviour of the streamwise
momentum equation. It is very difficult to measure the various
terms along a line aéross the mixing layer. The simplest way is to

use co-ordinates along and normal to the mixing layer direction

(x“, ¥7) so that the curvature terms disappear. Comparisons of %53

2
and %%7 are shown in Figure 5.44 and clearly in the region of minimum
turbulent energy and shear stress (S ~ 35) the two terms are of the.
same order. However it would be more meaningful, as explained

previously, to use s”, n” co-ordinates so that u? retains its usual

significance away from the J-line of interest. The curvature terms,
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(UV + 2U¥)k, must be retained and it is particularly difficult to
estimate the size of the terms involving mean velocities (and their
gradients) across the mixing layer. To get some indication of the
o : SaV Y .
relative size of the two terms P and ryc (24dvk being negligible)

Figure 5.45 shows the maximum shear stress gradient (on the high

. . du? . . .
the centre line, plotted against 8.527 is roughly at its maximum

velocity side of the layer) and the streamwise gradient of u? along

on the centre line, so we deduce that %gg is the dominant term over

most of the mixing 1ayerf
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FIG. 5.3 ‘Wake excess temperature.
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FIG. 5.4
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FIG. 5.5a Temperature profiles in wake, of
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FIG.5.7 Mean velocity along

bounding streamline.
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FIG.5.8 Mean velocity profiles. (curved portion)
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FIG 5.11 Mean velocity profiles (vertical po'rti'on}
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FIG. 5.12 Mean velocity profiles (vertical portion)
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FIG. 5.13 Mixing layer growth rate.
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\ FIG. 5.14a Mean vorticity & rates of strain.
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FIG.5.15 Streamline direction.
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FIG. 5.16a.
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FIG. 5.16d. Turbulent energy

& shear stress.
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FIG. 5.16e. Turbulent energy
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FIG.5.17 Triple products.
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FIG.5.24a., Maximum triple products
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FIG. 5.25
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FIG.b.26 Direction of principal stress
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F1G. 5.27 Energy balance round the J
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FIG. 5.28 The energy  production

terms
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FIG. 5.30 Triple velocity diffusion

round the centre-line.
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FIG. 5.31 Typical q'u’ vs. x| for estimation

of longitudinal gradients.
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FIG. 5.32 Energy Dbalance
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FIG. 5.33 Energy balance
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FIG.5.35 Triple velocity diffusion. -
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FIG. 5.36 Mixing layer
curvature.
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FIG. 5.38 The shear stress
production terms

around the centre line.
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FI1G. 5.39 Shear stress balance.
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FI1G. 5.40
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FIG. 5.41 Shear stress balance
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FIG. 5.42 Shear stress balance
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FIG. 5.43

Terms in

the normal

momentum equation.
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FIG.5.44 Turbulent terms in the streamwise
momentum  equation.
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5.45  Turbulence terms in the

streamwise momentum

equation.
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6. FURTHER RESULTS AND DISCUSSION

It was s;ated"in Chapter 1 that the aim of the present experi-—
mental program was to gain more understanding of the effects of

large curvature on turbulent shear flows, with a view to assisting

in the evolution of viable calculation procedures. The preceding

chapters have shown that there are certainly some interesting, and

unexpected, phenomena and some of these are discussed in the first

part of this Chaﬁter.

' The second section points out the ways in which the more

' common calculation methods would fail when applied to the present

flow and indicates the probable direction in which the 'calculators'

'rmﬂst move before being able to cope with such highly curved flows.

6.1 THE PHENOMENA

6.1.1 The Stabilising Nature of the Curvature (S 2 35)

Since the radial gradient of the angular momentum, UR, is

-positive in this flow we would expect the curvature to have a stabi=

lising effect (Section 1.2): the data amply demonstrate this.

Following the initial reduction in the principal mean rate of strain,

”»

' . . . \'i . .
caused largely by an increase in the rotation term 2—-the principal

ax”?

turbulent stress decreases quite dramatically (Figure 5.25) and
there is a corresponding decrease in the triple velocity products
(Figure 5.24). It is interesting that the shear stress is reduced
relatively more than the turbulent energy (Figure 5.23); in fact GV
drops by a factor of 7 and-;E by a factor of less than 2. This
implies that the large eddies havg become less efficient as a means
of shear stress production and indicates immediately. that the
turbulent structure itself is affected‘by the curvature -vhardly a

surprising result.

[
w

77 . |



W

Similarly the data show that the shear stress, Uv, also &rops
relatively more than (GE ~.;§)4and\this is particularly evident on
the high velocity side of the flow. One résult,pf this behaviour
is that the direction of the princip#l'turbhlept stress, given by

—

@ - 32

o, = | tan (t:zgi——
moves closer to the local mixing layer direction (Section 5.2.3).
Figure 6.1 demonstrates this varia;ion of a, along the line 2; = 0.64,

s and Figure 6.2 shows that the effect is,greatér on the high velocity
side of the mixing layer. In contrast the direétion of the principal
vraté of strain’differs from the plane layer value of about 45° by
"less than 5° over most of the layer at J = 9. |

The prd@uction, diffusion, dissipation (in the energy equation)
and pressure-strain (in the shear stress equation) terms in the
‘)transport equations show corresponding decreases (Figures 5.27 and
5.37)L' However, there is a significant variation in the amount by -
which each term drops and,to illustrate this,Figure 6.3 shows the
relative reduction of each term in the energy equation, deduced from
 the centre-line balance. The triple-velocity diffusion of turbulent
energy is clearly reduced considerably more than either the production
or the dissipation and in fact at § ~ 40 (where the‘advection is very
small) the diffusion is extremely small so that the energy dissipation
rate’is quite close to the rate of production.
Figufe 5.30 éhows that although the lateral energy diffusion
term has dropped to about 0.3 of its plane layer value by S = 40,
the very small total diffusion is caused by a large negative increase -
in the longitudinal diffusion. This may not however'bé very
significant since cartesian xj’, yj‘ axes were used so that the

—

individual terms may not be meaningful. In fact the 'longitudinal +
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rotation' diffusion term in the shear stress balance is always at
least an order of magnitude smaller than the lateral term (at least
round the centre-line). In this case the lateral diffusion behaves
similarly to the total energy diffusion, but since it is anyway
quite small, the pressure-strain term virtually follows the shear
stress production.

Such a reduction of the diffusion terms lends further weight
to the assertion made above, that the curvature considerably
..~ weakens the large eddies. It is these eddies which'are mainly
responsible for the diffusion away from the ceqﬁre of the plane
mixing layer, so it seems that they become very inefficient in this-
energy transport process. Further evidence for this is presented

below.

6.1.2 The 'Overshoot' on Removal of the Curvature (S 5 35)

The stabilising effect of the curvature was an anticipated
result and it was expected that, on removallof the curvature, there
would be a s}ow monotonic retuén of, say, the turBulent energy to the
plane mixing layer value. Figure 5.23 (and many others) demonstrates
how wrong this expectation was and the.;teep rise, and overshoot, of
'ﬁheiturbulént energy, shear stress, triple products, and associated
.transport equation terms appears to be a pheponenon not previously
observed in turbulent flow. :

Theretié nothing in the mean flow data.that would explain such

- . behaviour and we must look to the changes in turbulence structure for
| “gxplanations of the phenomenon. Since the large eddy structure
| plays such an important part in the plane mixing layer it is natural -
to lookrat the effects of the curvature on the 1érge eddies. It has

already been stated in the previous section that the curvature appears

to weaken these eddies substantially. They seem to become much less
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efficient both as a means of shear stress production and of turbulent
transport. A more direct evidence of the weakening of the large

eddies is shown in Figure 6.4, where the 'relative large eddy'

~ strength', defined as

{|Max(qZv) | + lMin(?:r) | }/(qzmax)3/2

is plotted against S and is seen to drop by a factor of two.

Figure 6.5 shows the variation of the dissipation length scale,

., L , and the microscale, A, (defined in Section 4.4.1) around the

centre-line of the curved mixing layer, and it is clear that the
curvature affects L far more than A which, within the'experimental
accuracy, varies very little from the plane layer value, although
there is a hint of a rise around S ~ 50. The dissipation length
scale is reduced dramatically and in fact in the region of maximum
curvature it is of the same order as the microscale. This is a
reflection of~the reiatively large suppression of shear stress
(since L = (55)3/2/5) and is further evidence of the weakening of
the_larée eddies so that they are less able to transfer vorticity to
the smaller scales. Beyond S = 40 there is a sharp rise‘(and
overshoot) in L. It is interesting that this rise, in common
with that of the energy (and shear stress) diffusion term, Figure
6.3, does not occur until around S = 40, by which time the curvature
has reduced to half its maximum value (Figure 5.36). On the other
hand the rise in energy production starts somewhat earlier, as soon
as the curvature starts to drop. This 'lag' of the diffusion term
is about 12 cms, measﬁred around the centre line, which corresponds
to about 2.5/%% s, or 3.5 Gp,‘which is a ;ypical léfgéAeddynlifetime.
Further discussion of the lag effect is,deferreé“ﬁo Section 6.2.2.
All the evidence suggesﬁﬁ that ﬁhe céf#g?ufg,suppresses the
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large eddies, so there is very little turbulent diffusion away from
the centre of the mixing layer. This results in a comparatively
large surplus of energy pfoduction thch rises sharply and sub-
sequently 'rejuvenates' the larger scales causing a similar sharp
rise in the diffusion. |

6.1.3 Deductions from the Cross-Layer Balances

Comparisons of the energy and shear stress balances in the
curved region (Figures 5.32 - 5.34 and Figures 5.39 — 5.42
respectively) with the corresponding plane'layer balances (Figures
4,14 and 4.16) are interesting in a number of ways. Firstly it is
clear that although the diffusion terms are considerably reduced,
the reduction is somewhat less on the low velocity side than on the
high velocity side of the flow. In fact in Figures 5f33 and 5.41
(J = 13) the positive loop in the diffusion at the low velocity edge
is actually higﬂérvthan that on thé other side -Vthé reverse of the
plane mixing layer case; This iﬁplies tha;,tufbﬁlent energy is
transferre.d to the ‘low' velocity’edge;at a 'féstei"rate than to the
high velocity edge. |

The large eddies are mainly responsible for the entrainment of
free stream fluid and it is inferesting to note the effect of the
distortion on either side of the mixing layer. It has been shown that
the energy diffusion is reducedvrelativély ﬁére on the high velocity
edge, so that thglentrainment is>presumab1y reduced relatively more
Wén the’high than on the low velocity edge of the flow. In contrast

to the plane layer case, where the 'thicker' side of the flow (based

Ur ’ r

“on the 1ines'g~ = 0.67 and %— = 0.90) corresponds to an entrainment
rate which is relatively less than that on the 'thinner' side, we

"would therefore expect; in the curved flow, the 'thickness' of the

high velocity side to be reduced relatively less than that on the low
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velocity side: this is precisely the effect noted - see Section 5.1.6.

Secondly, since %g-and UV both change sign at the high velocity
edge in the region of large curvature (Figures 5.9 and 5,16) there are
corresponding tloops' in the energy and shear stress production terms
(e.g. Figures 5.32 and 5.41). This is a major cause of the low
levels of production over the rest of the 1ayér,'

The other main feature is that thé.fout-of-balance' term in the
energy balances in the region of high cﬁf?atu;éuis quite high at the
high velocity edge of the mixing layer. It is most unlikely that this
is caused by errors in, say, the advection term and the only'poséible
conclusion is that the pressure diffusion is relatively large in this
region. Similarly, in the shear'stresg‘balances the pressure-strain
term changes sign in this region but this could be in error since the

pressure diffusion may be significant. It is difficult to say whether,

"in the energy balance, %;r(ﬁﬁn or %E-(§V) (or both) is the cause of

the increased pressure diffusion and, correspondingly, which term in

the shear stress balance might be responsible for the 'apparent'

positive pressure strain. Clearly more detailed investigations in

. this region could be worthwhile.

6.1.4 The Intermittency

In an attempt to learn more about the lgrge scale structure the
intermittency, Y, was measured in exactly ;he same way as described
in Section 4.6.2, It was anticipated that the same criteria would
work and no attempt was made to vary the threshold levels (k1 and
k2 defined in Figure 4.17).

A selection of the results, plotted as the variation of y at
particular.values of §~ across the mixing layer, éfe coﬁpafed with

r

the plane layer results in Figure 6.6. It appears that the

intermittency profiles get successively broader as the cutvature
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increases, due to large rises in y at the high velocity edge.
Various reasons for this behaviour were concocted ('centrifugai'
arguments for example) before it was realised that the results did
not correlate with the flatness factor results. The intermittency
estimated from the u-component flatness factor (as described in
Section 4.6.2) is shown, for J.= 13, in Figure 6.6. Inspection of
a few computer plots of the intermittency function showed that the
fluctuations of uv (and u and v) in the irrotational regions at the
high velocity edge (in the region of large curvature) were far
greater than in the corresponding regions of the plane mixing layer,
This resulted in apparent bursts of turbulence in the irrotational
regions since the threshold levels were set too low; so that the
measured intermittency was too high, In'thé vérﬁical portion of

the curved layer thesé large ir;otationaiifluétﬁations were not
evident, so that the criteria worked quite well., The resulting
profiles are similar to the plane layer results, except that y seems
a little low at the low velociﬁy edge: the intermittency estimated
from the flatness factors is shown,,for J = 27, in Figure 6.6 and is
/clearly closer to the plane layer profiie.

" Time did not permit further work on the digital program but
.undoubtedly other criteria could be de?ised to cope with this
problem of relatively large irrotational fldétuations. Instead, some
“chart recoréings of the crossed-wire anemometer outputs were made
difect from the analogue tape recordings and the intermittency was
" estimated from these in the usual way (Section 4.6.2). The result-

‘ ing intermittency values were considerably lower at the high velocity -
edge of the mixing layer. Typical examples, which agree with y
estimated from the flatness factor, are included, for J = 13, in

Figure 6.6. Although the accuracy is not expected to be very high
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as the sample length was so short.(less than 4 second) the results
still indicate a slight rise in intermittency at the high velocity
edge of the layer. At the low velocity side, where the irrotational
‘'regions did not look very different from thqse in the plane layer, .
the results are close to those obtained from the digital technique.
Perhaps the most interesting result of the intermittency work
is the conclusion that there are large fluctuations in the irrota-
tional regions at the high velocity edge in the region of high
curvature. The only obvious explanation forvthis Behaviour, which
may correlate with the apparently quite large é;essure diffusion
in the same region of the flow (see Section 6.1;3) is the presence
of internal wéves. In atmospheric flows it ﬁas been suggested that-
in very stable conditions, corresponding to large Richardson
numbers, the turbulence changés character and is gradually replaced

(42)).

by gravity waves (see for example Lumley & Panofsky At the

high velocity edge of the curved mixing layer typical Richardson
np@bers are certainly considerably higher than at the centre of the
- flow, so it is possible that an analogous phenomenon is occurring.

JKCIearly this aspect of the work could usefully be examined in more

"detail.

6.2 'TOWARDS A CALCULATION METHOD'

6.2.1 The Equivalent Shear Layer Assumption

There are two general features of the results obtained in the
curved mixing layer that may be particularly helpful in the formula-
tion of calculation methods for such complex flows, In Section 5.2.3
it was shown that the various possible definitions of shear layer
direction all coincide, so that it is not necessary to think in terms

of principal stresses and rates of strain. This is a significant
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simplification since transport equations for principal stresses
would be particularly cumbersome.

It was anticipated that even if the use of principal stresses
were necessary, transport equations for the normal stresses, in
addition to the Reynolds shear stress, would be required. However,
Figure 5.28 shows that the normal stress production term of the
energy equation, which is usually neglected in the thin-shear-
layer approximation, is quite small, at least along the centre line
and particularly when referred to axes aligned with the shear layer

direction. Figure 6.7 shows how this term and the termu? §¥7 (agaiﬂ

negligible in thin shear layers) compare with tﬁe usually dominant
production terms in the energy and shear stress equations across

the layer at J = 13, C(Clearly even in this flow, which has compara-
tively large extra strain rates, these terms are quite small except
at the outer (low velocity) edge: this is of course precisely where
they become noticeable in the plane mixing layer, Similafiygfhé"‘~
norﬁal stress gradients in the mean‘momentum equations are not unduly
large - Section 5.27 and Figures 5.43 - 5,45,

These two features might be expected to be evident in other
highly curved flows and encourage one to believe first that in cal-
culating flow fields including deflected shear layers the thin-shear
layer approximation for the streamwise flow’can be used (but
retaining longitudinal diffusion terms) provided that co—~ordinates
aligned with the shear layer direction are used., Secondly, it might
only be necessary to use a transport equation for the Reynolds shear

——

stress, although it has been shown that g%;changes by a factor of at

2 .
least three round the centre—~line (Section 6.1.1) andnéézis similarly
. u
far from constant so that to model the obvious structural changes in

the turbulence may, after all, require some normal stress transport
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equations, perhaps firmly pruned; the energy equation may suffice.

The obvious necessity for a length scale equation (since L/Gp varies,
Figure 6.5b) is discussed in Section 6.2.2.

6.2.2 Probable Requirements of a Calculation Procedure

It was obvious from the start of the present work that most of the
present—day calculation methods would be unable to cope with such a dis-—
torted shear layer; indeed, as stated in Chapter 1, this constituted a
‘reason for performing the experiment. Any turbulent model which
effects closure by use of the effective turbulent viscosity
Vi (vT = (57)%)1 where 1 is a length scale proportional to that of the
energy—containing motions) even if two transport equations are provided -
one from which the length scale may be determined in addition to, say,
the energy equation - cannot be e#pected to work where there are
appreciable transport effects on the Reynolds stresses. Closures of
the exact Reynolds-stress transpoft equations reduce to formulae of
eddy-viscosity type if the transport terms are negligible (as in
local-equilibrium flow) or if their ratio to the generation or destruc-—
tion terms is a function of %-only (as in self-preserving flow), so
that where the behaviour of the transport terms is more complicated
eddy-viscosity formulae'are probably no better than first

approximations.

} N M
Figure 6.8 shows the variation of mixing length, defined in the

usual way as
— % U
= o i ————
1 (uv) /By’

around the curved layer centre-line., 1 drops’by more. than a factor

of two and the eddy-viscosity is reduced by an even greater amount
A
so that clearly no calculation method based on eddy-viscosity

(18)

concepts could hope to succeed. Bradshaw » by drawing an analogy

86



between curvature and buoyancy effects, was able to include a simple
curvature correction in his calculation method, as described in
Section 1.2. Curvature effects on the turbulent structure were
ignored since only the dissipation length parameter, L , used in the
calculation method of Bradshaw et al.(lg) was adjusted. .

Bradshaw defines al'flux Richardson numbe;f.Rf as the ratio of

(minus) the v=component 'curvature production’ to the u~component

shear production. 'In our co-ordinates Ré is given by

9 LU | 25,
Rf = Z-WUK uvK —a-'E (E') =']'.—'T§-;

where Sc = UK/%%. This is identically equal to (1 -é? (where A is

the rate of strain and Q the vorticity).which can be thought of as a
'non-thinness' parameter. The variation of R and S. around the centre-
.1in; is. shown in-Figure 6.9a and Figure 6.9bfshows R. plotted against
(1 - L/Lo) where Lo is the dissipation length parameter in-the plane

_(18)

layer, ' Following Bradshaw and others we might-expect  R. to be

. £
linearly related to L/Lo'for small curvature,

.

I:'J’l—'

=1- BRf ’
o

where B is a constant which seems to be about 7 for positive Rf and L

is used rather than the mixing length, 1, sipce this is a non=equilibrium
flow., The initial trend of Figure 6.9b suggests a B of~about 4} but clearly
any linear region which might exist is not very extensive. The two main
features of the piot are the.'lag' effect, evidenced by the upward sweep

of the curve at high values of.Ré,Cand the 'overshoot' effect: .L finally -
£

It may be possible to account for some of the} lag by an equation

relaxes back to~Lo from a higher value, and at zeré R
for the 'effective' curvature, Kgs of the form
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where Ky is the true (local) curvature, so that K, approaches K with
a 'time constant' T. Exploratory attempts to do this, taking T to
be a typical large eddy lifetime, say 3.5 Gp as in Section 6.1.2, have
not been particularly succegsful. However, it is evident that further
efforts in this direction would be useful although it is probable that
a somewhat more sophisticated model of the effects of curvature on
the large ed&y structure would be required.

Probably the only sensible technique to adopt for calculation of
complex flows is to use only equations derived from the Navier
Stokes equations. Hanjalic & Launder(zz) have recently devised a
model which, in its genmeral form, provides transport equations for
all the Reynolds stresses and also the energy-dissipation rate (which
provides an appropriate turbulent length scale), the exact equations

being approximated term by term. For the present flow a length

scale equation would almost certainly be needed and it may not even
3/2

be sufficient to use only the length 'scale ((q2) /€) implicit in
the dissipation transport equation. .

| Furthermorg,since use of a single kgynoldsvstress transport
equation, usually that for ﬁv;‘ihplies that the éhear stress profile
sufficiently defines the turbulent field, i;fmay be necessary in the .
present case to use at least one further Reynolds stress equation =
perhaps the energy equation - as indicated in Section 6.2.1.

There are two general pointS’thch‘ariseAfrom termby-term

approximation of the exact tramnsport equations. Firstly, most recent
'wor#ers-répresént,the turﬁulent energy diffusion by a gradient -

"diffusion hypothesis, Figure 6.10 shows the variation of eddy

 diffusivity, defined by
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" and Rotta

= a2/ (a2
ed Vq/ay(Q) ’

€

and the equivalently defined coefficient, €4 for the shear stress
diffusion, across the layer at J = 11. Although there is some
scatter, particularly for €4 it is clear that there is a large
difference between the maximum values on the two sides of the mixing
layer; in the plane layer the aifference (for the energy diffusion
case) is only about 20%. (There is always a discontinuity at the
centre‘éince %;-(;E) passgs through zero). Simple gradient diffusion
hypotheses may not therefore be sufficient in flows affected by large
curvature, especially where the turbulent transpott processes are
altered as radically as in the present case,

The second point concerns the representation of the pressure-
strain term in the shear stress transport equation, p(%% + %;9. It
can be shown (e.g. Hanjalic & Launder(27)) that this correlation
originates from two types of physical process: a mutual interaction
between the turbulent components and an interaction between the mean
rate of strain and the turbulence. If thé'meaq rates of strain are
small only the first part of the presSure-étraitherm is significant
(44) '

suggested that in such a case’ the pressure strain was

directly proportional to the,anisotropy,iso that

/

du , 9V —_1= /
PGy * 30 ¢ - 549 .

In the present flow, this assumption is inadequate, as we would
expect, since the mean rates of strain are not small, and the
approximated pressure-strain term must include mean velocity gradients.
Hanjalic and Launder succeeded in reducing the second part of the term

"to a second order combination of Reynolds stresses, assuming that any

inhomogeneiﬁies in the flow do not make a significant contribution;
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- their procedure might well be adequate for the present case.
Before summarising the basic results of the present work, mention

. should be made of the work of Wyngaard gé;al.<43)

which, as far as

the author is aware, is the only study of a curved mixing layer in

the literature. Their mixing layer was generated and developed in a
curved duct so that direct comparisons with the present work are
difficult. Howevér they have published what they term a 'representative'
energy balance (the accuracy is not thought to be particularly good)
across the mixing layer and it is clear that the general effects of the

flow curvature, which was constant in their case, are similar to those

found in the present study.

6.3 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

The most important phenomena which the experimental programme(has
highlighted can be summarised as follows.
| 1. Because of the stabilising nature of the curvature, the

turbulent energy within the mixing layer-is iniiially
considerably reduced (by a'factor of about three) as was
aanticipated.

2.  The various terms in the energy and shear stress transport
equéiions do not, however, decrease by similar amounts; In

fact the diffusion terms are reduced by an order of magnitude

whereas the production only drops by a factor of thre;;‘ o T
 that the turbulence structure within the mixing layer is

radically altered. The basic change seems to be that the

large eddies, responsible for most of the diffusive processes,

are considerably weakened relative to the smaller-scale |

structure.
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3. As a result of this change in structure there is a surplus
of energy production in the region of maximum curvature, so
that on removal of the curvature the turbulent energy
recovers fapidly, overshooting its original plane layer value.
Contrary to our expectations, the curved mixing layer therefore
asymptotes to the ordinar& plane mixing layer from a state
of higher turbulent energy.
Inevitably in a work of this nature, there are many questions
s still to be answered. Pérhaps one of the more interesting lines of
investigation, as far as the actual physical phenomena are concerned,
would be to examine the large eddy structure more closely. This
could involve further work on the intermittency and perhaps correlation
measurements. However, the basic aim of the original work (to gain
understanding of basic phenomena in order to provide useful data for
calculation methods) should be borne in mind. There is probably
sufficient data and understanding to enable a wary calculator to
attempt to construct a calculation p;ocedure aﬁd, from his point of
view, only when further data or phyéical insight are required should
. further eﬁperiments (in this flow) be undertaken. Summarising the
more important points discussed in Section 6.2, he should ﬁote the
following,
1, It will almost certainly be necess;ry to use only equations
'derived directly from the Navier-Stokes equations, but
provided that the correct co-ordinates are used some of the
approximations used for thin-shear-layer calculations may be

adequate, The use of principal stresses should not be

necessary.,

2, Since the turbulence structure is grossly altered, the shear
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stress equation alone would probably not be sufficient, At
least one length scale equation would be needed in addition,
3. Care would need to be exercised in the representation of the
turbulen£ diffusion terms, since it is these processes which
are ‘altered most by the curvature, and of the pressure-strain
term, since the mean rates of strain are not small.
Initial efforts could include relatively simple attempts to
account for the 'lag' effect described in the previous sections, and a

suitable approximation of Hanjalic &'Launder's(27)

dissipation
transport equation to see whether their general.method could simulate
the behaviour of, say, the dissipation length scale. Undoubtedly the
rationale behind their general technique is the only one produced so
far that could hope to succeed in such highly curved flows.

Whilst it is beyond the scope of this Thesis to attempt to
formulate any calculation method, it is hoped that the data that have
been accumulated and the corresponding phenomena investigated and
discussed have at least provided a little more of the vital 'groundwork'

that is required before any such method, suitable for complex flows,

can be evolved. » : _ ' e—
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FIG. 6.5a Dissipation length scale & microscale
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FIG. 6.7, Contributions to total production
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FIG. 6.9. Richardson number and its
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APPENDIX I °

This Appendix is a copy of a paper published in Journal of Fluid

Mechanics (1971), 49, Pt. 4, 657.

The work falls into two distinct sections: a theoretical treatment
of the behaviour of the pulsed-wire probe and a description of a range
of calibration experiments. The theoretical analysis was undertaken
wholly by the first author, all the experimental work was done jointly,
and the theoretical treatment of the possible sources of error in
turbulent flow measurements, described in Chapter 5, and the Appendix
of the paper, was the work of the second (present) author. This
latter work is based on that described in Appendix IV of the present

Thesis.
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The veloeity measuring technique deseribed in this paper consists of measuring
the time of flight of a tracer of heated air from an eleetrically pulsed wire to one
of two sensor wires which are operated as resistance thermometors. These sensor
wires are at right angles to the pulsed wirc and are placed one on either side of the
pulsed wire. The instrument may be used in highly turbulent flows ineluding
regions in which flow reversals occur. The paper discusses the theorctical
behaviour of the probe and the results of some calibration experiments.

1. Intreduction

In a highly turbulent flow, instruments-such as hot-wire anemometers and
pitot-static tubes used for veloeily measurcments are subjeet to serious errors.
This is due not only to the non-linear response of these instruments to fluctuations
in the magnitude of the velocity vector, but also to their ambiguous response to
variations in the flow dircetion. This paper describes a mcasuring technique
which largely avoids these difficultics, and which can be used in highly turbulent
flows including flow regions in which reversals of the flow direction oceur. The
technique is similar to that described by Bauer (1965) in which two fine platinum
wires of 2:5 u diameter mounted on hot-wire probes were used. These were placed
parallel to one another with one wire downstream of the other. A tracer of heated
air was introduced invo the flow by pulsing the upstream wire with a voltage pulse
of a few microseconds duration and the time taken for this tracer to reach the
downstream wire was measured using the downstream wire as a simple resistance
thermometer. This parallel-wire arrangement is very sensitive to flow direction
and, in a turbulent flow, many of the heat pulses would miss the resistance wire
altogether. However, by the simple expedient of placing the sensor wire at right
angles to the pulsed wire, it is possible to produce an instrument with a wide yaw
response which can be used in a highly turbulent flow. The aim of the present
paper is to discuss the behaviour of such an instrument, and to draw more
attention to the technique, which seemsto have considerable potential for making
measurements in highly turbulent flows under precisely the conditions where the
hot-wire anemometer even in its linearized form is suffering seriously from errors
due to its ambiguous yaw response.

Early work on this technique has already been discussed by Bradbury (1969)

+ Present address: Mechanical Engineering Department, tfniversity of Surrey.

42 ! FLM 49

IT



[ve

and somoe similar work has also been carried out by Tombuach (1869). However,
{hoere are some important differences between Tombach’s work and the present
investigations, which greatly influence the uscfulness of the technique. These
differences will be discussed in §5 after the details of the present work have
been described.

2. Theoretical considerations

2.1. Theideal response of o crossed-wive probe
The prohe under consideration consists of three wires (figure 1). The central wire
is the pulsed wire and on either side of this are the sensor wires with their axes
porpendicular to the pulsed-wire axis. Before considering the real behaviour of

ﬁ
Scpsat;r
wire Q\i\ ﬁ/ /%

~

\,\
Pulsed Q‘«\/ ‘\ <~ (/’\f

wire

\
&

~

U

Ficure 1. Sketeh of a pulsed-wire probe.

such a probe, it is useful to deseribe the ideal response that would give un-
ambiguous measurements of velocity. In an ideal probe, the pulsed-wire tem-
perature wouldijump instantancously from ambient temperature to some much
higher temperature and be held there while the resultant tracer of heated air was
convected away with the instantaneous velocity of the stream passing the probe.
If both thermal and viscous diffusion effects were small, the time taken for the
front of the tracer to reach a sensor wire would be ¢ = x/(lU} cosr) where z is
the distance between the pulsed and sensor wires and i is the angle between the
direction normal to the planc of the probe and the instantaneous velocity vector
U (see figure 1). The plane of the probe is defined here as the planc parallel to all
three wires in the probe. Thus, from the time of flight, the magnitude of the
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velocity vectorresolved atright angles to the planc of the probe could he obtained.
Tho vse of two sensor wires, one on cither side of the pulsed wive, would ensure
that the direetion of the flow at that instant could e nnambiguously determined;
the only restriction would be inthe length/ of the wirves since tan= (Ij2x) gives the
largest angular deviation of the flow direction that could be sensed hy the probe.
In the probes to be described later on, Ifz was about 5 giving a maximum flow
deflexion angle of about 70°. If a sulficient nurber of theso time of flight measure-
menis were made at a particular station then the technique would give both the
mean and {lactuating components of velocity in the direction at right angles to the
plane of the probe, and veloeities in any direction could be studied simply by
aligning the probe in that dircetion. The only other restriction on the probe would
bethat it would not properly respend to turbulent uctuations which had a length
scale appreciably less than the probe dimensions.

With this briel deseription of an ideal probe response, we caua now look at the
real response in seme detail. Bauer has considered some aspeets of the behaviour
of the pulscd-wire technique but some further claboration is needed because the
behaviour of the crossed-wire probe is different from the parallel-wire probe i a
number of important ways. The analysis is restricted to a flow which is steady
during the time of flight of the heat tracer, and the object of the analysis is to
highlight the influence of the various parameters that arise in the problem. It is
worth pointing out that the results of the analysis arc not necessary for the
practical application of the technique in mueh the same way as detailed know-
ledge of the heat-transfer laws for fine wires is not necessary in the more usual
application of constant-temperature hot-wire anemometers. However, in order
to exploit fully measurement techniques of this sort, it is clearly important to
study the influence of the various parameters involved.

In §2.2 the temperature variation with time of the pulsed wire is considered.
Then, in § 2.3 the tempcrature field produced downstream of the pulsed wire and

_the response of the sensor wire to it are considered for the case in which thermal

diffusion is neglected. The important modification to these results {rom thermal
diffusion is then examined in §2.4. Attention is then given in §3 to the practical
problems of applying the techniquo and results of calibration cxperiments are
discussed in §4. Finally, in §§5 and 6, the results of measurements in highly
turbulent flows are described.

2.2. The temperature variation of the pulsed wire

The suffix notation used in the following discussion is as follows. The suffices f
and w refer to propertics of the flow and wire respectively. However, in the case
of the wires, if the properties refer specifically to either the pulsed or sensor wire,
the suffix w will be replaced by either p or s as the case may be.

The temperature variation of both the pulsed wire and sensor wires can be
studied from the equation

e nd?l 40, Lo
7— = prwT -—d-z—-i-:rr?cjl.i w([)w—'of)’ . (1)
P ~
Electrical Heat stored Heat convection
heating in wire by stream
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whero 0, 0, are the wire and flow temperatures respectively' d is tho wire
aiameter and [ its length, p,, and ¢, are the density and specific heat of the wire
material; 7 is the wire resistance, V the voltage across the wire, N, the Nusselt
number and k; the thermal conductivity of the gas flowing past the wire. The
appropriate temperature at which this thermal conductivity is evaluated depends
on the particular heat-transfer law that is chosen. Because of the variety of such
laws that are available, some experimental investigations into heat-transfer laws
were carried out. These are reported in a separate paper (Bradbury & Castro
1971), but the coneclusion arvising from this work is that it is suflicient for the
calculation of convective tinte constants — whicl is, in fact, the only use made of
the law i the present paper — to use a simple law in which fluid properties are
ovaluated at ambient temperature. The actual form of law used is the expression
proposed by Collis & Williams (1959) without any wire temperatureloading term
included. Under these circunstances and at the Reyunolds numbers encountered
in the present experiments, their relationship is

N, = 0-24 4 0-56 1045, ' (2)

where R = Ud/v is the wire Reynolds number. All experimental heat-transfer
laws arc derived from steady-state heat-transfer measurements, but it is usually
assumed that they will apply to unsteady flows provided 7U/d 3 1 where risthe
characteristic time for the unsteady flow. This condition is always {ulfilled in the
present experiments. :

I the experiments to be deseribed later, tho pulsed wire was subjected to an
essentially constant voltage pulse with a duration of only several microseconds
which is muech less than the time constant for appreciable convection

T = ppty d?[(4k%¢ Np)

Under these circumstances, heat convection can be ignored and the temperature
rise of the wire from equation (1) is given by

(Vil = pye,0,0,(1+al,+160%), (8)

where @ and f are the first and second temperature coefficients of resistance
respectively which it is necessary to include because of the very high tempera-
tures reached. o, is the wirc resistivity at some reference temper ature which, for
convenience, we may take as ambient temperature rather than 0°C. All other
temperatures and properties are also measured relative to ambient temperature.
{ is the duration of the voltage pulse.

After the almost impulsive rise of temperature, the pulsed-wire temperature
decays exponentially due to heat convection.

Op[0y; = exp (—¢/T5), (4)

where ,,, is the wire temperature at the end of the voltage pulse and 7}, is the
pulsed-wire convection time constant.



2.3. The lemperalure downstream of the pulsed wire wad the sensor wire
response neglecting the influence of thermal diffusion
From the point of view of the temperature distribution produced by the pulsed
wire, wo can regard the pulsed-wire temperature variation as consisting of an
instantaneous increase of temperature to the value given by equation (1) followed
by the exponertial decay with the convective time constant of the wire 77,. If we
neglect for the moment the influence of thermal diffusion in smearing out the
sharp front of the heat tracer, we have that the heat being convected away by
the stream at a distance @ from the pulsed wire is equal to the heat flow released
from the pulsed wire at an interval of time equal to /U earlier and it s given by

Q= Np klﬁop = plchf_wOidy’ (5)

where ¢, is the fluid temperature downstream of the pulsed wire, and where it s
assumed that the velocity is everywhere equal to the frec-stream velocity U.
This negleet of the viscous wake will be discussed later with the experimental
results. From (4) and (5), the integrated temperature distribution downstream of
the pulsed wire in a convenient non-dimensional form is given by

J.w 0,dy , '
—o _nhN, —afU
Lo g (-2 (). o

where P is the Péelet number, Ua/fk, and H(x/U) is a Heaviside step funetion.
We can now consider the sensor-wire response to this temperature field.

The sensor wire is operated as a simple resistanee thermometer and the
constant current passing throwgh it is sufficiently small to enable the electrical
heating term in equation (1) to be neglected. When the tracer of heated air
arrives, there will be an output voltage from the sensor wire given by

o [HU2
- MZOLZ (7)
=
where ¢ is the constant current, » and 7 are the wire resistance and length
respectively aud 0,(y) is the variation of sensor wire temperature over its length.
If the sensor wire is much longer than the width of the heat tracer, we have from
equation (1), for the relation between the flow and sensor-wire temperature

112 oo eIt
f_m@sdyz T aay=5 fqu 0,@]& ()

where 7} is the sensor-wire time constant. It has been assumed so far that
eonduction along the length of the wires is not important. As will be diseussed
later on, the half width of the thermal wake is & = O(2(x;2/U))E. The time for
appreciable conduction is therefore 0(8%/4«,,) and, if conductionis to be neglected,
this time must be much longer than the sensor-wire time constant, 7. This
reduees to the condition that (P/16N,) (k,,/k;) (d,/x)? must be much less than unity.
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But, in practice, this quantity has values between about 6-1 and 0'7 so that the
influence of conduction along the wires may not necessarily be neglizible.
However, although the temperature distribuiion may be affected by conduction,
it is casy to show that the integral of the temperatme over the length of the wire
is not affected so that (8) is not in error due to conduetion cifects.

Using {6) n (8) we obtain

O.dy ’
f _ N, T, N i--'L/U\ !—”c’D @
S Fropee () ) e ) @

when 1), = 1.7 This equation gives the response of a sensor wire to a sharp-
fronted pulse which subsequently decays in an exponcutial manner. A rather
obvious point 1s that it shows that the sensor-wire signal does not depend on the
distance z between the pulsed wire and tlie sensor wire exeept in so far as the time
fi
of flight is affected. This is simply a consequence of the conservation of heat, i.e.
ot :
for a uniform flow velocity, f 0,dy docs not depend on the wire spacing.
—w
The response of the scnsor wire shows a discontinuity in slope at time ¢t = «/U
with an initial value in non-dimensional terms given by

y [f “Jj w

- "N, 7 (10)
The signal also has a maximum value given by
e :
” __was dy _ 7717\77 Tp) LsKT'p—~Ty) (11)
U Opz lnx P \TL
which cceurs at time ¢ T, T, = -
: = ———log . (12)

ETpbeU

Thus, in the absence of diffusion, there would be no difficulty in determining
the time of flight because of the discontinuity in slope at ¢ = 2/U, and, in parti-
cular, if the signal were differentiated, this would exhibit a step rise at ¢ = 2/U
which could be used to trigger an elcctronic comparator to obtain the time of
flight. Before considering the vital question of how diffusion alters these results,
one further point should be noted. If we assume roughly that the wire Nusselt
number N ~ B, the amplitude of the sensor-wire signal shows a variation with
free-stream velocity that islike U~93%, so that over, say,a 20: 1 speed range, there
is a variation in signal level of abou’c 5-2:1, By contrast, the initial slope of the
sensor-wire signal varies more slowly, like =%, so that if differentiated signals
were used, the amplitude variation would be much less than that of the original
signals, and this has an important bearing on possible ways of recording the time
of flight, as will be discussed later.

+ If T, = 7, a somewhat different expression is obtained.
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2.4, Theanfluence of thermal diffusion on the seasor-wire signals
The influence of thermal diffusion can be studicd by using solutions of the
equation for the convection and diffusion of heat in a stream, namely

Yty ('0’+'0) (13)

3 éw ol ay*

It is again assumed that the velocity is everywhere equal to the free-strcam
velocity. By introducing the vaviable X = & — Ut in place of 2, the ordinary heat-
conduction cquation is recovered whose solution can be compounded of simple
point heat sources. Thus, the solution of (13) for the thermal wake produced by a
pulsed wive with an exponentially decaying temperature is given by

v { /UX exp '/-——g—" 2) oxp [_Ule=2)”
0/w,y.t) N AT A ST )
==£ L ; dz'. (14)
02)2. . 4 0 &Z .

This integral has a convenient asymptotic bchaviour given by

_0,‘_(.,2,_?/;,2 N,,(Z;) \P<_i)cxp< 3 (f\l)

i -
o feef (ALY —exf [(2P)E (1 —tU )]
: 1T4erf(LP): |

-
—~
[
(o4
~—

whichi requuires that the Péclet number

=Uzfk» 1, (ylz)? <P and 7T, > 2x[(UPL).
The physical intcrpretation of this solution is that when P » 1, longitudinal
diffusion is significant only near the front of the pulse and it is this term in (13)
which gives.rise to the functions containing erfs in (15). As discussed by Baucr
(1965), this function is like a step function with a rise time of 4a/(UP%). In this
time, the rise is about 90 % complete. Away from the front of the pulse, lateral
diffusion dominates, and the solution in this region tends to

O, y,8) N, [m\} ( t—z/U o (2
“h =2 e () e (1)),

D
which is the ‘quasi-steady’ boundary-layer solution of (13) without the longi-
tudinal diffusion term. The solution is quasi-steady because the pulsed-wire
temperature is decaying cxponentially, and for this solution to be valid, it is
necessary that the pulsed-wire time constant should be much longer than the
time for appreciable diffusion, i.c. 7}, » 2z/(UP:).

In the case of an wyawed probe, the integral of the flow temperature may be
obtained from (15) to give

f 6,dy

This 1‘esu1t cuf" fors from the earlier expression without longitudinal diffusion
(equation (6)) only by the step-like erf function and it is a result that onc might
well have written down intuitively without the necessity of the foregoing analysis.

(16)

_7h, t—z/U\ [erf(L E—Cl‘f[(lP) (1-tU/z)] -
=5 exp( T ){ Trer (1P} } (17)
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Substituting in (8) for the sensor-wire response, we now obtain the following
expression for 7), = 1:

‘(_wasdy _ 7}',2\1Y TTJ ox ( L":E/_g) OI' ’ — e (1 ____\.5
O " ety -\ P\, ]

_exp<-:z@>exp[<;zz>3 i)l -3

where y = (3P)E, A = (1)1,) — (1/7),). This expression is useful because it enabﬂb
the sensor-wire response to Lo studmd with all the main physical parametors
mcluded with the exception of the influence of the pulsed-wire viscous walke,

t I T T T 1 )
(’-}‘=250~’i 7;3 2-;14 O»;/3 02;%4 0-073 =~ Comvection time (mulliseconds)
2 t o171 0513 171 513 17-1 ~— Velociy {metces/sec)
- H ) i}
13 T 4 ¥ i
X500 29{2 94‘75 2'(92 0‘9‘75 0'2I92 == Convection timg (milliscconds)
d; 0-0\8;56 0-1’[57 0-856 257 8:36 === Vilacity (metresfsec)
L 1 1
i ] 1 T 1 -
10 30 100 300 1000 =— Péclet number
1 ] 1
5 N B B R T AT
Sensor time constant ’/
Diflusion time
4 .
3 25 =250 — : 1
1, £ =500
d
P Con\'n,ctlon time
“Diffusion time
1 —
0 i | S S A A ! i 1o i it
10 100 1000

Péclet number

Frcurk 2. Characteristic times of pulsed-wire probes.

However, the interpretation which is put upon the expression depends on the
relative magnitudes of the various characteristic times. These characteristic times
are (i) the convection time, 7}, = =/ U, {ii) the time taken for the diffusive front to
pass, Ty = 4z [(UPY), (iii) the sensor-wire time constant, 7% = (psc, dﬁ)/(sﬂc]x’;,
(iv) the pulsed-wire time constant, 7},. At this stage, it is pertinent to consider
exaraples of typical probes in order to establish practical values of these charac-
teristic times. The probes used in the majority of the experiments consisted of a
pulsed wire of 104 diameter and a sensor wire of 54 diameter. The spacing
between them varied typlcally from 1-25mm to 2-5mm and figure 2 shows the
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ratios of these time eenstants 10 one another for these two spacings which are
equal to values of a/d, of 230 and 500 respectively. The results are ziven as o
function of Péclet number, but, in order to give some idea of the real times
involved, twio additional abscissa scales are shown in which the velodity and
convection times for the two typical probes are given. At the lower velocities
(which in practical terms are less than, say, 2m/sce), the diffusion time is
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Fi1gURE 3. The flow and sensor-wire temperature variation, Péclet number = 30.
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gcomparable to and eventuaily reore than both the convection time and sensor-
wire time constants. However, as the velocity is increased, this situation is
inverted and the diffusion time rapidly becomes very short compared with the
gonvection time and the sensor-wire time constant.

In order to typify the type of sensor-wire signals that are obtained at the two
extremes of Péclet number discussed above, equations (17) and (18) have been

’



used to caleulate both the flow temperature and sensor-wire temnerature varia-
tions at two Péclet numbers of 30 and 300 for a spacing ratio, 2/d,, of 300 and a
pulsed-wire to sensor-wire diameter ratio, d,, [d,, ol 2. Theresults, which are shown
infigures 8 and 4, have a comparatively simple physical interprotetion. When the
diffusive front has passed (e U/ > 14-2/P1), hoth the flow temperature and
sensor-wire temperature approach the results obtained in which diffusion is
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[ With diffusion
: Sensor temperature
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Freore 4. The flow and sensor-wire teraperature variation, Péelot number = 360.
x uT, ur, ur,

2 =92, Z=500; —£=023]; = 1-094;
d, d ° z xz z

= 3-595.

neglected, namely, cquations (6) and (9). Inthe neighbourhood of the pulse front,
the influence of longitudinal diffusion is to replace the discontinuity in slope that
occurred without longitudinal diffusion by a transition region. In particular, if
the sensor-wire time constant is much less than the diffusion time, the sensor-wire
signal tends to follow the flow temperature variation (see figurc 3). At the other
extreine, when the sensor-wire time constant is much longer than the diffusion
time, the relationship between the sensor-wire signal and the flow temperature
given by equation (8) reduces in the neighbourhood of the diffusive front to the

simple form ° o
Jf 0,dy = % Jr ‘ ( j 0,@) .
-0 gJ 0 —0

In other words, the sensor wire behaves initially as a simple integrator of the
free-stream temperature. Under these circumstances, the transition region
extends only for the duration of the diffusion time, and thereafter the signal
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rapidly approaches the form given by (9) in which diffusion is neglected. I
perhaps easier to visualize these results if it is reinembered that the relations
between the ow temperature and sensor-wire temperature is exactly anciosous
to the relutionship between the nput voltage applied weross a resistor and a
capacitor in serics and the output voltage taken across the capacitor. The 11C
timeis equivalent to the sensor-wire time constant and the resul{s for low and high
Péclet nmumber correspond to a low and high frequeney signal respectively.

The influence of diffusion is therefore to introduce sonie uncertainty as to
precisely when the geusor-wire signal corresponds to the time of flight. A\ number
of possibilities exist for overcoming this uncertainty but the simplest technique

is that sugdested by Bauer in his original paper. This involves observing the
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Ficure 5. The influence of Péclot number on the intereept times. d,/d, = 2.

sensor-wire signals on an oscilloscope, and effectively extrapolating back onto the
zero signal axis from the position of the maximum slope. For this to be accurate,
it 1s necessary for the diffusion time to be small compared with the sensor-wire
time constant so that the rise of the sensor-wire signal after the diffusive front
has passed is still nearly linear. Figure 4 typifies such a situation. However, as the
results in figures 2 and 3 show, there is always a lower bound to this technique
because the diffusion time increases more rapidly than the sensor-wire time
constant as the Péclet number is reduced. In order to give some idea of the errors
that might be expected {rom this technique at the lower Péclet numbers, the
position of the intercept from the maximum slope position has been caleulated
from equation (18) for our two typical probes. These results (figure 5) show that
the intercept technique can be used down to Péclet numbers in the region of 100
without the errors being too significant. In practical terms, this corresponds to
velocities of about 1 m/sec. Moreover, the experimental results discussed in §4.2
show that the effect of the pulsed-wire viscous wake, which has so far been
neglected, is to extend still further the lower bound below that suggested by
these theoretical results.



Although the intercept technique has been used fairly extensively in measure-
monts so {ar carried out, it is laborions in a highly turbulent flow to record a
sufficient number of oscilloscope traces 1o determine both the mean and turbulent
velocitics. One alternative to the use of an oscilloscope is to digitize the siguals
and analyse them on a computer. This is the technique used by Tombach (1069),
but it requires compreheusive facilities which were not available in the present
experiments. Another possibility is to use the intercept technique with a cigital
counter. The counter could be set to run whon the pulse is fived, and its ontput
gated when the sensor-wire signal reached a number of predetermined trigger
levels. I these trigger Ievels were on the near lincar rise of the sensor-wire signal,
the position of the intereept could be obtained {rom the counter readings. How-
ever, as discussed earlier, there is a strong variation in the amplitude of the
sensor-wire signals with veloeity so that it would be necessary to make use of
a substantial number of trigger levels in order to ensure that accurate intercept
positions could be obtained over a wide speed range. This technique therefore
also requires sophisticated instrumentation since it is effectively equivalent to
digitizing the signal except that mstead of digitizing voltages at set intervals of
time, one would be recording times at set intervals of voltage. In this particular
problem, this is & much more efficient approach to digitization, and although
a computer would still be required to analyse the signals, it is possible to envisaze
on-line use of the instrumoent using this approach whereas this is almost certainly
not possible if the signal is digitized in the more usual manner.

Neither of the above techuniques is very simiple and a more direct approach
which has been explored in the present investigations is to make use of the
differentiated sensor-wire signals. In the absence of diffusion these differentiated
signals would exhibit a sharp step at tU [z = 1, and a counter could be triggered
at any level below the step amplitude to obtain the time of flight. The variation
in the step amplitude in the absence of diffusion is given by (10), and, as has
already been discussed, this exhibits a much slower variation with free-stream
veloeity than the amplitude of the undifferentiated signal. The effect of diffusion
is again to smooth out the step discontinuity, and figure 6 shows typical results
obtained by differentiating (18) and calculating the output signals for a probe
with z/d; = 500 and d,[d, = 2. For a trigger icvel fixed at a signal level corre-

sponding to ) [ f: 0.0y / (0pix>} / dt =1,

the time of flight obtained in this way is shown in figure 7 as curve 1. These results
show that if & departure from linearity of, say, 5 %, on veloeity is regarded as
acceptable then this technique could be used down to Péelet numbers in the
region of 100 again. The advantage of this technique is that it is not too sensitive
to the trigger level setting. For example, if the trigger level were set at a signal

level corresponding to reo 1
(%)) d [J ﬁsdy/(f)mx)]/dt -,

the time of flights results would now be as shown in curve 2 in figure 7. Although
these latter flight times are below the true flight times, the calibration would stiil
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be reasonably lincar over a Péelet number vange from 150 to 1000, and in anv
L o v
case, the influcnce of the slight non-linearity in the calibrations could be removed
in the subscquent computation of the results. -
With this desceription of the sensor-wire signals in steady flow, the experimental
problems of using a pulsed-wire probe can now be discussed.

20
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x

F1oURE 6. Iixamplos of differentiated sonsor-wive signals at different
Péclet numbers. zjd, = 500; d,/d, = 2.
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3. Details of the experiments

The design of pulsed-wire probes and the way in which they are operated
depends not only on the dynamics of the convection and diffusion of the heat
pulse but also on some of the practical clectronic and mechanical constraints that
arise. Thescinclude problems of signal-to-noise ratio and the influenec of electrica
coupling betveen the pulsed-wire and sensor-wire circuits. As these factors are of
central importance to the successful development of the technique, they will be
discussed in some detail. :

3.1. The probe design and ils elecirical circuitry .

All the probes nsed have been broadly similar 10 the one sketehed in figure 1.
Most of the experiments have been carried out with sensor wires of 5 x diameter
platinum and with pulsed wires of cither 10 sz diameter platinum or 10 4 diameter
nickel wire. Both platinum and nickel are suitable materials for pulsed wires

IVO
.__._./\____zs,.D‘l_.
4700 4/ Pulsed
j wire
sV [Lo—m——
K
_j\/“\
S< «a < g
5% g3 g2
oo T 77 77 o

FicURe 8. The transistor switch (Texas 2M2243 transistors).

because they are capable of operating at high temperatures (i.e. in cxeess of
600 °C) without oxidizing. On the other hand, tungsten wire, which is admirably
suited for use as the sensor wires, is not suitable for pulsed wires because it
oxidizes at the comparatively low temperature of about 300°C.”

The duration of the pulses used to produce the tracer of heated air ranges from
a few microseconds up to about 30 usec with peak currents as high as 8 amps
although a more typical figure is 4 amps. Although there is nothing intrinsically
difficult about making a cireuit to produce such pulses, figure 8 shows the cireuit
for the transistor switch used in the present experiments. A number of types of
transistor were tried, but those shown are particularly satisfactory in giving
pulses with a rise and fall time of better than 0-3 usec. The circuit can switeh a
current of about 4 amps through any resistance with a limitation on the transistor
of & maximum collector voltage ¥, of about 80 volts. For higher currents, two of
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the switches can be operated in parallel. The switches give pulses of almost
constant voltage and they can be driven {from an ordinary low power pulse
gencrator. :

The sensov-wire cireuit that is of interest for the moment is only the siinple
bridge and low-noise amplifier part of the circuit shown in figure 9. The rest of the
cirenit relates to the automatic aquisivion of the times of flight and will be
discussed Iater in §6. The two sensor wircs axe operared as arms in a shmple
bridge with the current supplied by an ordinary 1-5 volt dry cell battery. The
output is taken across the bridge centre poinis so that the polarity of the signal
depends o1 which sensor wire picks up the heat pulse; the signal polarity therefore
gives the flow direction. The only major problem with the sensor-wire cireuit
arises from the clectrical coupling between the pulsed-wire circuit and sensor-
wire circuit. Although these two circuits are not connected by any ‘real’ wires,
there is in reality both capacitative and inductive coupling botween the two
circuits, cspecially at the probe head where the wires and {heir supports form
parallel loops admirably designed to maximize mutual inductance ! In principle,
operating the wires in the arms of a bridge should cancel out any common-mode
interference signal but, for a vaviety of reasons, this does not ocour and, cvery time
apulseisfired, there is a pick-up signal on the sensor-wire cireuit of a few millivolts
—this is many times larger than the sensor-wire signal from the heat tracer which
is typically about 100 #V. This pick-up signal is of @ short duration and, in itself,
1s not important. But, if any low-pass filtering is used to improve the signal-to-
noisc ratio, the interference signal acquires a decay time which is of the order of
the reciprocal of the cut-off {requency. This causes difficultics at higher speeds as
will be discussed later.

We turnnow to the design of the probe itself and the influence of signal-to-noise
ratio considerations both on the gcometry of the probeand the operating current
through the sensor wires. If an extensive yaw response of, say, + 70°is required,
it is necessary that all the probe wires should be about five times longer than the
spacing between the pulsed wire and the adjacent sensor wires. As far as the
influence of signal-to-noise ratio is concerned, two factors should be noted. Iirst,
provided the sensor wire is long enough to intercept the entire heat pulse, the

sensor-wire signal is independent of the wire length. Sccond, as discussed in-

§2.3, we would expect from heat conservation arguments that the amplitude is
not dependent on the spacing between the pulsed wire and sensor wires apart
from the usually weak influence of longitudinal diffusion and possibly also the
effect of the pulsed-wire viscous walke. We have therefore the somewhat sur-
prising situation that neither the spacing nor the wire length have & very strong
influence on the signal amplitude. On the other hand, noise will be directly
proportional to the wire length; this includes both electronic noise from the
amplifier and also any response that the sensor wire has directly to the airstream
flowing past 1t either to temperature fluctuations as a resistance thermometer or
to velocity fluctuations as a hot-wire anemometer; these sources of noise will be
discussed shortly. It would appear therefore thai there is a strong motive to
reduce the spacing between the wires as much as possible, and this would also be
helpful in reducing the size of the probe relative to the length scales of the
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turbulence. However, there are two factors which sct & broad limit to the
permissibie reduction of this spacing. The fivst is that it does not seem advisable
to reduce the Péelet nuwnber below, say, 50 even though the cxperimental vesults
discussed later in §3 show that the infiucuce of longitudinal diffusion on the
apparent time of {Light is much less than might be expected [rom the theoretical
arguments in §2.4. If we sot Tm/sce as a typical lower bound on velocities of
interest, this gives a spacing of about 1-25 mm for a Déelet yumber of 50. On the
other hand, at the higher velocilies, the time of light eventually becomes com-
parable to the decay time of the pick-up signal discussed earlicy, and the signal
from the heat pulse merges into the deeaying “tuil” of the interference signal.
This decay tirae is typically 100 ysec which therefore limits the maximum speed
for & 1-23 mm spacing to about 14m/sce. Thus, from a consideration of these
various factors, it would sceni that, with the present experimental arrangements,
it is expedient for the spacing between the pulsed wire and sensor wires to be not
lessthanabout 1-25 mm. Inorder to obtainan adequate yaw response, thisroqguires
that the wire lengths should not be less than about 6-25 mm say. This is & much
larger probe than the average hot-wire anemometer, and it might seem that errors
due to the probe size might be more significant than in the case of a hot-wire
ancmometer. Iowever, as will be discussed later in §5, experiments so far carried
out do not show any strong effects wnder normal conditions, and it is certainly
possible to carry out investigations in the normal wind-turmel environment
although the larger scale of flow encountered, say, in meteorology and in heating
and ventilating problems would provide an admirable avea in which to apply the
teehnique. ‘

We also have to consider the problem of choosing the sensor-wire current for
the optimum signal-to-noise ratio. In addition to the electronic noise from the
amplificr, the wire appears to retain some sensitivity to the airstream flowing past
it. At very low currents (say, below 1 milliamp for a wire of 5 x diaineter), this is
probably duc to small temperature fluctuations that occur in the stream but, as
the current is increased (say, above 5 milliamps), the wire begins to respond lile an
ordinary hot-wirc anemometer to fluctuations, in the velocity. No attempt to
examine this problem quantitatively has yet been made but it secms likely that
the ‘noise’ output will be of the form '

. ™
e + 2% + s 2”
Eleclronic noise Response to temperature Reswonse to veloeity
from amplificr fluetuations in the strecam  fluctuations in the stream

where a, and , depend not only on propertics of the wire, but also on the magni-
tude of the velocity and temperature fluctuations that occur in the stream. The
signal level will tend to vary directly with the current so that the signal-to-noise
ratio behaves like /(e - a1+ @,7*). Initially, this ratio increases with current; it
then reaches a maximum and, finally, when the wire begins to behave sub-
-stantially like a hot-wirc anemomcter, the signal-to-noise ratio will fall away
like 1/¢. This seems to accord with one’s impressions when carrying out experi-
ments, and it is 2 fairly simple matter to adjust the current to obtain arcasonable
siznal-to-noise ratio. For 5 diameter platinum scusor wires, this current invari-
ably lics in the region of between 0-5 and 3 milliamps. Below 0-5 milliamps, the
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mfluence of electronic noise begins to be significant whereas if the current
exceeds 5 milliamps, say, the wire clearly begins o respond directly to velocity
fluctuaiions.

One final point about the probe design should be wmade. The thermal stresses
set wp when the pulsed wive is heated ean cause it 1o mechanically vibrate the
rest of the probe. The resulting strain gauging of the sensor wires gives a spurious
signal which partially obzeures the convected heat pulse signal. 'Chis problem
can be overcome by ensuring that the pulsed wire Is not tant acruss the probe
supports. In cases where nicchanieal ‘ringing’ occurs, it is invariably sufficient
to kink the pulsed wire cavefuily to climinate the problem.

y

(8)
Fieure 10, Examples of sensor-wire signals. (a) At different flow velocities, sweop
speed 0-5msec/em. (b) In turbulent flow.

4, Results of calibration experiments

Some typical signals for a crossed-wire probe in steady flow are shown in
figure 10(a). They exhibit all the features discussed carlier and a number of
careful calibrations have been carried out to compare with the theorctical results.
The aim of this work was to try to highlight any problem areas in obtaining a
proper understanding of the pulsed-wire probe behaviour. It is worth pointing
out at the outset that it is not easy to malke these comparisons with any accuracy
because, in addition to the basic observations of the sensor-wire signals, it is

’

. XIX

oo s



-

1ecessary Lo know a good deal about the experimenta envivomment. I
1

e

orexample,
it is necessary to know the Jengths and diameters ot both the pulied and senzor
wires, the correct heat-transler relationship {from the wires to the aivstream, the
pulsed-wire tempers
resistance per unit length of the sensor wires and current passing through them.
Some of these quantities are casy to obtain and others are not so easy, but the
combination of them all and the need during the calibration experiment itsclf
to avoid breaking any of the wires, all result in an experiment which is difficult to
keep under proper control.

e, the temperature cocificient of the wire maverial and the

4.1. The pulsed-wire temperature

In order to malke comparisons with the theoretical results, it is necessary for the
pulsed-wire temperature at the ead of the pulse, 0, t6 be known. liguation (3)
gives this in terms of the voltage per unit length aud duration ol the pulse. It
should be noted that the wire dinmeter docs not enter into the relationship in this
form. Before carrying out the calibralion experiments, it seemed a prudent
xercise t0 check whether the temperatures given by this expression were
achieved in practice. A number of different diameter wires were used with pulse
lengths ranging from & usee to 35 psee. The voltage and current applied to the
wire were obtained from osciiloscope traces similar to the one shown as an inset
i figure 11. The current trace was cbtained using a Welrenix current probe. The
temperatuce rise at the end of the pulse was obtained from the obscrved resistance
change. The cxperimental values obtained in this way arc compared with the
equation (3)in figure 11, and the agreement is reasonably satisfuctory. The values
of the first temperature coefficient of resistance, o, and the resistivity, o, used in
evaluating the results ave 0-0035/°C and 11-2 ohm em both based on 0°C. These
differ slightly from the values for pure platinum and they were obtained from the
experiments of the present authors on the heat-transfer laws for fine wires. In
the absence of any better guide, the other properties of the wire material were
assumed to be the suine as for pure platinum. Although nc great claim is made for
the accuracy of the experiments, the experimental results do lic consistently
below the valucs obtained from equation (3). This discrepanecy is not greatly
affected by the values of the material properties used, and it would appear to be
a genuine diserepancy. It cannot, however, be attributed to heat conduction,
convection, or radiation losses, because these would have shown up asa variation
in the experimental results for different duration pulses. No satisfactory explana-
tion can be offered for the diserepancy at the moment, but, since some electrical
‘ringing’ was apparent in the voltage pulse, it may be simply due to the capaci-

tance or inductance of the pulsed-wire probe and the leads to it.
it is also worth pointing out that the lifetime of a pulsed wire is strongly
dependent on the temperature to which it is pulsed. For platinum, it would
appear that, provided this temperature does not exceed abouts 500 °C or 600 °C,
the lifetime of the wire is virtually indcfinite. However, once the temperature is
taken above this point, the lifetime becomes extremely uncertain. In some cases,
a wire can be operated for long periods at pulsed temperatures in the region of,
1000 °C, but, on other occasions, the wire will break after one or two pulses. Since

' . 43-2
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it is an advantiage from the point of view of a good signal-to-noise ratio to ulways
operate the pulsed wire at as high a temperature as possible, there is a continual
templation to operate at the very elevated temperatures with the result that one
becomes very adept at replacing wires. In the calibration cxperiments, the wives
were deliberately operated at & very conscrvative temperavure in order to
minimize the peossibility of breaking the pulsed wire before the experiments were
completed. 1t is also worth noting that every thue a wire is pulsed, it produces an
audible ‘click’, and this provides a quick cheek on whether or not the pulsed wire
and its associated elrenitry is operating correctly.
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Hrgure 11. Pulsed-wire temperature. Insert is a typical voltage and current pulse.

For the purpose of comparison with the theoretical results of sensor-wire
signals, the pulsed-wire temperatures have been taken as the mean of the experi-
mental values and the values obtained from equation (3). In this way, the pulsed-
wire temperatures should not be & eyror by rore than about 10 %,.

4.2. Steady velocity calibrations

From oscilloscope traces of the sort shown in figure 16 (a), comparisons with the
theoretical results obtained earlier are possible. To simplify the comparisons,
only measurements of the intercept time, the maximum amplitude and the time
{0 the maximum amplitude have been obtained from the trace photographs.
These quantities can conveniently be used to give an mdication of the agreement
between the theoretical and experimental results. In addition, a calibration was
carried out at very low velocities (down to 0-3m/fsec), and these traces were
digitized on a Northern Instruments Memory Oscilloscope.
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The mean-flow ealibrations obtained from the position of the intercepts are
shown in figure 12 for two probes, and they are typical of the many calibrations
that have been obtained. In both cases, it was difficult to chtain accurate time-of-
flight measurements at the highest veloeities shown beeause of the electrical pick-

up signal. The eclibration shown for probe A was particularly carclully carried

ut, and included the digitized resuits at very low velocities. The apparent spacing
Letween the pulsed and sensor wires obtained from the calibration was 1-65nm
for probe A and 2-92 mn for probe B. These appear to be about 10 9 greater than
the nicasured spacings which is presumably some measure of the general influence
of the pulsed-wive viscous walke.
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Froure 12. Crossed-wire probe calibrations from intercept times.

The theoretical variation of the maximum signal and the time to this maximum
signal are shown in figures 13 and 14 respectively where they compared with the
experimental resulis. The agreement is quite satisfactory in showing the general
- trends although, as has already been explained, very precise agrecment cannot
perhaps be expected. The influence of longitudinal diffusion on these results is
very small, and the results differ significantly from the simple expressions given
as equations (11) and (12) only for Péclet numbers below about 40.

Finally, figure 15 compares the complete digitized signals obtained at low
velocities with the theoretical distributions. These comparisons are very inter-
esting because they seem to show a clear influczice of the pulsed-wire viscous wake
on the time of fiight. At the highest velocity shown (1-783m/scc and a Péclet
number of 140), the agreement between the theoretical and experimental signal
is very good, and the signal is typical of those i which the effects of thermal
diffusion are small (¢f. figure 4). However, the theoretical distributions at the two
lower velocities (0-98 m/sec and 0-28m/sec, corresponding to Péclet numbers of
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80 and 28 respectively) show that thermal dilfusion has moved the intercent

positions well forward of the convestive time of light tU f = 1ashusalready been

llustrated in fioure 5. But, the experimental results do notl exhibiv this same
o >
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H 32330 o  Digitized signals
- \P ’ 0} C..0. traces
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Figure 13, Amplitude of sensor-wirc signals.
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Figusz 14, Time of maximum amplitude of sensor-wire signals.
Sec figure 13 for symbols.
forward movement of the intercept position, although the shapes of the signals
are very similar to the theorctical distributions. This is probably due vo the
increasing influence of the viscous wake at low Reynolds numbers, and it woul!
appear fortuitous that probe calibrations remain linear at Péclet nuinbers weil
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below those al which thermal diffusions effects might have been expected 1o have
a strong influence on the apparent time of flight. Although this appears to be
generally true, it is obviously an area where more work is required.

4.3, Yaw response

Although it would be possible to calenlate o theoretical yaw response from the

work in § 2.4, it is suficient for present purposes to discuss the response in more
general terms.

The yaw response of & pulsed-wire probe has to be considered in two planes at

right angles to onc another. Consider first the situation in which the direction of

{ ] I i
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o
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Uifx

Ficuzne 15. Comparison between theoretical and experimental sensor-wire signals.
d,fd, = 2-1; x/ds = 330. , equation (18).

lateral diffusion is along the axes of the sensor wires. If we assume that only the
normal component of velocity is effective in the heat transfer to and from wires,
the only influence of the yaw is to decrease the effective Péclet number by a factor
(cos 0) compared to the unyawed case. Consequently, the yaw response should be
close to the ideal cosine response for the higher Péclet numbers, and the results
shown in figure 16 would seem to confirm that this is the case. As far as the signal
amplitudes are concerned, these will increase with yaw because of the reduction
in the cffective Péclet number (see equation (11)) and the variation will lie
between 1/cos 8 and 1/(cos 0)¥% depending on the pulsed-wire Reynolds number.
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Timo of {flight at 0°

Time of flight at 0°

Theresulis in figure 16 arc not inconsistent with this erowment. At the verv larse
o <o . Lo

yaw angles, the influence of the wire supports beglns to manifest itself, and the
signal amplitudes decrense. Also there is gome vapintion inthe time of flight due

to the walke from the probe sunnorts, but a useful response is neverthcless main-
tained up to augles in the region of 80°.
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Fiurs 16. Yaw response of erossed-wire probe. Clesed and open symbols refer to
opposite sides of vhie axis of symuetry. O, O, 1-Tm/sce; T, L2, T-+mn/sec.
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Froure 17. Yaw response of crossed-wire probe. Sce figure 16 for symbols.

When the probe is yawed in the other plane, lateral diffusion spreads the pulse
in the plane at right angles to the sensor-wire axes, and it has the effect of
increasing the duration of the diffusive front of the pulse by a factor 1/(cos 8) for
small angles of yaw. However, for the higher Péclet numbers, the position of the
intercept should not be significantly aifected by the yaw, and the results in
figure 17 again show this to be so. Because the sensor wires are now cutting across
the width of the pulse, one would expect the signal amplitudes to inerease with
yaw angle initially like 1/(cos @) alshough there will also be a wealk influence from
variationsin the sensor-wire time constant due to the yaw. The results in figure 17
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show that the amyplitudes do increase in roughly this way althoueh, et very large
yvaw angles, the amplitudes againn diminish due to probe interfcrence,

enis in & turbulent low

Having established the general behaviowr of the probe, its application to
turbulent flow meastwrements can now be consideced. There are two techniques
for uurbulent fow measurements which have o fur been wsed. The first and
simplest is to display tho sensor-wire signals on a storage osciloscope and cstimaie
the intercept positions from these traces. Although k.hm is laborious, it Is quite
feasible to make rncgm*zomcnua in this way provided that not too many measure-
mentsneed to be made. The measurements Lehind bluff bodies of Bradbury (1960)
and Castro (1971) were made in this way. However, if extensive measurements
are to be iade, an automatic means of vecording the fiight times Is necded
and & system is deseribed in §6 which has now Deen uwsed in a varicty of
highly turbulent flows. llowever, whatever system of recording flight times is
used, it is nccessary to consider tiwe influence of the turbaxenw on the probe
response.

The fivst point is to have some guide as to the number of flight times that it is
nececessary to reecrd i order Yo achiéve a prescribed accuracy. Lor normelly
distributed velocity fluctuations, the appropriate approximate expressions for
the estimation of sample size in the determination of the mean velocity and
intensity are (Mandel 1964) "

14s

( Lt 7 i (19)
7 = N )’ =
(AU 2(AGE

where 7 is the number of samples taken in order to ensure shat cstimates of the
mean velocity and turbulent intensity are within + AU and + (A{u®)i) re-
spectively of the true values. £ is & parameter called the Student’s ¢-distribution
function which has values of 1-96 for a 95 %, probability of being within the
mterval and 1-645 fora 90 %, probability. These are avproximate expressions and
they assume that the number of samples taken is large which, in this case, means
greater than, say 50. As an example, if the turbulent intensity relative to some
reference velocity was 50 9, then, in order to determine the mean velocity to
within +59%, of the reference velocity with 959, probability, it would be
necessary to record 385 flight times. Under these circumstances, the intensity
would be within 6-9 9, of the true intensity wish 95 %, probability. Thesc estimates
do not, of course, include the effects of experimental errors.

We turnnow toa discussion of the reduction of the time-of-flight measurements.
The most satisfactory way of reducing the data is to plot the integrated valocity
probability distribution. This involves simply plotting the number of signals
that arc present in the velocity range from —co to u,, say. Figure 18 shows such
a distribution obtained in a reverse flow region using intercept measurements
from a storage oscilloscope. The mean velocity U is given by

oN

U= (I/*’V)}O undn:
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where ¥ is the total numbers of saomple takien. 16 is waorth mentioning that

un oscilloseope 1y used, there is inevitably a velocity range in these distribuiions
centred about the zeco velocity pelut for which {tracer sivnals will nol appour ou

the oscilloscope sereen at all; this band is shown in Sgure 18 for the particuiar
sweep speed used. As a conscguence, the shapoe of she prohability distribution
in this range caunot be determined. However, provided these ‘no signal’ traces

are counted in the results, the prebability diztributions should still Lc GO
cutside this region and a smooth curve can usually be deawn through the experi-
mental points. In facs, the act of deawing o “smooth’ curve through a limited

10 i T ]
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Velocity (m/sec)

1 1

40 80 120

-

Number of saraples

—10
Y

Fieoure 18, Integrated probability distribution in the region one diameter downstream from
a circular cylinder. Region in botween dotted lines is velocity band not observable on the
oscilloscope.

number of experimental points on the probability curve almost certainly gives
a higher accuracy for the estimation of the mean veloecity and intensity than
would be expected from the straightforward statistical expressions given earlicr
(equations (19)). Another source of error is that, even with an automatic means
of recording flight times, some heat tracers will miss the sensor wires in a highly
turbulent flow because of the f{inite yaw response of the pulsed-wire probe. The
errors arising from these missed tracers will be considered in a moment, bud it is
again important from accuracy considerations to include these as zero-velocity
nsul s as should the occasional ambiguous signals which cccur. These latter
signals result presumably from heat pulses arriving at the limit of the probe yaw
response.
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aving obiained the mean veloeity, the provability distribution can 2iss e
used to determine the turbilent intonsity since

— N
u? = (1,’1’\7)j (u,,— U)*dn.

Intensity estimetes from storage oscilloscope measurements are certainly Jess
aceurate than the mean velocity results becanse larwe deviations fvom the mean
velocity contribute strongly to the intensity lovel, and these are precisely the
rouadin g‘s which ave difficult to obtain accuramny ov _an oscilloscope. The very
nigh velocitics require the measurement of 2 small distance onan oscilloscope and
the very low veloeity signals may not appear on the screen at alll Avtomatic
methods of recording fiight times, however, eonsiderably reduce experinental
errors of this sort.

We consider now errors arising ivom the fracers which the sensor wires do not
pick up because of the finite yuw z'esponse of the pulsed-wire probe. In order to
give some idea of the errors, thr\ suso of a normally distributed isotropic turbulent
flow has been considered forw 1t is possible to obtain sore surprisingly simple
expressions (sce appendix). £ the probe is capable of picking up heat-tracer
signals within two cones of half angle ¢, one on cither side of the pulsed wire, then
the probability of missing a heat tracer is

—sin®¢
P = COS (exp [—smio gﬂ; (20}
iﬁ(w U2)]
Tt should be noted that as 2 JU? — 0, then p — cos ¢ which, as one would expect,
is simply the ratio of the arca of the sphere subtended externally to the two conces
to the total area of the sphere, The error arising from the missed “tracers’ in the
case of the mean velocity is
WTT r U
aU) Y- 2 .
— = — p cos*® 21
g T = T peostd, (21)

where U, is the estimated mean velocity and U is the true acan veleeity. In the
case of the ir ntensity, bthe error is

B2 2\ 2T 5 60s2 b
w= Ve 13 TAE y ¢0S Z
(‘__ ) ) = ((w?) )’” ( E o [(1—pco *2¢)+‘-———-¢[”—-coszg6(1 +P)ii -: —1.
' { 79
L . w2 U? i

(22)
In both cases, the ‘missed’ tracers are included in the estimates as zero-velocity
resulss. For the sake of brevivy, 1*" is perhaps appropriate not to devote too mach
bm e to an analysis of these results since this can be left to the interested reader.

However, as an example, figures 20 and 21 show the relative errors in mean
velocity and intensity as a fL ction of the turbulent intensity for probes wit

200

yaw li. rits 0f 507, 60%and 70°. As far as mean velocity is concerned, the significance
of ese results needs to be considered fairly carefully in order to avoid obtaining

1 incorrect impression of the errers, Ifor example, as *hﬁ intensity tends ©o
nfinity, the relative error in mean velocity tends to (—cos’¢). However, the
limit of infinite intensity corresponds in practice omy to a turbulent frce
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stagnation point so that a fini

velocity mey not be oo hwportant
i

4

to relative ervor in the measurement of a zero mean

,J
54
!

3 n many cases, it is more appropriate to
relate the ervors to some fixed roference velocity such as the {ree-stroam velocity

W

and, for the majority of experiments, even the 50° probe would give acceptable
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roure 19, Palsed-wire and hot-wire anermometer measuroments of mean
volocity behind a cybnder and a cono.
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Fravre 20. The error in the measurcment of mean velocity due to
the probe finite yaw response.
resuits for the measurement of mean velocity. The results for intensity are more
intriguing. As the intensity tends to infinity, the relative error in the intensity
tends to — ([1 —cos® @}t —1). Again, a probe with a yaw limit of 50° would be

.
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acceptable for many experiments at these high turbulence levels. But, the

intensity crror also exhibits & maximum eb o much lower intensity. This ariscs
from the (pcox® @)/ (w2 U?) term in equation (22) which has a maximumn when
(u¥)}/U = sin /2% and, in fact, the maximurn intensity crror oceurs very close to
thiz intensity. The reason for this error must bo that when wue root-mean-square
angle of the fluctuations is close to vhe yaw limit of the probe, the ‘misscd teucers
malee a strong saud erroneous contribution to the intensity measurement whercas,
ab the higher intensitics, the probability of genuine zero-velocity signals oseurrin g

(W)U

{ 1

Frqure 21. The error in the measurement of turbulent intensity
duo to the finite yaw responso of the probe.

is higher, and the influence of the missed tracers isnot then so significant. It would
appear that if measurements over an extensive range of intensities are to be made,
it is necessary to have a yaw limit of not less than, say, 60° if ervors of 16 % or
more are to be avoided.

In the discussion so far, the cffect of the probe size relative to the length scales
of the turbulence has been neglected. It has proved extremely difficult to make
any analytic estimates of the effects of finite probe size but the following general
comments may be of interest. There seem to be two main effects. The fivst con-
cerns the effect of the probe size on the accuracy of the measurements. If we
neglect for the moment the influence of longitudinal diffusion, the sensor wire of
a large probe in turbulence would still exhibit a discontinuity of slope when the
pulse front arrived. However, this time of flight would correspond to the most
rapidly arriving part of the pulse front and it isnob difficult to see that this would
give rise to values of the mean velocity that were too large and values of intensity
that were too small. The length of a sensor wire in a probe which intercepts signals
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ig of the order of w((»?)}] J) wheve  Is the spacing bebween the }fm}:%(fd S SCNE0T
wires, and ((E V[T is the ratio of the turbulent intensit i

the local mean veloeivy normal to the probe. We i‘nigh ¢

measurements 1o be o function of this longth Lo son

s .
of the eneroy beaving eddies, say, the infegr

1

y
CITOr an :Hn ically have not yei proved successiul,

Leen carried oub in o turbulent stream with a huebudent inte

118
Tnthis GXPC],J 31(“1L measureinonts ol both ]]‘CL‘;I'\,’OE()CJL\ ?xll(ti L(‘l‘h]b\' WOre madc

N

with different spacings Jom cen the palsed and s SOT wires corresponding to &
range from 040, 1o 2:0L,. No consistent vaviation in the mean velocity and
mtensity estimatos wit J 1’ crent spacings was found and, iy fact, surprisingly

good agreement with hot-wire ancynometer measteoments was obtained within
the confidence Hmit of the sumple size talen, b this case 49, of the local me
velocity. 1t would appear thclmow tiat probe size elfects may be gon f-mdy
significant than one might expect from o probe which has wire len
two or three times those of an oxc

point to be considercd cn probe-size effects is the influence
turbulence on the probe response. As 2 means of ilust

1

vary hot-wire ancinometer p

aving this pr o\)km it

usefud to refer to figuve 1 O(!)) which shows a sensor-wire signal that is typleal o_'
those obtained in the present experimenss i turbulent ows. There is Lt
]

C

ambiguity about the arrival of ihe pulse frout, but subsequently, the sigunal
becomes itvegular due to the presence of the turbulence. This irregularity is not

Xy v
i

--npor enbuntilit beginst OUmmucin\,u vival of tho front. What scors to happen

n practice s that if a probe is positioned in a particular fiow, such as the reverse
low region hehind a b“}uﬁ'boo. v, and the mainglecam speed is incveased from zero,
the sensor-wire signals begin by being very siinilar to those obtained in ste:

A‘-—'\

flow although the times of fighy Auctuate considerably. As the Re 'nok 1111;11)01‘
O %
is increased, the signal amplitudes diminish, as would be expected from the

results of §4.2, and, as the o\zi-cnt of the turbulence spectrum incrcascs, the
frregularity in the sensor-wire signals becomes more marked until o poiny is

reached when the signals are so 1r1‘<;-glha1' that estimations of the tires of flight
arc 2o longer possible, Numerous attempts have been made to estimate this effeot
theoretically assuming jocal isotropy of the small eady structure. But, it has

proved raore difficult than one might expeet to explain the ebserved behavioar of
the probe, und, apart from the conclusion that it is best to have the largest scalo
of flow possible for a given Reynolds number, the results of the analysis have not

1

been very useful. However, from a practical standpoint it seems possible with the
normal scale of wind-tunnel experiments to obt in reasonable signals although
it is clearly an advanvage to nhave the scale of
facilities will allow.

A number of examples of measurements with the pulsed hot-wire anermometer
havenow been published but, as a single examyple of the tvpe of measurement that
can now be made, figure 15 shows a comparison between pulsed-wire and

incarized hot-wire measurements of mean velocity along she centre-line of the

’iow downstream of o circular eylinder and also an 18:1 tapered cizcular eylinder.

These results were the frst measurements made with the pulsed-wire prove

45

the experiments as large as the
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(Bradbury 1969) and, for a varicly of rea s, they are pe
ractory. ifowever, they s

wve to illustra ‘(, s essential fea .,mumy Of ‘L]m i

mont for making measuraments infiow reglons wiere the hot-wire anemosneter is
<1
Lhs

ezl
o

j ¢b to {20ss Crrils.
ombuch (1069) used the intercept technique for measurements with a cross-

wire probe in a turbulent jev of foveign gas. There are a namber of Gnporint
differences bebween his work and the present investigations but bhO main one
scoms to be that the turbulence scale in his experiments was tos small comypared
with the probe dimensions to give clear individunal traccs. As a conscquence, b
aal obtuined
on a computer. However, if this is done, tho instrument invucediavely beecnies
highly non-linear and, in particular, estimates of the turbulent intensity become
extremely difficult to make.

I

sensor-wire signals were digitized and an ‘average’ sensor-wire si

6. A gystem for the autcmatic measurement of txe dight times
Measurements of the interceps positions from an oscilicscone are convenient

only if thele arc a limited nuaber of measurements to be made. An alvernative
scheme to speed up data Oqu'%?tion has been studied using differentiated wire
siognals along the lines diseussed in § 2.4, The coraplete circuitry of the system is
shown in figure §. Alshough this circuit may scom fairly formidable it ook only
& short while to develop using & modular instrumentation system developed by
B.J. Belcher in the Acronautics Departine :w Impcual Colloge. This systcm

used operational amplifiers and a variety of logic integrated cireuits built into a
range of modules with pateh board front panels ’ilu.:,c may be readily inter-
connccted, and it is possible to build up fairly sofx isticated systems without too

much developnment work.

The basic scnsor-wire signal is frst amplified and differentiated, see the first
inset diagram in Sgure 9. Beecause of the subsequent deterioration in signal-to-
noise ratio, it is necessary to pass vie reswlting signal through alow pass filter set
at about 10kHz. As a result of both the differentiation and the filtering, the
pick-up signal from the pulsed wire av the beginning of the sensor-wire trace is
considerably longer tha,u the original pulse, and it has a decay time constant
typically of the order of 100 usec. The differentiated signal is then fed 1o two

- comparators which are sct to trigger ab a voltage of about a half the maximum

value of the differentiated signal. As discussed earlier, the sctting of the com-

parator trigger level is not too critical. The comparators are set to trigger off
signals of oppomu polarity so that outputs are obtained irrespective of the flow
dnecho*& In addition to the signal from the heat pulse, the comparators arc also
triggered by the initial pick-up signal so that the signals from the comparators
are sirailar to the two lower traces shown in the second inset diagram in figure 9.
The comparator utputs arising from the electrical pick-up signal are eliminated
by ssing the comparator outputs ﬂ:rou'»»l owo AND gates which are initlally

bianked off by 2 pulse of about 100 usec duration, and which is produced fron
the pulse generator at the same time as x}\e heat-tracer pulse is fived. Signals

sxmdwr to those shown in the third inset diagram in figurc 9 are then obtained.
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These two AND gate oubputs ove then fod into Lwo RS Flip Flops whi cm oducs
step-lke signals with « duraticn equal {

‘O

inlenotloto the time from the |
heat-tracer pulse to the arvival of a siznal at the sensor wires sudlicient to trigger

the 1wo comparators. Bolh comparators may be triggered by the heut-tracer

so the

signal from the one seusor wive because the diffcventiated sencor-wire signul

W3
swings both positively and negavively, 1 W it is obviously the shorter of the two
o selection of the sh ortc"
time step is obtulaed by passing the flip-tiop oulpuis throughan G g

!

Hinies w h] :h eorresponds to the desired timoe of dight. Th
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Frgure 22. Comparison betweon a differentiaied signal ealibration
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and an intercept time calibration.
I

diagram in figure 9). The CR gate output is then fed through an operational
amplifier with an accurately clamped maxiraum outrput voltage lovel so that it
giveb a pulse of fixed amplitude with a duravion equal to the vime of flight, This s
fed to an integrator which produces a ﬁmp whose final amplitude is provortional
2o the time of flight. This is then vassed through a swucneg amplifier which
produces a final output with a polarity dep ndent onwhich of the two comparators
is triggered first. The fifth diagrara in figure 9 shows the two types of switched
mplifier output that can occur — oue in whlcn the integrator polarity is correct
:1d ihe other where the polarity is switched on the arrival of the heat pulse.
herefore, the final output is a d.c. voltage whose amplitude is proportiona: to
he time of flight and whose polarity gives the flow direction. In the prese:
rrangement, this voltage is displayed on a digital voltmeter and the value

punched out on paper tape.
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Figure 22showsa cahb;a‘mon from a differentiated sensor-wire signal oo
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rev:

with the intercent time culibration. The callbraiion is now slightly curved as
would be expected from {hw theorelicel urguments in § 2.4, Thut, 1

Ak

1

Hneartty can be ramnoved by the subsequieat scomputation of the veloeities.
Numerous measurements have now been made with vhis automatic system iz

a variety of fows and they con

highly twhbulent flows. Tt is, of

irm the uselulness of Vhe techinique in studying

course, possible Lo sct up dillerent c'r:;uitry 1o
Fa ikl 1

avtomatically measure vho time ol i gnu and 1 hc precise choico is probab y best
dictated by wlmt Lype of inslrumentation is availuble to the experim

~) Fa e BN
7. Conciluding remarks

This paper has desoribed the results of both theorctical and experimental
mvestizations inte a pulsed-wire probe wsing a thnc-of-Hight 10011:11(1110 for
velocity measurements. The teehnigue seems o have considerable potential
{or exploring highly turbulent fiows which 71'1%‘{1("' » have not been anenal L o
proper experimental investigation. However, although the present work repre-
sents o start on the development of $he technique, it is clewr that there ave many
aspects of the probe behaviour that requives further investigation. These include
the yaw response, the influence of the pulsed-wire wake end the general hehaviour
ofthe probe at very low Péclet numbers. Also, thereis clearly aneed {or developing
the technique in a form which malkes it simpler to wse. The particular system
explored in the present work is clearly workable, but other technigues perhaps
aleng the Yines suggested in § 2.4 should also be inve sulg‘ ted.

In addition to Ll 10 appumuoa» described in this paper, the teehnique could
also be used in gas mixtures and, in ‘Fac“c, Mequaid & W, 1 % (1971) have alread;

nade an interesting application of the pulsed-wire ,)roLc {0 MeasUrcInent:
low turbulence level flow of variable d cnsity. Another possible applicavion is to
usc”c\\'om‘ob“s for moreclaborate spatial and vemporal corrclation measurcments.
There are, of course, other technigues which are being developed for use in
pighly turbulent flows. Multinle hot-wire arrays could possibly be used although
he ‘untangling’ of the resuits might roquire a prohibitive cffort. Also, the
accuracy of hot-wire anemometer measurenments depends on a sensitive “analog’
calibration whercas the pulsed-wire calibration depends only on the probe
geometry — it is very nearly a ‘digital” instrument. In addition, the appii

J

wn

in &

3

r+

lication
of laser Doppler techniques for velocity neasurement are currently being spudied.
pv t, although the potential of these techniques is considerable, they involve &
g h degree of sophistication in 1s‘crumentau10n and, for many applications, the
se of a somewhat simpler technique such as the pulsed-wire probe may be more
Uropr'ate.

l\-@

£opendix. Errors due to the fnite yaw respoase of a pulsed-wire probe

T 5

For a normally distributed isotropic turbulence, the joint probability density
faction is
1 (——(u—&)z——vz—wg

YXAIV.



The probabiiity of missing a treoer is

P, v,w) dudo du,
cones

where the fitegration is restricted to the two cones on eitber side o the pulsed

wice within which the sensor wives will pick up stenals. If we inwroduce & radial

3

velocity v, = (92 +w?)? inclined at an angle 17 to Uhe xy planc, we have

Vo= 81N, W= 0,008

Tor the downstream cone with a hall angle ¢, this ehange of co-ordinates gives
[re
Ly = fla,v,w) dudvdw

H)

downsbream
CONe

B S P
2 “'.}0 LJ o Jo t. 2242 d

% sh 1d be noted that the noper lmit on the integration with respect Lo v, is
coration is limited o the downstwum cone, Tht

whan ¢ which ensures that the int

evah aticn of this integral is straightlorward (sce Castro 1970} and 1t gives
1 U\ sin¢h / U cos o
Jg=5 (1 + erf == 1] — 3 €0s (hoxp {- ’f‘"’ﬂ:J 14 cxf - |
2 (2ut)k Lo2@3oni\ (2u2)t / 5
b

The integral for the upstream cone is obtained by writing — U for U in this
expression and the probability of missing a tracer then reduces to

cos ¢ oxp —sin’ ¢
D = 008 OXP |~
2{u? %)
whiclt is equation (20) in the main text.
The measured mean velocity including the missed tracers as zero velooity
rosults is given by
o Mr
U, =1y uf{u,v,w)dudvdw.
JJJ
cones

ensity including the missed tracers is given by

e+

"he measured in

— .
Yz, = j[j_j (w—U,)%f (w, v,w)dudvdw+pUE,

cones

= jj % w?flu,v,w)dudoduw - U,
cones
t should be noted that the intensity is evaluated relative to the es‘tima*‘ﬂd
racan velocity and not to the true mean velocity. This scems a more consisten

approach to adopt. The ev*ﬂv* tion of these integrals is tedious but it resulvs
finally in the expressions given in the main text as equauovzb (21) and (22).

v
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i S J

The semi-empivical heat-transfer lows of Colils & Williams (1859) and Davies &
ishier (19(‘)4) vive values of the heat-transfer rates for 'i:.ho fow past fine wizes

(SN

1
which are generally very diferend from one another. This puncr deseribes some
moezsurcmoms of heat-transfer and convective time constants which show {thaes
donship of Collis & Willlams is the more representative expression.

&

¥

During an investigation into a pulsed-wire technicue of velocity measurements
{(Bradbury & Castro 1071) it was neces SaTy to make use of & heat-transfer law
for the flow past heated fine wires of the sort used in hot-wire anemorictey,
Wwo anparently careful inve wLIE{”‘lOZ)S of this heat-transfor law ave those of Colli
< Williams (1058) and Davies & Iisnor (1964). The heat-transfer law proposed

Collls & Williams for the wire Reynolds number renge 002 < I < 44
(2 based on the diameter of the wire ) 1s given by

a —-0-27 /A P0LE i3
z\m( uz/Oa) =024+ +0 QUL 5 f\-t

~——

where 0, is the ambient fuid temperature and 0,, is the menn of the fuid and wire

h Y

tenmezm wres, The fluid tnc"'md conductivity and tho ki a“if’viscobl'by‘ Dpear-
ing in the Nus -\lt number &, and the Reynolds numb 5 816 ﬂvmumcg at this
mean temperature. In contrast to this expressior Dwvms & Tisher proposed the
LTl vy i or waes .
ollowing relat ﬂshxp N, = 04257, ()
where the thermal conductivity a ppe caring in tho Nusselt number ¥, is evaluated
at the wive temperature and the kinematic viscosity &p‘oez—mnw in the Reynolds
number &7, is evaluated at the ambicnt fuid temperature. it will be roted that
the suifices @, b and m are used to denote quantisies evaluated at the ambiond

° .

fluid temp- ature, the hot-wire temperature and the mean of the two respoc-
tively. '

Yhese two laws are generally very different from one another, and in order to
Hlustratve this, figure 1 shows a comparison between the two laws for wires ab
o&kcxmmly ambient temperature and ab 600 °C. In order to make a dircct com-

parison Dobwoen the heat-transfor rates s predicted by the two laws the Nussclt
ﬂumbbrs have been caleulatod from ( jand (2) and then converted to a common
form based on fluid promorties evaluated at ambient temperature. A similar
adjnstmment to the Reynoids nurabers has also been made. At the lower tempera-
bure there is almost a two to one difference in the heau-transfer rates predicted by

T Present address: Mechanical Ingineoring Department, University of Surrey.
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L 4.Y s ein Y e, T e sieanangd (R 1 )
W oas the wire tanperature §s 1ncreased this difference docrenses
v v ey e r\ -

B are 21most colnedunt ab 660 °C.

Beeause o:" the common usage of cons tw,n teniperature hob-wire anemonmeters
there is less interest in thoe preeise form of fine wive heat-transfor laws thenin ihe
days when constant-current hot-wire anemometry predoininated. Nevertheless,

. ety Wi temperature =600 °C

- e

Wire temperature=29 “C
(i.e. ambient tempaerature)

wwsolt mumber (N )

Nt

0 10 20 30
Reymolds numbor (2,)

Troure 1. Cormparison of hent-transfer laws for {ine wires. ———, Collis & Williams;
b
————, Davics & Fisher.

it is obviously important to resolve disorepancies of the sort found between the
relationshing of Collis & Willlams and Davies & Fisher. This was the aim of the
experiments described in this paper. It should be made deur that theso oxperi-
rients were not intended as a dofinitive study of ‘1@ -transfer laws, but in view of

the size of the diserepancy between cquation (1) and (2) it seemed that o fow
reasonably carveful measurements ouglt to bo sufilelent to show which of the

vwo laws Is the more representutive Tor the heat transfer from fine wires.
.

he results of the p osbnt INCASUTCTA ontb strongly support relavionships of the
type suegested by Collis & Williars. The experiments consisted nov only of Loat-
transfer n‘ea-smemen‘:b but they wlto included some divect measurements of

1E31

wire convective time constants. These latter measurements give some particu-
iy pertinent results for deciding between the relative validity of the two laws.

~
Zaw _a;—.hc:vL-‘ T IAgasSy ul‘.~€xnu

A

The two quantities that have to be evaluated from the oxperimental results
ave the wire Reynolds nurmber 2 and the Nusselt number N. In practical terms
tho Nusselt number can be written as

T T (e P
/mfl (} p— 7 a)

wheze 7, and 7, arc the wire resistances at the hot-wire temperature 8, and the
fuld ambient temperatuye 9 respectively, « is the temperature coeiliciont of
resistance, ¢ is the current through the wire of length [ and diameter d, Zf 15 the
Auid thermal conductivity. '}Lhcra 18 ro disagreement between Davies & Fisher
and other experimenters over the ability to measure ¢, 7, and [ accurately;
.
AXKIX ‘
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the nub of thelr eviticisy rovious work concerns the measwremont of o and

T i vy mrnd 2amrs 50 7 Sy ? iy e G 1T 2 o Sy ey s e T
Yo Their conwention is 1 osnoasuremoents of thos S8 G 1L«i GA Qe carricad out at

1T N . PR Tl Al ~ 5 Fastnueh g SOy 0/7 mveere o
very low surrent denst 1o 1} to bein creor by wsmuch as 209 owing

to the infiuence o) Lhorim s preseut in the bric etworls wsed {or
}mzking OB UTGITLETINS. ’E.‘hc f*f’;cct of this crror would b culirly siunifi-

I
cant ot very low everheat ratios, and they ciaba that heat- ’u.‘urufcr neasuements
ab low wire temperatures must be regarded as uwurclinblo. Howoever, no ovidesnce
of Pelticr ofivets of the type deseribed in thelr experiments could be found in the

Jresent work.

Al
i
(41

Rosistunco por
conlimoler av
26° C. (b qu]\/

lengihs of aboul  Roesistivity a
Nomirnal diameter (i) Moasured Glnmeter (in) (-5 cin) 20 °C (ohmcm)
0-0002 x 1078 5149 10-G
0-G003 0-00603 15 ~_€_— 1 1679 223 1i-3
0-0004 0000412+ 14 x 10-¢ 18+4 115
Avorage valuo 11.2

An ordinury Wheatst a5 used for the heat-transior measurements.
The varizble arm consisied of » high-guality decade resistance box and the fixed

arms used wive wound resistors of 0-01 9% accuracy. The curren i throuch the
wires was obtained L} meazuring the voitage drop across the fixed 1'051.5&0;‘ in

series with ihe hot wire. This volinge was measured on a four decade digitul
voltmeter with & least significant fgvre cquivalent to 2-53 microvolts on i ’La most
accnrate range. This voltmeter was also used to balanco the Lridge.

Tho wires used in the majority of tie expoz‘lmm 3 were platinur Wollaston
wires from Johmson, .zavttnoy & Co. Ltd. The plasinum usod in Wollaston wive
isnctpu 1 b

re bub apparently contains about -39 of iricium and rhodiura. mml,ﬂcs
oi'the wires after ctehing were exwinined under & scannin oic ctron microscone
cal oxample is shown in fizure 2{a) (plate 1). Ll interesting feature

tnman wires is the longitudinal striations on the surface. Lresuuably

from the drawing orocess vsed in their manufacture. Variations

Lth of the samples cxamined were not
very significant a imouu“, on the fo&sis of resistance measuremoents, there were

o
e
oo

=

VDS TROre congistent variations of about 5 9 over longoer lengths of the wire.

A fow measurements were also made with nickel w iret {nor
$-00051in.} and fgure 2(3) (miate 1) shows s sar’plo of this wive. Thiswasa
£ 1 y fa

of wire from an old reel of nickel wire and some oxidation of the surf

The ‘cold’ resistances of the electven microscope samples were measured and
table 1 summarizes the results for the platinum wires.

oo,
L

2 objoct of the nickel wire tests was to check that if the thormo-eloctric effocts wero
arising {rorm the wire juncticns then tests wita 2 different wire magorial might show some
inconsistency. Y

T
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Pho wires i tho hoat-tronsfor measurements were mounted ou s probo

TV s W e Tyt ly v 5 4 i
giving wwive Jength 'mhulx of aboub one cenvinseive so thad

‘,.

{
Lo whoul 1000 Lo 2000, A numboer of \”'J'ms were uset i the exporiments and
'L'zmio 2 eives the Tcold” 1 le

1oy shivhile o .
dilier slighlly frorn those sroni b

SLGNCe MeT T [ e (T Yy
HUGnGe DT B wan Gi LLCHe wWires, Lhese values

i
N
il

e olectron microscope sanplos given in table 1.
Ty 11 1 o~ H
i

This 3 presuranbly because of small varlations i the wire disanetor,

Nonunal diameter Rosist;’mco nor Felhaoied moean
(i) coniimaro diameior ( D
30002 46:0 G001
0-0003 32.2 G6GG32
G-U004 i%2 0-00043

Y:“

the tance of the wircs was moeasured bv
mounving the probes i a test tube Immeirsed in o veriable-lemperature water
bath, The terperature coofliclent of resistance was found to be 60035 vor °O

for the platinum wire and 6-0059 per °C {or the nickel wive.
A criticistn by Davies & Disher of provious work was that ‘cold” resistance
measurements were probably in crror owing $o stray thermo-clesivic voltages

present in the bridge network; they clivd an example in their cvrn exper hments
of how this could give rise to errovs, typiealiy of 209, in tao values of cold resis-

L

measurement. However, in the present experiments moeasurements of fcold’

rnratiasl FaARE ER PP 3 T -
levolied off as 4l throvgh the wires wi
D

b 1

v reduccd ud the

¢ nob increase o gai‘x—\us vhoy did in the example quoted by Davis &
Fisher—cven though the current densities and dissipation levels were _\;‘iondcc;
weil below Lhiose reported by Davies & Fishor. They also attributed the anparens
departure of the wive material s )pertics f}‘om the International Standard values

ag being a "*.;mb of these oLoCtrIC RO c"us. However, the influence of
iridivm and rhodimm imy A.uuics in i aLme iz to inerease tho resistivity and
1

roduce the temperature ) and Rhys

£. Results given by Dwr‘u“ g (100

& Taimsain (196 {); s«‘o***t 1at the observed difforences are of about the right order
-or an impurity level of 0-3 9%, Si 160 10 signiﬁc‘wt thermo-clectric eifcets coula
ne found in the present experiments, it i3 concluded that the departures found
i in the present exveriments and those previously carried out by Collis &
d otliers would seein to be genuine, although the evidence is admit-

BH et Lmﬂ\/iul

a%‘urcmentg of the Nusselt number were made in 2 low turbulence

stream with wire temperatures ranging from between 20°C and €00°C above
L R P
ambient temperature. Most of the tosts were carried out with wires whose -a.snect

ratios were in the range 1000 to 2000, Lowever, two tests wore also carried out
with wives of lower aspect ratios of about 270 and 800. All the results were cor-
rected for aspoet ratio effects using tho simyple relationship
Food/ k, Y
N{co) = N{m){1l—5"; ——»—»—-\ i
A ! 3 N7 J ’
t ¢ \l“/f&. { fL;
]
-

14

e
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v
mber avd N

WOrI &! Cu.u\rli

where N (uz, is the measured |
awnber or au inlinite wire, £, 18 thc i

and £ 38 the thormal conductiv ury of tho fiuld. This cxp

the assumy 7UIU]“ that the aspect ratio iz L.u:f;‘(?, a,nd L

aall, Whilst these conditions wore nov strictly fulf

’L ¢
OL)JuLb of the tests ab the Jower aspoct ratios was to ¢hie 01 the overall consisiency
o ‘

of the experimoental results.

3'5[ 1 T T i T T
|
20 -
{
~ |
o
Porse
Q}c o A
;: 1$ - - ”«:"“\;}o"‘
= }'U:"‘ /,:(év'(b“ ~{
z } mf/vj
0sf -
!
| 1 i ! ; : 1
0 2 4 & 8 10 12

Reynolds numbor (12,)

Troune 3. Ieot- tranaer ]Obxll\b compared with the Collis & Williams law (so}id line).
0 12, 0-06021in. Pt wire, aspoct ravio. 1760, wire temperanwe 125°C, 307 *C above ambient
respoctively; O, O, (1 OOO.)m PL wire, aspect rwt*o] 350, wire termporature 20 °C ‘O Cabovo
sprctively s V 0-0603 in. Ptwire, aspect £ atio 274, wire ternporature ]UOECWDOVV
ambient; vV, O OOu:ln Pt wire, rxspgct ratio 95 wire temperature 123 °C above ambiont;
A, £, 0-0005in. Py wire, aspect ratio 1850, wire to mpo;aburc 145°C, 615 °C above ambient
OapCCul\'OlV O, 0008 in. Ni wire, aspect iatio 1270, wiwo tomperature 105 °C above

ambiond ¢

At the lowest aspoet ratio tested, the correction amounted to about 159

i ¢ number whereas tho correclion for the other results was only &
fow por cent. IHowever, Lthouol the consistency of the final correlation was nov
tly affected by the correction, it served to demonstrate that theve is no un-
expecied nﬂumc of &’?T)OC‘D ratio on the measurements. Thess few aspect ratio

2
(]
;3

PO

('DC

i

ts were undertaken as a D”ecauciozmry measure because Davies & Iizher’s
waeasurements were all carried out at comgparatively low aspect ratios :wi it
scerned expedient to check the possibility of some vntoward aspect ratio eifec

e
o

S

The experimentai results are shown first inn figure 3 plotted in terms of the ﬂmci
wropersies evaluated at the mean tomperature, They show good agreement with
Coliis & Williams’ relationshin and t (mle is no systematic diff e*‘(,nco betwoeen the
high and low overheat ratic vesults. Th Alclxd wire results ave 2lso v sonaoly
sonsistent with the platinum wire result in contrast to this, ficurs 4 1 OWS S0
selected results at two extreme overheating ratios evaluated first on the mean
terperature basis as in figure 3 (unblocked symbols) &hd then with the thermal

.

VT 7T
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conductivity of wir oy LIL tod ot thovire temperatiee and tho ldneme Ue viseos

evahuated ot wmnbiont tomperature (Wlocked symbols). The effent of usin

RN

B I A, . .
CCIIPLLracure o u*lu(' SUUOCHTCR

s'n(-,r is to spread out the ¢
ure 4, 5 is only ot ton

VRN Tt T e 4 T
Lhemr lc‘lduu;:\-x';;; 15 tound. It

4 -

meutal poiuts and, as xight be

a%e

in the reglon of 600 °C that goot 1
scems almost inconceivedic thet errors due tn 1 ellicr ¢iteots shoula bo the sam
m bota the present exporiments and the work of Collis & Wiliiumns, a'm(‘ ‘Lh
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& Williams, NV, for Davies
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Reyneolds number (22, for Collis & Willlams, R, for Davies & Fisher)

rev

Trevre 4. The influenco of the reference temporaturo on t} e heat-traasior z'osui‘us R
Davies & Fisher; ,Collis &\W *mums 0-00G4 in. Pv wire, aspoct reuo 13305 03, 11, 145°C;

A, A, 615°C; unbloc] \C‘d syinbols based on inke ncan tcmpumtu;o, blocked symbols basod
on tho wire Lem-t)oz aturc for b and tho ambiont temperaturo for v.

obvious conclusion is that Davies & Fisher’s relationship is not satisfactory for

& wide range of temperatures. flowever, 1t could be argued that we have only
T *pemed the errors of earlier experimonts and for this reason it is pertinent to
include some direct measurcments of wire convective time constants that have

y

Lesn made.

—t

X e R ey Kagiii po— ST g P A
5. Nieasuaremenis O La€ Convellive tIae Conslanis

In the pulsed-wire experiments by the authors, the wires were subjest to a very
Lort duration voltage pulse and then permitted to cool by forced convection. By
operating the wires with a small constant current passing chrouﬁ‘h ‘uhf it was
possible to observe the decay of the wire temperature. If we neglect the possible

T VT T
Ladao g,
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c aiven L, whote p,, and ¢, &1

mectively,
MO h .

_1“‘“\.& aend NV izilhe Nusselo number.

¢ inothe vare
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wnonts were made with caiferent
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sperature of about 25

(e
.
[
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3
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1t (msee
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\

oy

Il
1

Conveebive time cons

Velocity {m/scc)

Fravas 5. Conveclive time consiants for platinum wirves. Curves show Coilis & Willinms’
law; , aanbiont mcwn termaperatwee; ——-—, 300 °C moan terperature; the uppor, mu i dlio

and lower pairs of eurves rofor to wires of diamoters ¢-000431n., 0-60031 i, ‘me 6021 n.
respectivoly. O, &, 0-00043in. diamctor; A, A, 0-00031in. cua*netcr' =, u, 0-00021in.
diameter; unblocked ,ymbols rofer to peak feraperaturcs of 550 °C; blocked symbols are
resulis for pealk wire temporatures of 250 °C.

he results of these measuvements are shown in figure 3. Tho interest-
sults is that there does not scem to be any reasuraile
os
.

o
he initial temperature on the cocay time. This suggosts ‘}mi the
meo constant denominator shot L rob depend on tempora-

1

1eimer the relationshin of Coilis & Williams nor that of L‘awes &

ely consistent with 'hi inding, the Uo’iii & '\ ixh ms l'ohltionship
£ %, N which are far less sens ’zve o wire temperature thon those
om Davies iz Tisher’s expreasion. To Hlustrate this figure 5 alsc shows
e constents celeulated from Collis & W 11} ans expression for mean wirs
i
.
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APPENDIX IIIL

ANALYSIS OF CROSSED-HOT WIRE DATA

For a hot wire. inclined at (90 - w)o to
the deiréction'(usuaily, but not aiways
; Ty - the direction of the mean flow) the basic

U response equation can be written, assuming

a cosine~law response

E° =E_° + B (Ucosy + Vsiny)® AITI.1

where E, U and V are all instantaneous Qalues. For the present work
*Wé\ﬁgve-psed an ;effectiye' cosine law response and measured the
'effectivef angle, we’ as'&escribéd in Chapter 2. we is not exactly
“equal to thﬁlgeometrical angle ¢, In this Appendix Y is written for

Vo Equation AIII.l neglects the presence'ofxany W component of
velécity (which of necessity is normal to the axis of the wire).

However it can be shown that, if there is no mean W and if the
w=fluctuations are small compared with the mean value of (Ucosy + Vsiny),
the errors are small,

The mean flow calibration was always performed in a non-turBuleng

free stream with V = 0, so that

g2 = Eoz + BeosTy Um . 2 AIII,2

Throughout this work we have required turbulence quantities non=
dimensionalised by the reference velocity, Ur’ so that it is convenient

to write

Bcosnw = _ .

Substituting in equation AIIIL.2 gives
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E2 - E 2 )
(s ) cosnw _ Ucosy + Vsiny

2 _ @2 U *
E2-E, r

AIII.3

It is now not necessary to measure the slope of the calibration curve -
-~y

directly: a simple measurement of the reference velocity (i.e.

dynamic pressure) enables Er2 - E02 to be read off the calibration,
For a crossed wire probe with effective angles ¥, and - wz we

have, from equation AIII.3

2 _p 271/
E—l——_—-F;g— cosw =.y—-co ]p -}-(V—. s' lp
1 SV T g sien

E;2 -E2 Ve
r o
and !
£2-52]/"
2 J cosgl:2 s o cosy, = v siny . ALII.4
2 U 2 U 2
E2 - Eo r r
T
Solving equations AIIL.4 for U and V giﬁes
2 . 2 ' 2 _n 2
E1 Eol 1/n E2 E02 1/n
e . tany, + | ———— tany
2 _ 2 1 2 . 2 2
El Eo EZ Eo
U . T 1 T 2
Ur tmw1+tmw2
and ——
\\—“‘~-
2 _ 2 2 . 2
E1 Eo l/n E2 Eo 1/n
1 . 2
E1 2 - Eo 2 E2 2 - Eo z
' .
= —x 1 T 2 ATIL.S
T 1 2

Programs DIGAN and CS4C compute %— and %—
T r

E1 and E2 (inputed on cards) to the fluctuating parts e and e, (from

by adding the mean values of

the A/D conversion) and substituting in equation AIII.5. Program CS4C
(used only to obtain the intermittency) forms the various powers and
cross-products of U and V at this stage and then at the end of the pro-

gram subtracts the necessary terms involving the mean values
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(e.g. G = UV = T.V). This has the disadvantage of magnifying fﬂ;‘
errors caused.by the presence of any small spurious d.c. levels on
the incoming e and e, signals, Program DIGAN is therefore arranged
to subtract the mean values of U and V from equation AIII.5 before
forming the quantities of interest. fhe mean of the resulting
signals (u and V) should then be zero and any small deviations from
‘zero are caused by

A (i) small d.c. errors on the incoming signals.

L ° (ii) Errors caused by using U and V calculated using equation
AIII.5 and E1 and E;. These will only be noticeable at high
turbulent intensities.

The final results are corrected by subtracting any small d.c. terms,

as in CS4C but it can be shown that this procedure gives results less

dependent on the spurious d.c. levels,



APPENDIX IV

STATISTICS OF THE INSTANTANEQUS VELOCITY

VECTOR AND THE CONSEQUENT ERRORS IN HOT-WIRE

MEASUREMENTS

IV.1 THE PROBLEM

In a turbulent flow thg‘velocity vector not only varies in mag-
nitude but also, because turbulence is by nature a three-dimensional
phenomenon, varies in its orientation to some fixed axis system. All
conventional measurement techniques therefore require a knowledge of
the yaw (and pitch) response of the instrument. In many‘pracﬁical
cases it is sufficient to assume that variations in the angle of the
instantaneous velocity vector are small (usually because the turbulent
intensity, measured with respect to the<}6§al mean velocity, is small)
so that the instrument is only'reqpired to operate in a known fashion
over a small range of flow yaw angle. Most round-nosed pitot tubes
for instance, measure the total pressure accurately as long és the
flow angle never exceeds 15 - 20° from the probe axis. Similarly,
‘hot-wires can be assumed to obe&ithé cosine law for flow angles
greater than about 20° from the wire axis. 1In such cases it is of
”ééuise’usually dhhecessary to have a detailed knowledge of the flow-
Aangle prébabiiity function. /
‘ Howe;éf, in flows having high turbulent intensities, the probabi-
flity of instantaneous flow angles being greater than the limit of the
inétrumengs defined yaw response is not necessarily small, and in
 this case there may well be significant errors. Generally, a know~
ledge of the flow angle probability distribution would not in itself
permit an accurate assessment of such errors (except in the case of

+

the pulsed hot wire anemometer which is essentially a digital
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instrument) but it would certainly be helpful to know when the errors
are likely to be large. Put another way; the problem can be stated as
'how high‘must the turbulent intensity be before errors caused by the
instrument's inadequate (or ill-defined) yaw response become
significant?'

To answer this question it is clearly necessary to have some
detailed information about the flow angle statistics and the first
part of this Appendix presents some basic theory with that in mind.
Secondly, of course, the answer will depend on the particular instru-
ment used and, whilst this work was motivated by interest in the
puised hot-wire anemometer, the second part of the Appendix is an
attempt to apply the conclusions sf the first part to the ordinary
hot-wire anemometer and in particular, the crossed hot-wire,

There is no fundamental reason why the theoretical considerations

(43) has

should not be applied to any instrument and indeed Castro
applied them to the case of the pulsed hot wire where in certain
circumstances it is possible to derive analytical expressions for the

actual errors caused by the probe's finite yaw-response.

IV.2 THE FLOW ANGLE PROBABILITY DISTRIBUTION

IV.2.1 Analytic Solutions

It is gengrally agreed that in most practical fully turbulent
flows the velocity distributions are not very different from Gaussian-
distributions. Usually only when highér order correlations or
velocity derivatives are considered does the turbulence exhibit sig=

(46)). At the centre of the

nificant non~Gaussianity (e.g. Frenkiel
plane mixing layer for instance, where the turbulent intensity is
quite high compared with many turbulent flows, the flatness factors

of the three velocity components are all about 3 (Figure 4.10) so
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that whilst the flow is quite highly organised and is certainly not iso~
tropic (except at the very high frequency end of the spectrum) it does
seem that the actual velocity.diStributions are not far from Gaussian,
There is evidence to suggest that the flatness factors only rise con-
"siderably abové’the Gaussian value when the flow is intermittent and

‘in the turbulent regionézthemselves it remains at about 3 (see, for

(30)y,

. example, Wygnanski & Fiedler Even measurements in the very

highly turbulent wake of a bluff body (using a pulse-wire anemometer)
. have shown the u-component to be nearly Gaussian (Bradbury(47)). ‘
| The exact form of the velocity probability distribution is not
important for the present purpose, so that it is undoubtedly suffi-
Lient to assume normality of the three velocity distributions. This
assumption immediately enables us to write down the joint probability
function of the velocity vector, which, if we neglect any correlation

between the u or v and the w components of velocity, and if we assume

that the mean lateral component, W, is zero, becomes

F = 1/(/2n)3a:a o /1 - r°, exi:{-(u - n? - = 0?2
uvw 2au2(l - r2) 2a62(1 - r2)

c2tu - W =-V) _ w2 }
20 a (1 - r?) 20, 2(1 - r?)
uv W

where a is the turbulent intensity, and‘rlz,is the correlation coefficient,
uv ' . L .

~==—=— , The above assumptions merely restrict the analysis to the usual

/a2 2

practical cases of two-dimensional mean flow, whilst procuring a massive

simplification of the algebra and later numerical solutions. The basic

problem is now to calculate the probability, P, that the instantaneous

velocity vector lies within a semi-infinite cone of included angle 20,

aligned with its axis in the u-direction. In general of course we may

require P for a cone aligned in any direction. This is a much—~ __
. /
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v ) more difficult problem and it is
far easier to solve the former case

. u and then, if we need the latter,

—————

apply a relatively siﬁple

transformation of axes.

The required probability is just the

integral of the velocity

distribution function over the

. three-dimensional region inside

the semi-infinite cone, i.e.

P = 1/(»/2—1})3 o oo VI - r2 ex'P{"(u—U)z_ (V"V)z
uvw

2 2
. over a; a,
_ cone
- 2 : ‘
+ 22D V) ¥y qvaw . AIV.2
2 2 : ’
%12 23
where al2 = Zauz(l - r2), etc. There is no analytic solution to this

general problem and therefore a numerical technique has to be used.
Before describing the general resuité, it is instructive to investi-
~gate a few limiting cases which can be attacked analytically., Not
only does this give some useful physical insight, but it provides sbme
'test cases' to check the accuracy of the numerical program.

Case 1. Isotropic Turbulence

If we assume the turbulence to be isotropic we can write r = 0,
2 o 2 _ 2 2 _ 2 - s
a; a, ag aj, 2a“, The probability then becomes
P = l/(a/f%)3fffexp{:—l(u—U)2 + (v)2 + w2)}dudvdw.
over 2a?
cone

If we also assume that the instrument axis is facing the mean flow

direction (which is usually the case) we can put V = 0 and the above
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expression is then integrable. After a suitable transformation of
axes and many pages of algebra it can be shown that

-sin%0.U? Ucos
P = 5[1 + erf(;%ii] - }cosOe —EEE—;——— [1 + ezf“ﬁg%gi AIV.3

20

°p

This clearly has the correct behaviour in the limits: if 0 = 0
vanishes, and if @ = 90° P = (1 + erf;%;ﬂ, which is simply the
probability that the instantaneous velocity vector is positive. If

the local turbulent intensity 6%) is zero, P is unity for all ©

(laminar flow) and if-% is infinite (i.e. at a stagnation point)

P = }(1 - cos®), which is simply the ratio of the surface area ~—————-
subtended on a sphere by the cone of semi~angle © to the total

surface area (4ﬁr2).

N

&

5 and 0, It is obvious

Figure AIV.l shows how P varies with
that for moderate turbulent intensities there are unlikely to be very
significant measurement errors unless the instruments yaw—responsge

is very restricted.

Case 2 The Effect of Non-Zero Correlation Coefficient

It is interesting .to investigate the effect of a mon-zero
correlation coefficient on the above results and this is most
easily done by including in P the probability of the velocity vector
lying within the semi-infinite cone facing‘the -ve u~direction,
This reduces the algebra somewhat since alljthe error function
terms cancel out. Since some instruments (notably the laser
anemometer and the pulsed wire anemometer) have the capability of
distinguishing between +ve and -ve u-components this simplification
is also justifiable on practical grounds. Assuming equal turbulent
intensities and a zero mean V component as before, if can be shown
that the total probability of the velocity vector lying within the

infinite cone of semi-angle © i1s given by

Lv



p 1 1 f 1l = rsing¢tan®
T !
o (1 + s%tan?0 - 2rsin¢tano)

-y2
exp{
a?d?

tan?0(l - r2)}dé AIV.4
where a? = 202(1 - r?), §2 =1 - rZcos?¢ and

d% =1 + s2tan?0 - 2rsin¢tan®., TFor r = O this reduces to equation
AIV,3 (with the addition of thé -ve facing cone term) and is
replotted for the case U = 0 (a stagnation point) in Figure AIV.2,
It is mofe difficult (and physically less meaningful although

mathematically interesting) to investigate the limit r = 1, but it -

can be shown that equation AIV.4 reduces to (for U = 0)

m 2
PT - f gtan<0 dé
o (1 - sin¢tan®)?

T

one considers that a correlation of 1l between u and v implies that

where ¢ =1 - r, For 0 < 450, P.>0as € +0, This is obvious if

the velocity in the x-y plane is solely aléng a line at 45° to the
x-axis, If the cone semi-angle is less than 450, at no time can the
velocity vector be within this cone. TFor 0 > 45° the integration

has discontinuities at sin¢ = 1/tan® and there is no analytic solutio-
(that the author could find)., However by considering the degenerate

two—-dimensional problem for r = 1, it can be shown that

2 - A 0
Pp= 1 =% tan™! [1/(tan?0 - 1)2] .0 > 45° .

Figure AIV.2 also shows these results for the limit r = 1. In most

practical turbulent flows, the correlation coefficient (or turbulent

shear stress expressed as -—J§L1:) is always less than about 0.5, and
/a2 /2 |

" we expect some variation of P with © lying between the two limiting

cases described above. The result of a‘numerical~integration of

equation AIV.3 for U = 0 and r = 0.5 is‘shown in Figure AIV.2 and
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- it is clea?%that the effect of even quite a large correlation on

the probability variation with @ is quite small, It must be

. remémbered‘however, that this case was for essentially infinite
turbulent intensities (e.g. at a free stagnation point) and we would
anticipate a somewhat larger effect for more common values of the
intensities,

The simplifi;d cases outlined above provided the initial physical
insight into the problem, but it was clearly important to obtain
results in more meaningful flow situations. Because of the
complexity of the integrand in equation AIV.l it was not expedient,
and in fact in most cases quite impossible, to look for more general
analytic solutions, so that a numerical program was written to
_perform the necessary integrations. (This was not too arduous a
task as the integral in equation AIV.1 is redu;ible té a double
integral)., The following section indicates some of the more general

results obtained. —

IV.2.2 Results of Numerical Iﬁtegration'of Equation AIV.1

Rather than attempting to vary all the parameters systematically N
(which would result in a profusion of information) it was thought

best at this stage to relate the actual cone-size to the instrument

in question, and choose suitable values for the various parameters

-

accordingly. For the present purposes we are interested mainly in

the accuracy of hot wire measurements but the principles could be
applied to any instrument.

It is usually thought that as long as the velocity wector is
not closer than about ?Oo to the hot-wire axis, the cosine law is a

reasonable approximation to the wires actual yaw response, We

therefore choose a cone of semi-angle 70° in the x-y plane, There
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70 ~ is however a severer restriction in

the x-z plane. Since practically all

u . .
. , representations of a hot-wire's
A 70120
elliptic . response neglect the effect of the
cone o e
w-component of velocity, it is neces=
o
20 . sary to restrict the semi-angle in
— e ——en .
u this plane to, say, 20°. These
I
[ restrictions amount to assuming that
as long as the instantaneous value of % does not exceed ~ 0.35, and

% does not exceed ~ 2.7, the wire measures the u-component correctly.

Many workers would think these rather optimistic values. Figure

AIV.3 shows the variation of P for this semi-elliptic cone as the

. turbulent intensities (assumed equal) vary, for a typical correla-

tion coefficient of 0.300. If a 45° slant wire is used (see Figure
AIV.3) the cone of interest should also be inclined at 45° to the
u-axis, and Figure AIV.3 shows the results for such a case. The
worst case is shown (Y = --450): clearly P Wéuld be a little higher
for y = + 45° since a positive correlation was used. For turbulent
intensities around 307% the results indicate that the velocity vector
is only within the cone for about half the time and even for a
normal wire P is only 75%. P drops~very rap%dly between intensities
of about lO%vand 1007, | |

If a crossed hot:wire is used, e;ro:s}ére likely to occur if the
instantaneous velocity vector lies'outside a circular cone of semi-
angle about 200, and thié case is also shown in Figure AIV.3. This
is clearly considerably more restrictive at high intensities than
even a single slant wire, as we would expect.

Somelworkers calibrate their slant, or crossed wires in pitch,

as well as in yaw, and then claim more accuracy at high levels of
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intensity. Sucﬁ a calibration could conceivably permit accurate
measurements for any velocity vector within (for a crossed wire) an
elliptic cone of semi-angle 20° in the x-y plane and, say, 70° in
the x-z plane, However, the probability of the vector lying
within this cone will be very close to that for the 70°/20° (normal
wire) cone of Figure AIL.3. In fact for r = 0 the results will‘be
identical. A practical non-zero correlation makes little
difference, as is demonstrated in Figure AIV.4. It is élear
therefore that at high intensities (greater than 407 say) there
will still be significant errors since P is less than 0.5. Indeed,
it can be shown that at % = 0,5, ‘the probability of the velocity
vector'approaching at least one of the wires in a crossed wire

probe from behind is about 207, and however complex the calibration

it can never cover such cases.

IV.3 COMPARISON WITH MEASUREMENTS

With the information provided by the previous sections, it
is possible to make some rough estimates of the conditions in
which any instrument, in particular the crossed hot wire, is likely
to suffer from significant measurement errors caused by inadequate
yaw response. For instance, inspection of Figure AIV.3 might
suggest that for intensities greater than 20 - 30%, there will be
significant errors since, for the crossed ﬁot-wire case, P < 0,7,
It must be remembered of course that, unlike the pulsed hot-wire,
the crossed hot-wire will not measure zero'valqgs of velocity for
vectors outside the cone qf interest; wé can imagine some sort of
'sliding scale' operating, 50 ﬁhat those'vectors~that are just
outside the coné will only contribute small errors whereas those

far outside, or approaching from behind, will contribute larger
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errors. This means that P = 0.7 might be a reasonable value, since
in.only a proportion of the remaining 307 of the time is the vector
angle sufficient to cause really large errors.

It would clearly be interesting to compare the experimental
vector angle probability distribution with a theoretical one and since
digital recordings of crossed-wire data were available this was a
fairly simple matter. The crossed wire is really a two-dimensional
instrument: only u- and v-component signals are produéed and for
large intensities these will be in error not only because of
inadequate yaw-response, but also because of large w—component
fluctuations. We must therefore compare the results with the
equivalent two-dimensional theory. Equation AIV.l reduces to a
double integral over x-y spacé and we effectively allow the

o o,
. . u .
w—component to do what it likes., The measured values of T 4

* T
V and r have been used in the numerical integration; in regions of
high intensity these will clearly not be correct, but they serve
at least as a reasonable first approximation.

The resulting theoretical and experimental variations of P (the
progability of lying within a triangle, or wedge, of semi=-angle 0)
and of the probability density function F are shown in Figures
AIV,5 - AIV.8 for various positions in the plane self-preserving
mixing layer (Chapter 4). For low intensities there is no reason
why the crossed wire should not be reasonably accurate and we
therefore expect differences in theoretical and experimental
variations of P and F to be due mainly to fluid mechanic phenomena.
Figure AIV.5 shows the results on the higﬁ &eldcit& edge (n = - 0.0687)
where the flow is very intermitﬁent. Tﬁe experimental density function

differs from the theoretical one (Based on normal distributions of

the u~ and v-components) chiefly in the long 'tail' at the =ve angle
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side, and a shdrter 'tail' at the +ve side. This was expected for
physical reasons. The turbulent bursts in this region of the mixing
layer have, on average, high negative v-components and low positive
u-components of v;locity so the long tail in the density distribu~
tion is attributable to these turbulent bursts. On the other hand,
the irrotational patches will have, on average, low positive
v-components and high positive u-components so that the shorter tail
is caused by the irrotational regionms.

At the centre of the mixing layer (n = - 0.0l44, Figure AIV.6)
the flow is almost fully turbulent, but even here the two density
functions are not identical. The difference is again attributable
to the non~Gaussianity of the velocity distributiomns, but in this
case this cannot be caused by intermittency. The cumulative
distribution P, which can be written "

+0
P =/ Fdo
0=0
is very tlose, to the Gaussian distribution (integration of course

tends to minimise the differences) so that it is reasonable to use:

the theory based on Gaussian distributions to estimate the .

probability of obtaining velocity vectors outside the cone of
interest. - '
Further out towards the low velocity edge of the flow we would
expect the crossed wire to indicate incorrect distributions of F.
Figures AIV.7 and AIV.8 illustrate the effect. The theoretical
distributions (which are not exact because measured values of the.
various parameters were used) have significant regions for which
[@[ > 45°, Even if the probe were calibrated so that every angle
up to * 45° is recorded'correctly, the measured‘distribution would

be folded back (as shown in dotted lines on Figures AIV.7 and AIV.8).
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It seems that the instrument attempts to follow this folded back
curve. The particular probe used was calibrated in the standard

way as described in Chapter 2, so that only vectors closer than about
15° to the wire axis would not be measured accurately and this
appears to be the case. It is difficult to interpret Figures AIV,7
and AIV.8 precisely, since it is not known how much of the difference
between experimental and theoretical distributions is caused by the
inherent non-Gaussianity of the velocity distributions. We would
certainly expect there to be a longer negative tail to the experi-
mental distribution for similar reasons to those given for the high
velocity edge of the mixing layer, and it is cleér that the
instrument error is mostly on the negative side of the demsity
distributions.,

Despite the difficulty however, it is possible to make some

general remarks,

(i) It would undoubtedly be better to align the proﬁg in the —— __ _
mean streamline direction; for Figure AIV.8 this would be
along the © ~ =~ 10° line. This would help to equalise the
errors on either side caused by the rectifying effect of
the wires.

(ii) The crossed-wire measures too low a value of the turbulent
intensity. This is obvious even without Figures AIV.7 and
AlV.8.

(iii) Even if complex calibrations are made, so that the response
is known for flow angles close to the wire axis, there are
bound to be significant measurement errors at intensities
greater than about 307 (see also Section-IV.2.2 and Figure AIV.3).

In order to quantify the actual errors it would be necessary to know

the true velocity distributions and it is the author's intention to use
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a pulsed hot wire anemometer in an effort to measure these distribu-
tions. Unfortunately time has not yet permitted this work.

In view of the findings of this Appendix, the 'effective' cosine
law response is used (as described in'Séption 2.4.2) and it i;
recognised that there may;well.bé érrors'iﬁ the'fesulting measurements,

particularly at the low velocity edge of the mixing layers.

LXIII

e
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FIG AIYS Probability density of Tan(w)
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FIG.AIV6 Probability density of  Tan'(;r)
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APPENDIX V

THE MEAN FLOW PROGRAMS

As stated in Section 5.1.6, the computation of the mean flow,
to derive the transverse and streamwise mean velocities from the
measured total velocity profiles using the continuity equation, was
split into two parts, one calcﬁlating the curved and one the vertical

portion of the flow. The former program is described first.

V.l THE NUMERICAL SCHEME

bounding

streamline ith point

(i=1)

N
jth line

33 mesh points were spaced along each j-line at.intervals of 5 mm
(which was found to be quite adéquatéjin the self-preserving flow
program) and as a result of the test run described in V.2 the

.j-lines were spaced at O-intervals of 5°. Any quantity Q (in

particular %FQ could then be written as Qi
r 3

rows of mesh points outside the Bounding streamline were included to

3 at each i,j point. Two

aid interpolation at points near this streamline and so the ith point

on the jth line corresponded to yj’ =5 (1 = 3) mm. (See the sketch).

Writing the continuity equation -g—g—-—,— + -g—:—:——,— = 0 in finite
ki ki

‘,differenceform, and integrating yields

.y _k | ,8u” AV~ | '
v i,j - Vi-1,57 2 [‘(axj')i.j * (axj‘)i-l,j:’

where
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@y Tingm ” Ting
ij’ 1,3 h

Av.l

where k, h and i” are defined in the figure.
In principle the program assumes
that U” = U as a first approxima-

tion, computes V’i i everywhere,
H]

assigns new values for U’i F by
s
writing U”, , = [?’2. . - V*2, .]%
i.j i.j] i.]

and repeats the procedure until the
solution has converged. The pro-
gram will not be described in
detail but the following points

should be noted.

(i) =~ The bounding streamline provides the fixed boundary condition

so that (for each iteration) the solution starts at j = 1

and 1 = 4 (1 = 3 being on the boundary), setting (g: =) and

'V'B,j as the measured values and marches alongweach j=line
. before proceeding downstream to the next.

(ii) Since the mesh is not rectilinear and the bounding streamline
is non-circular, the point (i“,j - 1) does not in general
coincide with a mesh point on the (j = 1) line so that
v’

and U”., .

ic,3-1 i0,3+1 have to be interpolated. .?h%f

involves resolving the previously-calculated U” and V* ;E
the adjacent mesh lines so that the subsequently interpolated

u- and U~”. .

e n . . are in the correct co-ordinates with
17,3+1 i%,3-1

respect to the jth line.
(iii) Near the bounding streamline, where interpolation involves
using points outside the boundary (see sketch), fixed values

of U” and V” have to be used. These are calculated by
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(iv)

(v)

assuming that V” is the same as its measured value on the
bounding streamline and using the correct measured ﬁ
(Figures 4.8 = 4.,10) to deduce U”. This is not far from
the truth and is certainly better than resorting to a

simple forward or backward difference scheme.

At j = 1 and 19 equatioh AV.1 is replaced by forward and

‘backward>di£ference schemes fespectively. The resulting

" decrease in accuracy is discussed in Sectiom V.2

At fhe outer (low velocity) edge of the mixing layer the
transverse V~ velocity will exceed the U” component, so
that the finite-difference errors (which will inevitably
be greater in this region) may result in the calculated

V” being greater than the measured U, This was dealt

with by setting V” equal to U (as appropriate) and

~

"U” = 0 1f V° anywhere exceeded U.

. V.2 THE TEST CASE

In order to check that the final program worked correctly, and

that the mesh size was sufficiently small, a test run was made,

using dummy profiles of %;5 The profile shape was chosen so that

r

analytic calculation of vorticity was possible and the details were

as follows:

R, > r, > 27.0 T =10

] U,
27.0 > rj > 14,5 ~%~ = exp{-(27.0 - rj)z/k?}

r

146.5 > r, I = 0.03
J U
r

and k was chosen as 66.8 so that at rj =‘l4.5,‘%— = 0.03. Since the
r

hypothetical streamlines were circular the tramsverse V” velocity
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was zero everywhere. The above profiles have a slight discontinuity
in slope at rj = 14.5 but this was sufficiently small and far out

at the low velocity edge to be unimportant. One possible disadvantage
of this scheme is that the computed V* values should ideally remain
at the initial guess of zero rather than converge to s;me finite
value., However, it turned out. that the V” values actually converged
to about 5% of U” typically if the mesh was too large.

Comparisons were made between the exact rate of strain and
vorticity profiles, derivable immediately from the velocity profile
and the computed values, and a check on the behaviour of the trans-
verse V* velocity was made. The former is quite a stringent test
since the calculated values are bound to be less accurate than say,
the U” and V” velocities, since rate of strain and vorticity involve
velocity derivatives., Since the experimental profiles had been
measured along j—lines 10° apart it was originally hoped that this
would provide a sufficiently small mesh, Figure AV.l shows the
error in vorticity along the j = 9 line (choéen as typical over
most of the flow) which was clearly unacceptably high for the 10°
mesh, A smaller mesh (j~lines every 50) was therefore used and the
resulting error, expressed as a percentage of the correct analytic
result, is also plotted in Figure AV.1 and is less than }% except at
the extreme outer (low velocity)vedge and iﬁ the two regions where
there was a discontinﬁity'in the slope dfjtﬁé analytic vorticity
profile. Eigure AV.1 shows'the"sﬁoathing‘ of.the profiles in these
two regions: this was nét of course a problem in the real flow.

Because of the forward and backward difference schemes used at
j =1 and 19 respectively, the accuracy was expected to be somewhat
less in these regions; this is confirmed by Figure AV.2, Since the

numerical program marches along the j-lines starting at the bounding
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1

streamline errors will propagate along the j-lines, so, as Figure
AV.2 shows, the errors are worse at the outer (low velocity) eage of
the flow. It would be possible to reduce the errors either by
increasing the number of mesh lines (which would involve a great deal
of extra labour) or by including some 'ghost' lines at 0 = 95° and
- 5° and using the central difference scheme'on j =1 and 19.
However, Figure AV.2 indicates that it would,be necessary to use
more than one ghost line at each end to ensure a significant increase
in accuracy over the whole of the j = 1 and 19 lines and this was not
felt to be worthwhile. It must be remembered ;hat the errors have been
expressed as a percentage of the 'local' correct value: if the
maximum value of vorticity had been used the errqré would be
significantly less. |

Between j = 3 and 17 the computed V*‘veloéity (which should be
Zero everywhére) was found to be iess than 17 of U” everywhere
except at the extreme low velocity edge and even on j = 19, V” only
rises to 10% of U” where U~ is'about(ZZZ of its maximum value,

Therefore as a result of the test run, the j-line interval used in

-

.the main calculation was chosen to be 50, and the errors were then
felt to be suffigiently small over practically all the flow, so that

any further attempts to increase the accuracy would not be worthwhile,

The one exception was the provision of the two extra 'i-lines'

outside the Boundary (rj > Rj), mentioned in Section V.1 which were

not used in the test programme.

'V.3 INPUT DATA FOR THE REAL CASE

The results of the test case investigation showed that the U
. o . ‘ o »
profiles, measured at 10 intervals of 0, would not be sufficient

v

for good accuracy of the program. Since it was expected that the
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measured profiles would need to be smoothed it seemed unnecessary
to make any further measurements, and the required extra data were
interpolated manually from smoothed cross-plots of the original
data (Figures 4.8 - 4.10). This was done by plotting values of yj‘
at constant ﬁ against © for various values of ﬁ, smoothing where
necessary, and picking off the-required values of yj’ for each B

and ©. Very little smoothing was actually necessary but as a

final check each interpolated profile was plotted as %— against yj'f
R

These various cross-plots and extra profiles are not presented;
they are all deducible from Figures 4.8 — 4.10 and are available
from Mr. P. Bradshaw ih the Aeronautics Departmént.

The only other input requirements were the values of U”, V-,

gg > along the bounding streamline. The angle between the stream—
3 ‘ ~

line and each j~line was first measured from Figure 5.2a and, U being

and

known along this streamline (Figure 5.7), calculation of U”, V°, and

-

%7 followed directly., If s is measured along the streamline,

ds = dr. = (R, . - R.) = AR .
s rJ ( j=1 J)

. , .
This provided a convenient check of the measured %7 values.

»

Figure AV.3 shows %7 plotted against s, and the smooth curve gives
values of the integral which differ by less than } mm from the

- ~

‘measured AR. Using these smoothed values of %7 and the measured U,

final values of V”* and U” were calculated.

”~

was found by using the relation

ox, ”
J

g - 9x. "~ it oy

3U _ U S L 3

9s ox.~ ° 0s * oy .~ 9s

J J
%, ” - dy.” . ot ’
writing Yl g— and ~3é-= ¥- . :z > .is the only unknown quantity
U U 3

P

. . . U~
and it was used as an approximation to 35—7. Its value was at least
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an order of magnitude less than V° on the boundary streamline, so the

inherent inaccuracies were not important.

V.4 THE PROGRAM FOR THE VERTICAL PORTION

For the vertical portion of the mixing layer (y > 25) a program
similar to that for the ordinary sélf—preserving mixing layer was
used., Since the fiow curvaturé was small in this region a simple
rectangular mesh was adequate. . The downsfréam'(y) step—-length was
chosen as 5 ecm (this gave good fesqlts for the plame layer and no
test case was run) and e#tended over nine of these steps starting at
y = 25.1 where the measured U profile was identical to the j'= 19
profile used in the curved portion program. Using the measured
velocity profiles (Figures 4.11 ;nd 4,12) profiles at each of the
required 5 cm steps were obtained by interpolation in much the same
'ﬁay‘as for the cﬁryed portion. 'The transverse (x) step length was
kept at 5 mm aﬁd the boundéry streamline was taken as the backplate
- surface st;éamliné. This amounted to neglecting the effect of the
béckplate boundarf iayer which, as Figure 4.10 shows, was less ‘than

-1 mm thick at the initial mesh line, y = 25.1.

V.5 FURTHER COMMENTS AND CHECKS ON ACCURACY

Both programs calculated the vorticity, rate of strain, V~*
and U” at every point on the mesh and derived the stream function

Y = Udy. The integral, y,.was taken to be zero at the

gounding
streamline

bounding streamline and a simple trapezoidal rule was used to deduce
Y along each mesh line. Even at j = 1 where the 5 mm transverse step
was relatively’coarse (6 ® 25 mm) ¢y (at say yj” = 6 cm) calculated in
this way was less than 147 different from a careful hand integration

of the velocity profile.
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Since different bounding streamlines were used in the two
programs the vertical portion program included a routine that
found the continuation of the bounding streamline used in the curved
portion program, and gave ¥ values with respect to this streamline..

P

As noted in V.3 a convenient check of the calculated %7 is

to integrate it along a streamline and compare the result with the

change in radial position between the two limits of integration.

We have
i=ky [V,:l .
J = ds = (r, =1 .
U k k
The errors will tend to increase
)
\\ towards the outer (low velocity)

edge of the flow so %7-Was plotted

against s for three values of ¥ in

line of

constant
N The results are shown in Figure AV.4

this region of the curved portion.

and the difference between the
integrated values are compared with

rkz - i for various ki and ko in Table AV.1. Each plot includes

1
- the value of U” at representative points and it is clear that provided

U” is greater than about 0.1, the inaccuracyvis equivalent to a spatial
error of less than about 1 mm. This was considered very satisfactory
particularly asvpractically all the interesting.turbulence phenomena
took place at values of U~ higher,#han 0.1 - és indeed is the case

in the self-preserving layer.
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FIGAXY] Numerical program test case.
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FIG.A¥Y4a  Accuracy checks (see table AY1)
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FIG.AX 4b
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TABLE AY 1. Accuracy checks.
2 /
Vo,
Y/ (r—) Jﬁwds k, Kk,
45 1.56 1.35 3 19
2.57 2.60 g 19
1.54 1.48 6 19
48 -
2.35 2.50 g 19
1.54 2.25 9 19
50
6.05 4.20 14 19
|




