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ABSTRACT

Conditionally sampled measurements in the symmetric and
asymmetric near wake of a thin flat plate (asymmetry by means of
roughening one side of the plate), at a Reynolds number, based on o
trailing edge momentum thickness of ]f3 x 10*, are presented.

One of the two boundary layers was slightly heated tb tag the‘
fluid. The fluctuating temperature signal was used to distinguish
"cold" and "hot" fluid. Intensive fine scale mixing around the centre-
line leads to the formation of "warm" regions mainly consisting of fluid
coming from the wall region of the boundary layers. -

"Hot" and "cold" contributions seem to be the result of
strong eruptions across the centre-line which transport kinetic energy
and shear stress towards the centre?]ine.

The interaction between the two boundary layers is confined
to an inner wake whose width at various x positions was found to obey
some simple laws while in the outer part of the wake, the structural
changes which take place are very wéak.

Turbulent kinetic energy production and shear stress-geheration'
are very high at the edges of the inner wake, and the corresponding terms
advection and mean transport, diffusion and turbulent transport are also
important.

~ Similar behaviour characterizes the temperature fluctuation
production and dissipation with advection and diffusion of‘gz being
quite different.
' The zone structural paraﬁeters indicate that "cold" and "hot"
zones do not afféct each other and that any communication between them
seems to be through the mean ve1ocity profile only.

Finally, a calculation method is proposed based on physical



i

arguments previously mentioned.
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1. INTRODUCTION

1.1 General

Over the past few years, turbulence research has attracted
more and more people to its fascinating problems, the main émphasis
being on establishing the structural parameters which are determined
by the statistics of eddy behaviour and which form the empirical 1nput,
-as functions or constants, to turbulence models.

The development of turbulence models is of great 1mp6rtance
for engineering applications. The number of attempts. which have been'
made 1in modelling justifies the significance of the prbb]em. The |
re1iab11ity of a calculation method and its ab11{ty to be extrapolated
to conditions beyond those which have been tested increase with the
. reliability 6f the physical plausibility of the basic assumptions made
to obtain closure of the governing equations. It is common for a very
- well documented method with all its constants very carefully adjusted
to fail to give re]iéb]e answers when it is applied to new types of
cases because the physical processes.are not represented well |
enough by the calculation method.

The Tack of general applicability of the various turbulence
models makes the further experimental study inevitable. On thé other
hand, difficu]fies in measuring terms like the pressure strain term,
| appearing in the sheaf stress transport equation, make a good theoretical
"~ basis for the use of eXperimenta] data an absolute necessity. Both ways
of approaching the turbulence mystery have been improved by the recent
deve16pment of more sophisticated means of data propessing.-

Simple turbulent flows seem to be rather rare in the practical
_problems which an engineer faces. "Comp]éx” turbulent f]owé, in the

sense used by Bradshaw (1975), are more common in real life app]ications.



Typical examples of such flows are those which are formed by two merging
shear layers of opposite shéar stress sign (to form a jet, a duct flow
or a wake) or those of the same sign as in the case of a shear layer
growing inside another one (flow downstream a change of roughness). The
problem of understanding the basic behaviour of such flows requires
focussing of aftention on some simplified cases of "complex" flows.

The present work is an attempt to understand experimehta]]y
the character of turbulent flow behind an aerofoil and provide, at the
same time, data for test cases of calculation methods, especially those
based on the shear stress transport equation. Despite the recent - |
developments in numerical methods, Tittle work has been done in
'modelling of a turbulent near wake. It is obvious that in order to
calculate wakes, something better than the eddy viscosity closure is
required since such a model encounters difficulties in dealing with an
asymmetric wake where the point of zero shear stress does not necessarily
coincide with the point of zero velocity gradient.

The problems of turbulent near wakes behind aerofoils, because
of their practical applications to tﬁrbomachinery and aircraft, are of
“great importance. The reasons for being interested .in the near wake is
that only the near wake of an aerofoil has much effect on the
pressure distribution over the aerofoil itself. What happens far down-
stream, in the self-preserving part of the wake, is not very important.
In turbomachinery, the main feason for the primary excitation of aero-
dynamically induced vibrations 1is the wake of an upstream e]emenf;
stator or rotor blade, impinging on the downstream blades.. As a result,
individual blades are subject to time-dependent forces which may become
quite destructive during a possible resonance.

In the hope of gaining more information about the turbulence



structure of such flows the near wake of a flat plate has been
extensively investigated. In order to see if the interaction mechanism
between the two boundary layers merging at the trailing edge is the same
in the asymmetric wake as in the symmetric, we also produced dissimilar
boundary layers by roughening one side of the plate. This is a more
sensible way of producing asymmetry between the two boundary layers

than imposing an arbitrary pressure gradient: 1t is simp]er’toldeal with
two flat plate boundary layers with zero pressﬁre gradient everywhere
than with two miscellaneous boundary layers in an arbitrary pressure
gradient. In both cases, we used heat to tagbone of the boundary 1ayeks
and thus we were able to use conditional sampling techniques‘to»detérmine

the turbulent characteristics.

1.2 Review of Previous Work

A considerable number of scientific workers have dealt with
the important problems of turbulent wake flows. The néar waké is
composed of two boundary layers merging at their low-speed edges and by
affecting the displacement surface néar the trailing edge alters the
pressure distribution around the aerofoil. Previous work gives little
information about the way the two boundary layers interact to form the
wake.

The various types of interacting shear layers can be
classified in two categories. In the first belong those with opposed
shear layers as in a duct, jet or wake and in the second, those with
an internally growing layer inside another shear layer, like the éase
of a flow downstream of step-change of roughness. The basic difference
between them is that the two layers in the first category héve opposite
shear stress signs while in the second, the same sign is everywhere,

regardless the case of rough to smooth or smooth to rough change. - In



the case of rough to smooth change, the surface shear stress decreases
greatly and in the'case of the wake from a non-zero value at the
trailing edge decreases abruptly to zero on the central line. These
two caées also correspond on one more point: the relaxation of the
boundary condition U = 0. But the situation is quite different since
in the wake, there is an interchange of fluid across the centre-line
which does not take place in any sort of change—of—roughness'flbw.

The aim of most of the studies of the intermittent regions
of turbulent shear flows is to determine the interface which separates
two different regions of the flow, the "zones’, and then to provide
sepafate statistical information by means of choosing a time—resb]véd
function with quite different behaviour in the two zones. The‘most
common interface is the "viscous super-layer" type interface, which
separates turbulent fluid from the irrotational external flow. The
usual way of sorting out the characteristics of such an interface is
by means of measuring velocity fluctuations. Bradshaw and Murlis (1974)
introduced the concept of the "retail intermittency" in which the fine
scale turbulent structure is retained, as distinct from the c]agsica1
“wholesale". They also pointed out the major difficU]ties in determining
a turbulent/non-turbulent interface.

The situation is quite complicated when the interface separates
two different turbulent fields. A good example 1$ the interface between
a boundary layer and an external uniform shear flow or free stream
turbulence. Masuda et al (1972) studied a similar flow and as far as
the intermittency is concerned, they pointed out the difficulty in
measuring it directly.

Whether or not it is easy to determine the irrotational-
turbulent fluid interface by measuring velocity fluctuations, for the

internal interface separating generally two turbulent zones it is



‘necessary to use some sort of passive scalar "tagging".

Dean qnd Bradshaw (1976) have made extensive investigations
into the development of two dimensional flow in a rectangular duct of
aspect ratio of 12 : 1 at a Reynolds number of 10° (based on the duct
height) by "tagging" with heat the lower boundary'1ayer. The objegt
was to explore how the‘conditionally-sampled measurements of the "cold"
or "hot" fluid differed from those of an isolated boundary 1ayef,'1n
‘particular to see how the_dimension]ess structural parameters of the
turbu]eht flow changed. The results have suggested that the interaction
of the two boundary layers merging at their higher-velocity side and |
with rather low turbulence intensity 1is confined near the centr .
line, and the large eddies from either side of the duct seem to time-
share in such a way that they compose a continuously contorting interface
between the two boundary layers without much structural change. This
interface seems to persist indefinitely far downsfream although fine
scale mixing made the distinction between "hot" and "cold" rather vague
at a distance about twice that which the boundary layers took to meet.
The abové results justified p]éusib1y the idea of superposition and led
to the practical use of it. Bradshaw, Dean and McEligot (1973)
succeeded in predicting thé fully developed duct flow very well by
caltu]éting both a "hot" shear stress and "cold" one. Although the
Navier-Stokes equations are non-iinear and, thereforé, exact super-
position is not valid, the weak or negligible changes in fhe turbulent
structure of the flow allow superposition as a reasonable first
approximation by interaction only through the mean velocity profile.

In a similar experiment o two mixing layers merging to form
a jet, Weir, Wood and Bradshaw (1978) found that the turbulence
properties of one shear layer are again not greatly affected by inter-

actioh with the other Tayer. If the alteration in the turbulent structure



was negligible, as in the duct, the flow could be ca]cu]éted by the
previousTy mentioned assumptions of superposition. But in fact, some
structural changes occur especially in triple products which represent
the y component of bulk convection by large eddies. Effort is'being
made to correlate these changes by means of a simple interaction para-
meter in order to calculate the f]ow.}
~ Antonia and Luxton (1971, 1972, 1974) have in depth investigated

the second type of interacting shear layer. In their experimental study
of the structure and growth of the internal layer which is formed
downstream of a sudden change in roughness in a boundary layer, they
confirmed that, in the smobth—to—rough case, the outer part of the boundary
layer is not affected by the presence of the internai]y growing layer,
but the inner is strongly influenced by the roughness geometry, because
of the large turbulent energy production near the rough wall. They also
found that the shear stress is not constant but decreases in the region'
near fhe wall due probably to aﬁgreafe('small scale contribution. From
>the initially self-preserving state on smooth wall, the turbulent
boundary layer approaches a second sé]f—preserving state on the rough
wall well downstream of the step. In the case of a rough to smooth
changé, the turbulent boundary 1ayer adjusts rather slowly to the self-.
preserving state and the slow adjustment is a feature of both fhe inner
and outer layer because the latter tries to compensate for the fall in
the energy production near the wall.

Despite the recent progress in numerical methods dealing with
turbulent boundary layers, only a few attempts have been reported in
the modelling of turbulent near wakes.

Bradshaw (1969) was phé first to use transport equations
to calculate the near wake of a symmetric aerofoil. Simply, he extended

his turbulence calculation model by assuming that the perturbations due



to the change in the boundary conditions are confined in the inner
Tayer for a region close enough to the trai]ing edge and fitting the
length scale to the experimental data.

Morel (1972), by using Bradshaw et al (1967) one. equation
model, predicted mixing layers and symmetric jet and wake flows by
assuming the validity of the 1nteraction‘hypothesis after the latter
had been applied successfully to the duct flow. The rather good
predictions gave indirect evidence of the appropriateness of the super-
position idea.

A very promising method of turbulent flow prediction is that
of Hanjalic and Launder (1972b). They used transport equations for all
the Reynolds stresses and the turbulent energy dissipatidn rate. It
was a forward step beyond the eddy viscosity closures they were
able to cover asymmetric flows, although six constants needed to
be adjusted.

Launder, Reece and Rodi (1975) used the above model with a
better approximation to the pressure-strain term to predict tWo—
dimensional shear flows. Theif resuits for the symmetric wake case are
in very good agreement with Chevray and Kovasznay (1969) data,
especially the normal stresses at the furthest station from the
trailing edge.

Very recently, Ng and Huffman (1977) developed a_numekﬁca]
scheme based on the "interaction hypothesis" as suggested by Bradshaw,
Dean and McEtligot (1973) in conjunction with the duct flow case
mentioned earlier. The near wake was treated as a shear flow consisting
- of two simple shear layers with distinct but overlapping shear stress
profiles of opposite sign and by relating the shear §tress to the local
turbulence quantities as proposed by Bradshaw, Ferriss énd Atwell (1967).

Very satisfactory predictions were obtained. The model appeared to be



superior to other wake calculation models in its ability to match the
existing experimental data. Unlike the eddy viscosity(methods, it can
deal satisfactorily with asymmetric wakes, where the point of zero
‘shear stress does not coincide with the point of zero mean velocity
gradient. However, they demonstrated that the accuracy of the empirical
functions used to define the turbulence structure had a direct impact

~ on the success of any calculation method and finally conc]uded-that
~more experimental data are needed.

Wake measurements are rather rare. The only measuréments that
include shear and normal stress profiles are those of Chevray and
Kovasznay (1969) on a two-dimensional symmetric plane wake of a thiﬁA
flat plate at zero pressure gradient. They found that the wake develop-
ment is strongly dependent on the initial boundary layers at the trailing
edge. The difference between their work and the present is that the
latter is interested in the initial part of the wake very close to the
trailing edge and not in thg self-preserving region far downstream.
Although their experiment was-at a rather low Reynolds number, only 1550
based on the trailing edge momentum fhickness, Which probably affected = |
the Reynolds number dependence of the outer part of the boundary layer
(the viscous superlayer) and caused also a thick viscous sublayer, the
effects of which should be relaxed at some distance downstream, their
results constitute a useful basic test case for wake calculation methods.

Toyoda and Hirayama (1975) have studied the effects of the
initial boundary layer and compressibility in the néar wake of a flat
plate experimentally and theorefica]]y by using Reichardt's (1943)

inductive theory of free turbulence. Their results are Timited to mean
velocity profiles only, but there is gbod agreement between measurements
and predictions.

A similar experimental and theoretical approach to the near



wake prob]ém has been made by Agrawal, Pande and Prakash (1977).

At this point, it is worth mentioning the experimental study
of plane wake flows at O.N.E.R.A. together with the theoretical attempt
to predict such flows by Leuchter (1977). The measurements include mean
velocity profiles of symmetric plane wakes with and Without pressure .
gradient and asymmetric wake by dissimilar boundary layers due to
different pressure gradients. The predictions by using the eddy
viscosity concept 1in the Prandt1-Kolmogovov form, 1.e. the square root
of turbulent kinetic energy x a length scale, to achieve closure of the
mean flow equations, together with two transport equations of turbulent
kinetic energy and of length scale x turbulent kinetic energy, are in
quite reasonable agreement with the measurements. Turbulence
measurements are not reported at all. In an attempt to get more details
of the turbu]ehce rather than to predict separately the various
~ components of the Reynolds stress tensor, their transport equations
were used, pasgively - not coupled with the mean flow equations,
together with the eddy viscosity in a rather incomprehensive way. The
results agreed fairly well with thosé of Chevray and Kovasznay.

It must be pointed out here that only Ng and Huffman predicted
satisfactorily the asymmetric near wake with one equation modé] and
without using the eddy viscosity closure.

A very interesting experimental study has been dqne,by
Hanjalic and Launder (1972a) in a fully developed asymmetric flow in a
plane duct. The asymmetry was produced by means of roughening only one
side of the duct, the other remaining smooth. The region of greatest
interaction is characterized by strong diffusion of turbulent shear
stress and kinetic energy from the rough plane where the production is
higher, towards the smooth wall region.

Various investigators of flows over rough surfaces disagree
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on whether the effect of roughness is felt across the entire boundary
layer in the form of increased turbulent energy or not. Coleman, Moffat,_
Kays (1977) and Pimenta (1975) found that the roughness altered the
turbulent structure in the outer part of the boundary ]ayer,.hénce
contradicting the classical views of Corrsin and Kistler (1954). But

it can be argued that this is due to the type of roughness they have

used (1.27 mm. diameter spheres packed in the most dense array);

Pertinent works to the present investigation are those which
examined the characteristics of passive thermal fluctuations and their
transport by turbulence. Studies by Corrsin (1943), Corrsin and Uberoi
(1949) and Corrsin (1952) are generally considered to be pioneering
efforts in this area.

Freymuth and Uberoi produced detailed measurements in the
wake of heated cylinder. Alexopoulos and Keffer (1968) studied the
dynamics of two-dimensional turbulent wake of cylinder superimposed
upon a linear, thermally stratified main stream.

La Rue (1973) investigated the intermittent regionvof a plane
turbulent wake of a slightly heated fod. His measurements suggested
departures from the Gaussian interface model.

Kovasznay and Ali (1974) studied experimentally the temperature
and ye]ocity-f]uctuations in a slightly heated flat plate wake. The
flow develops appreciable asymmetry far downstream. The computations
of this flow by Gibson and Launder (1976) including buoyant terms in the
turbulence closure aCcant fairly well for this asymmetry. |

The two merging wakes of a mildly heated and a cold cylinder
have been studied extensively by Fabris (1976) with a four wire probe.
Conventional and conditionally sampled higher order temperaturé ve]bcity
cofre]ations are presented.

Fulachier and Dumas (1976) reported measurements in the energy-
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containing eddy wavenumber range, in an attempt to establish an analogy between
the velocity and temperature fluctuations in a turbulent boundary layer.

Launder (1976) pointed out the turbulent Prandtl number should
not be considered constant everywhere in a boundary layer because near
the wa11/(due to pressure fluctuation effecté), the momentum and therma1
diffusi?ities are about equal but elsewhere, the ratio is less than unity.

Chevray and Tutu (1976) found, in an experiment with kound
heated jet, that tHe large scale motions were responsible for the bulk
of momentum énd heat transport and that the small scale aré more
efficient in transporting heat than momentum. This result is in agree¥
ment with data given by Lawn (1977) who has studied the temperaturer-
spectra in liquid metals. He found that the "ve" correlation
coefficient maintains higher values than "uv" coefficient in the inertial
subrange’ .

Antonia et al (1975) have pointed out ear]ief than the two
previously mentioned works that the small scale structure in an inter-
mittent flow is not locally isotropic and consequently, the oVera]]
statistics may be affected. | |

There are a great number of studies of thermal characteristics
in turbulent flows, besides those mentioned here. Generally spéaking,
»the task of all the investigators of turbulent phenomena (with or without
the use of heat as a tracer). is to provide more evidence about the
structure of those flows on one hand and data test cases for calculation
methods on the other.v

Summing up as a conclusion of the literature review, it is
quite clear that more experimental investigation of complicated turbulent

flows is needed.
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1.3 The Present Work

The present experimental study is the third in a series of
invéstigations in interacting shear layers. To.escalate these studies
in order of increasing difficulty, fhe duct flow was first examined and
then the plane jet;

In these two cases, the boundary conditions do not change
abruptly as the interaction of the two shear layers starts and so the
interaction takes place between well established large-eddy struchres.
The interaction of two boundary layers in the near wake of an aerofoil
is a rather different case from the above. ' Here, 1nteractiph starts 
with the release of the U = 0 constraint at the wall, allowing two 
layers with opposite wall shear stress to meet; release of thev = 0
constraint allows mixing and growth of very small eddies. Since these
eddies are the former occupants of the inner Tayers of the boundary
layers, their size is proportional to the sublayer thickness in the
sublayer and to the distance y from the wall in the inner layer and,
consequently, the eddy size in the mixed inner wake is proportional
to the inner wake thickness which ié considerably less than the total
shear layer thickness. This point reveals the complete contrast to
the large eddy interaction process in duct or jet.

The aim of the present experiment is to investigate the above-

mentioned interaction in the near wake and to extract as much information

as possible.
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2. EXPERIMENTAL ARRANGEMENT

2.1 Wind Tunnel

The experimental programFWas carried outbin the 3' x 3'
closed cﬁrcuit Tow speed wind tunnel of the Aeronautics Departmentf
The working section has a cross secfion of 91 cm. x 91 cm. and is
about 5 m. Tong. The maximum speed was 45 m/s with extremely Tow

turbulence level (only 0.05%). For more details, see Fig. 2.1.

2.2 The Flat Plate Model

Among the first problems was the proper choice of. the flat

plate dimensions. The requirements were:-

(1) Sufficient length to give a fully developed turbulent
boundary layer at the trailing edge with high
Reynolds number (Re > 5000 to avoid Tow Re effects

in the outer layer).

(ii) The two boundary layers should leave the trailing
edge almost parallel which means that the plate

should be as thin as possible.

(iii) A very sharp trailing edge to avoid early separafion
and thus probably recircuiating flow with additional
but undesirable mixing of the two shear layers (e.g.

bluff body wake).

(iv) Sufficient thickness for thermal insulation between

the upper and the lower boundary layers.
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After preliminary calculations of the heat flux through the
plate, as an optimisation of the second and fourth incompatible
requirements, the dimensions shown in Fig. 2.2 were finally
decided. The leading edge was based on a NACA 0009 profile. The plate
consisted of four parts, for easier manipulation and installation in
the tunnel, all made from plywood layers except for the trailing eﬁge
" part which had a core of plywood covered with a thin a]umfnium'sheet.
" The trailing edge became quite thin with the use of aluminium shims,
of 0.05 mm. thickness taped to the upstream section. The final
trailing edge thickness was of the order of 0.07 mm., much less than
the expected viscous sublayer thickness. |

Both boundary layers were tripped by means of sand paper
strips of 5 cm. width, glued to the leading edge in the spanwise -
direction. |

In the asymmetric wake experiment, for reasoné explained
earlier in the introducfion, one side of the flat plate was covered
completely with rodgh sand papef with a roughness height of about 1 mm.
Thus, the trailing edge thickness was 1 mm.

The flat plate was installed horizontally on the mid-plane
of the tunnel working section as is shown in Fig. 2.2. It lay on
two long aluminium angles, permanently bolted to the tunnel walls.

The leading edge was located just downstream of the
contraction exit and the plate was carefully aligned af zefo angle of
attack. The last section of the plate, 450 mm. long, was s1ightly
adjustable in order to produce a zero circulation around the plate.

The contraction exit velocity was always monitored by a
Betz manometer, measuring the difference between the settling chamber

total pressure and the exit static pressure.
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2.3 Traverse Gear Mechanism

The present experiment required traverse gear which involved
movements in two main directions, x and y (for axis notation, see
Fig. 2.2), since the flow is two-dimensional. A lead screw type
traverse gear, with electrically driven movement in the y-direction,
was chosen as the basic movable mechanism. It was mounted on a stée]
angle, 30 cm. length, with a bolt in the z-direction, around which the _
traverse gear could be rotated to certain specific positions for yaw
(striﬁt]y, pitch) calibrations of cross-wire probes. This angle lay
on the tunnel floor and was clamped to another angle bolted to the
tunnel floor, along which it was s1id to change the position of the'
traverse gear.

The probe position was read out by a linear potentiometef,
whose output voltage was calibrated against the actual probe position
variation, which had been measured accurately with slip gauges.

This configufation is believed to cause much less interference

to the actual flow than the traverse gear normally used in the tunnel.

2.4.1 Pressure Probes and Manometers

Roundpitot tubes of 1 mm. diameter were used for total
pressure measurements, mounted on the traverse system previously

described.

Static tubes of 2 mm 0.D., with 4 holes were used for measuring

the static pressure.

Betz manometers were used for all the static and total

pressure measurements.

2.4.2 . Mean Temperature Probes and Thermometers

Chromel-Alumel thermocouples were used for measuring mean
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temperature profi]és throughout the present investigation. Measurements
of absolute temperature were rather meaningless and, thus, the thermo-
couples were connected to a COMARK differential thermometer. The free
stream temperature, serving as a reference, was always monitored with

an absolute COMARK thermOmetervwith a thermocouple placed at x = 0 and

y = 0.25 of tunnel height. The reference nitot tube was at the same

position.

2.5 Hot Wire Anemometry

The usual hot wire anemometry arrangement was used for measure-
ments of turbulence quantities and mean velocity, the latter being Qséd
primarily for comparison with the pitot tube results as a check on the
general reliability of the hot wire reading rather than as actual
measufements.

Longitudinal turbulenée intensity was measured by using a
- DISA U-probe with a 5 um p]atinﬁm wire. The standard static calibration
procedures have beén carried out (see Appendix A). In general, a DISA
55D01 anemometer, a low pass filter Set at 20 kHz, a high pass at 1 Hz
and a DATRON true r.m.s. meter were used. For the mean velocity
measurements, a low pass filter set at 1 Hz was used with a SOLARTRON
type 4020 digital voltmeter to measure the anemometer output vd]tage.
Analogue check measurements were made without lineariser since the
turbulence intensity was rather Tow. |

A11 measurements of the various turbulence components were
performed by a DISA miniature cross-wire probe type 55A38. The deter-
mination of the "effective" angles between the flow and fhe wires was
obtained from the yaw cé1ibration together with the static velocity )
ca]ibfation. The method, which is described in Appendix A, avoids the

need to measure the geometrical angles of the wires and includes the
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contributions to the effective cooling ve]dcity by the velocity
components parallel to the wires.

Dynamic calibrations have not been made since Chandrsuda's
(1976) comparisons with static calibrations showed only very small
differences. |
| Analogue measurements were made for check purposes and wére
confined to U-probe measurements. |

Calibrations were usually pe}formed before and after each
run of measurements or even more frequently when it seemed desirable.
If the drift in the calibration curves was large (4% Qariation in s]opé

or intercept), the measurements were repeated.

2.6 Skin Friction

Because of self-induced pressure gradienf, the skin friction
will vary rapidly close to the trailing edge. The actua].perturbation'
is confined to the viscous sublayer of the flow. Therefore, in order
to deduce a nominai value of skin friction at the trailing edge, it
was decided to use Clauser charts,‘wfth universal logarithmic 1§w
constants, K = 0.41, A = 5.0, as suggested by Coles (1968). The mean
velocity profiles were measured just upstream the trai]ingvedge. The
SO determinéd skin friction value was later comparedeith the wall
shear stress measured with a cross wire probe.

For the case of a boundary layer on rough surfaces, the prob]em
is more complicated and it is difficult to measure the skin friction
even far from the trai]ing edgé. Perry et al (1963) suggested that
the effective origin of the wall or the slip velocity must be known.
| Antonia and Luxton (1971) proposed a method to obtain the effective
position of -the wall by trial and error, i.e. the best fitting of a

straight line in the Tog law.
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The first results using the last method were not very
encouraging. Other methods, Tike the momentum method or the mean
velocity gradient at the wall method, were not adopted, mainly due to
their inherent uncertainties.

Since the extrapolation of the cross-wire measurements to the
wall on the smooth side agreed quite well with the C]auser charts'A
values of skin friction, we obtained ihe wall shear stress on the
rough side simply by the same process of extrapolating the cross-wire
results, assuming their accuracy. Indeed, it was decﬁdéd to repeat a
few times the turbulence measurements on the rough boundary layer and
then to rotate the cross-wire 180° and repeat the measurements for

comparison with the previous measurements.

2.7 - Conditional Sampling Techniques

2.7.1 Introduction

Earlier in the introduction, the two main types of
fluctuating interfaces encountered ih the experiment were mentioned:
one near the outer edge of the boundary Tayer, which separates turbulent
| flow from irrotational, and the other, near the centre 1line of the.wake,
which separates fluid which has passed above the pTate from fluid which .
has passed below it.

The difficulty in discrimination is much greater.in the case
of an internai interface: clearly, only permanent marking or "tagging"
could provide the additional variable with different characteristics in
the turbulent zones either side of the interface. The addition of heat
to one turbulent field is a usual way of tagging and the instantaneous
| temperature is the time-resolved function which forms the basis of a

conditional sampling technique. Johnson (1959) was the first to report
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the existence of intermittent temperature fluctuations at an internal
interface in a boundary layer with a step change in surface heat flux.
Statistics of the thermal layer interface and conditionally sampled
measurement with respect to this interface, in a similar experiment,
were reported recently by Antonia et al (1977).

A problem associated with the use of heat as a passive scalar
or tracer in these techniques is the certainty of the coincidence of the
temperature and velocity interfaces.

In an external interface, heat conduction by molecular
conductivity may be different from momentum transport by viséosity
leading to different positions of temperature and velocity 1nterfacés.
If the molecular Prandtl number Pr = ucp/k is near unity, this is not
significant. If Pr >> 1, 1.e. small conductivity, this means that
temperature interface is on the inside of the‘viscous superiayer,'i;é.
the start of the viscous region. If Pr << 1, it is possible that heat
conduction will extend farther out than the outer edge of the viscous -
superiayer.

In én internal interface, fhe heat marks the fluid (mass).
Here, any so}t of conductivity is unwelcome. The jump of vorticity
which exists in the external interface may or may not exist here too.
‘what should be a sharp interface between top fluid and bottom fluid
will gradually become uncertain. In fact, the thickness of the inter-
face will be of the order of Vvt where T is the time that is taken fbr
the fluid to flow from the trailing edge to the point considered, i.e.
Yux/U which means that the uncertainty in thickness of the interface is
going to be of the order of laminar boundary layer imagined to be on a
solid surface starting at the trailing edge, i.e. about 0.44 mm. for’

x =-400 mm., fairly small compared to the general uncertainties. This

is an inevitable error even for flows with Pr = 1.
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Fiedler and Head (1966), by comparing the signals of a hot
wire anemometer and a photoelectric smoke detector, found identity of
smoke and turbulence distribution in a boundary layer. Chevray and
Tutu (1972), by studying a Targe number of simultaneous velocity and
temperature traces, concluded that the two interfaces coincide. Since
then, all the investigators who used heat as a tracer in airflows |

assumed coincidence of these interfaces.

2.7.2 Heat Supply

| The present conditional sampling techniques required tagging
by heating one of the boundary layers. The method chosen for heatihg
one boundary layer was to use Nichrome wires stretched in the spanwise
direction at the leading edge. Heating wires within the boundary layer
were chosen in preference to a heating element on the plate surface, to
‘minimize heat transfer to the plate.

After some preliminary investigationg, three heating wires

were used: one 26 S.W.G. (0.457 mm. in diameter) and two 22 S.W.G.

(0.71 mm.). This combination was a result of two different requirements: -

(a) the amount of heat required for the "hot" - "cold":
discrimination;
(b) the amount of current which the wires could withstand

together with the maximum output voltage of the auto-

transformer.

The tests started with three wires of 26 S.W.G. and then it was
necessary for two of them to be replaced by thicker 22 S.W.G. Special

care was taken to avoid one wire being inside the other's wake because
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it could be burnt out as happened sometimes during the tests. The
position was as t]ose to the wall as possible.

The inevitable longitudinal thermal expansion of the wires
‘was taken up by the displacement of coil springs which kept thé wires
tensioned. |

The two similar wifes were connected in series and then to
a VARIAC autotransformer, with maximum load 8A, 260 V. Another VARIAC
of the same type was used for the other thinner heating wire.

For the sake of aerodynamic symmetry, three similar wires,
unheated, were placed at symmetric positions on the other side of the
plate.

The electric power, which was finally supplied to the airflow,
was about 2 kW measured at the input of the autotransformers and, at
a free stream velocity of 33 m/s, gave a maximum temperature difference
between the heated and the unheated boundary layers at the trailing
edge of 2°C. This amount of heat was sufficient to provide the required .
vdiscrimination between "hot" and "cold" fluid and small enough to
prevent any buoyancy effects. Propef checks carried out during the
experiments, and comparisons between digita] turbulent measurements.
with and without heat in the flow, gave convincing evidence of the
absence of any buoyancy effects.

Steady state thermal conditions in the wind tunne] were
" reached after three hours of running at the required speed, although it
was not necessary to have thermal equilibrium for conditional sampling
technique. This is due mainly to the large thermal capacity of the

tunnel and its environment.

2.7.3 Temperature Fluctuations

Temperature fluctuation measurements carried out with a 1 um
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Wollaston platinum wire soldered to a "home-made" probe and etched
using the departmental facilities. The probe was operated as a "“cold"
wire in the constant current mode and it was connected to a simple
circuit as a resistance thermometer. The output signal was then
amplified by a BROOKDEAL 431 nanovolt preamplifier of very low noise
Tevel with its internal filters set at 1 Hz.1ower frequency 1imit and
20 kHz upper frequency limit and working at a. fixed gain 6f 60 dB. The
.b1ock diagram of the system is shown in Fig. 2.3: for more details,
see Appendix B. |

The fluctuating output voltage was directly proportional to
the temperature fluctuation and the constant of proportionality was
‘determined by a very simple calibration or it could be estimated
algebraically, as described in Appendjx B.

The present circuit of the temperature wire was found to
" have two main advantages. Firstly, it was simple and easy to operate
and, secondly, it had a noise Tevel 6 - 10 times Tess than the DISA '
temperature bridge of the 55M series.

The probe current chosen wés a result of two contradicting
requirements: good temperature sensitivity and negligible velocity
sensitivity. Finally, after measuring the velocity sensitivity of a
typical temperature wire, it was decided that adequate heatingv
currents were 1.6 mA and 1.0 mA for the symmetric and asymmétric
wakes respectively. At the operating points, the temperature
sensitivity was at least two orders of magnitude greater than the
velocity sensitivity. Consequently, the velocity fluctuations sensed
by the temperature wire were negligible. For more details, see Appendix
B.

The application of heat to tag one shear layer causes some

diffitu]ties in the use of hot wires for velocity measurements. Since
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the fluid temperature was varying with time and was generally different
from that at which the velocity calibration of the probe was performed,
it was strictly necessary to allow for (a) the spurious vo]tagé
fluctuation caused by the temperature fluctuations, and (b) the

effect of temperature fluctuations on the instantaneous sensitivity

to velocity fluctuations. However, if the temperature fluctuations

are small as they are in the present experiment, the latter effect Cén
be neglected provided that the sensitivity is evaluated at the Tocal
mean temperature. ‘

Dean and Bradshaw (1976) derived a simple formula for
instantaneous temperature corrections of the hot wire output. This 
method was used throughout the present data analysis and it is»briefly
described in Appendix C.

The complete temperature probe was mounted on the stem of a
DISA miniature cross-wire probe and parallel to it. The wire axis was
perpendicular to‘the flat plate surface and was separated about 1 mm.
from the cross-wire. This three-wire probe provided simultaneous
signals of velocity and temperature fhrough the circuit components of

Fig. 2.3 to an analogue magnetic tape-recorder (Ampex type FR1300)

at a speed of 60 i.p.s. and 20 kHz frequency response (at. 30 ms'],

wavelength = 1.5mm - compatible with wire length of 1.0 mm. which
1imits spatial resolution). The analogue recordings were digitized by
using the Departmental digitization system which is described in

~Appendix E.

2.7.4 Compensation

The frequency response of uncompensated T um, wires is
inadequate for resolving the fine structure. The - 3 dB point varies

between 500 and 800 Hz depending upon the etching conditions and the
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resistance (length). Frequency compensation is thus necessary. For
that purpose, the most suitable circuit is illustrated in Fig. D.la of
Appendix D together with more details. By varying the capacitor, C;,
the amount of compensation may be adjusted so as to get a veryrsharp
fall or rise into the temperature trace. This technique provided.
compensation adequate for the present purposes of "hot - cold"
discrimination, regardless whether it was exact or nof, compenéating
for the time lag of the wire and also for any molecular conductivity
of heat which will also tend to smooth out sharp temperature jumps.
The time constant is a function of velocity, since the Nusselt number
Vis a function of Reynolds number and, therefore, ?he compensator muét
be set at each operating point.

It was found that the time constant was deteriorating with-
time since sub-micron éontamination in the aik flow adhered to the 1 um
wire, Thﬁs, it was necessary from time to time to re-adjust the

compensation and ultimately to clean the wire with a methanol solution.
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3. INTERMITTENCY

3.1 Choice of Criteria and Thresholds

The right choice of intermittency criteria is very important
in determining an interface. Usually they vary from flow to flow,
however normalized. The present investigation 1nvo1ved‘determination
of intermittency from a temperature signal, whiéh is believed to involve
less problems, difficulties and uncertainties than the determination
from velocity signal.

There are generally two criteria which are in use, in various
ways, by various investigators: the level criterion and the slope
criterion. The choice mainly depends on the type of flow considered
and on the special problems which are involved in each case, e.g. Dean
and Bradshaw (1976) had the problem of a possible drift of the "cold"
level ‘and obviously they could not use an absolute level of temperéture
discrimination. Their signals consisted of s]dwly varying "cold" levels
while in the "hot" regions, the slopes were fairly large compafed with
slopes in the slowly varying "cold" fegions. Therefore, they used the
slope criterion mainly, backed up with the level criterion. Other
investigators like La Rue (1973), Antonia (1974) and Kovasznay and Ali
(1974}, had evidently had sufficiently small tunnel temperature
variations and, conseguently, they were able to use a simple level
criterion., This is acceptable if the "cold" fluid is a1wéys the
tunnel free stream fluid. However, if the "cold" fiuid has actually
been through a turbulent boundary layer, then its temperature is
slightly disturbed and is liable to both compatibly low frequency
temperature wanderings and a certain amount of temperature nbiSe.

After careful study of many temperature traces in the present

experiment using an interactive graphics program developed by Weir (1976)"
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and Calcomp plots with various combinations of different criteria, it
was decided that a level criterion first and a slope as a back-up‘
criterion was the most appropriate choice.

The algorithm based on this choice has two particular
advantages. It can deal with a possible drift of the "cold" 1eve1-and
work easily with Tlong bursts of "hot" fluid which, due to non-uniférm
heating of the heated boundary layer, has temperature fluctuations with
temberature slope less than that of the "cold" fluid. The algorithm
was incorporated into the main digital analysis program D3E as a subroutine
called LAGTHR and it was developed by Weir (1976). The flow-chart of
this algorithm is shown in Appendix F. |

The slope 3T/3t was obtained from successive values of the
digitized instantaneous temperature signals and was then compared with
the value of the slope criterion 63; The instantaneous T; - Tco]d value
was compared with the threshold level @a = Tco]d + 62 where 62 is the
value of the level criterion. For the first data points, the Tco]d was
set temporarily to the mean temperature, T, and after the first "hot"
burst was found, it was reset. |

By adjusting the values of the various parameters involved in
the program, apart from the main criterion, most of the difficulties
arising'at some areas of high ok Tow intermittency, can be overcome
easily, e.g. the longest éxpected length of a "cold" burst in a Tow
intermittency area is not the same as in ‘the medium or high 1ntermittency
area ("cold" region). Alternatively the longest expected length of a
"hot" burst in a high intermittency area ("hot" side) is not the same
as in a low intermittency area.

In the present case, the problem of drift of the "cold"
level was not so important as in the jet experiment of Weir et al (1978)

where the "cold" fluid was heated slightly after its passage through the
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tunnel blower compared with the entrained fluid from the room at the.
ambient temperature and thus there resulted a significant variation
of the "cold" level. There are some cases where a spike of "cold"
fluid, say, happens inside a "hot" burst and its amplitude is:higher
than the level threshold. By the level criterion, it will be marked
as "hot" but the slope criterion will detect it as "cold".

The proper values of the two criteria have been ée]eéted
after inspecting a large number of Calcomp plots and they are tabulated
in Appendix F.

By examining the response of the intermittency factor vy to
the variation of the threshold level, it can be checked . a posterﬁori
that these values have been correctly chosen. In an “idealized"
température signal, y is independent of the threshold level. In the
outer part of the wake where the interface of the turbulent - non-
turbu]ént fluid is'comparatively uncomplicated (see Figs. 3.1a, 3.1b),
this argument is quite well justified over a wide range of threshold
settings. In the case of an interface which separates two turbulent
zones, the "true" value of the threého]d is rather difficult to check,
since a typical "hot" burst is like those in Figs. 3.2a, 3.2b,

_and must be as close to the Tco]d as possible.

The values of the two criteria were kept constant throughout
the same profile, with some very rare exceptions where it was necessary
to increase, by not more than 10%, the threshold level to exceed the
noise level in very-low-y areas with a few "hot" bursts.

Inspection by eye of the Calcomp plots was‘alwaysvthe key part
of the operation of setting the proper values of the criteria. From
profile to profile, the level criterion was not changedAsignificant1y.
At the last downstream profile, at x = 400 mm , it was decreased by

8%. Decreased values for the slope criterion were also used for the
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downstream profiles.
After the values of the criteria had been selected, the
conditionally sampled turbulence quantities were calculated with

respect to the conventiona]—average'base]ine. This enabled thevaddition

Taw: -

Y Qor + (0 = ¥) Qegrp = Qpo7aL (3.1.1)

to be applied, with QHOT being the average inside the "hot" zone and
Y.QHOT the "hot-zone" contribution to the conventional average
QTOTAL; similarly for the (1 - v) Qg p-

As in all previous wbrk in the Department, the fluctuations
were meaéured with respect to the overall mean velocity, not to the
" zone mean velocity, since in the latter, only the fine scale is takeh

into account and automatically the main eruption velocity of a burst

is excluded.

3.2 Warm or Mixed Fluid Zone

Bradshaw and Murlis (1974) distinguished I'.retaﬂ" and'"who]e—
sale" intermittency measurements as those that do or do not resolve the
fine-scale corrugations of the intermittency interface. Most of the
previous measurements of velocity or temperature intermittency studies
gave "wholesale" measurements which result whatever holding time fs
used because by definition dropouts or bursts shorter than fhe hold-
time cannot be measured. In the present experiment and in both cases
of the symmetric and asymmetric‘wakes, fine scale activities are quite
intensive around the centre-]ine of the wake, since these small eddiés
‘were the former occupants of the inner layers of the boundary layers.

Careful examinations of Calcomp plots of various temperature signals
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revealed the existence of fine-grained mixing, starting immediateTy

after the trailing edge and continuing downstream.in the wake.

which means that the interaction between the two shear layers takes
~place mainly by fine scale mixing (see a typical Calcomp plot in Figs.

3.2a and 3.2b).

S}hce tﬁe two layers, fcé]d" and "hot" interact strongly and
mixed very rapidly to form a I“m1‘xed“ or "warm" layer, it was desirable
to distinguish the "hot", "cold" and "warm" regions (Fig. 3.4). This
cannot be done directly, because the intermittency algorithm labels all
as "hot" all regions that are not "cold". In the symmetrical case"
"warm" region statistics can be deduced by invoking symmetry, but in
the asymmetr{c case it is necessary to do two experiments, one with the
top side heated and another with the bottom side heated; the "hot", "cold"
ahd "warm" regions can then be distinguished (see Figs. 3.3 and 3.4). The

technique in detail is as follows.

In the case where the Upper Boundary Layer is heated (UBLH),
a temperature signal of a typical eddy is as shown in Fig. 3.3a
(fluctuations within the "hot" region have been underestimated for
clarity). The temperatufe change from "cold" to "hot" is not quite
abrupt because of fine scale mixing and this is the "warm" or "mixed"
fluid. The "hot" fluid is purely the upper fluid (originating in the
upper boundary layer) and the "cold" fluid is the lower fluid. The
intermittency subroutine can detect the "cold" fluid and cannot
discriminate the "warm" from the "hot". So if Yeu is the fraction of
time when "co]d“lfluid is detected in the case of the_yppef boundary
layer being heated and Yhy and UTIE the corresponding fractions for

"hot" and "warm" fluid, we have:-
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You gyt Yhy T | (3.2.1)

with Yeu being the only measurable quantity. 7

If the lTower boundary layer is heated, the same typica] eddy
will give a temperature sfgna] like in Fig. 3.3b. In this case,
the upper fluid becoming now "cold" can be easily detected. An
expression similar to (3.2.1) is valid but with suffix L for Lower:-

YeL * Yyl T YuL < 1 | (3.2.2) |

In addition to (3.2.1) and (3.2.2):-

YHL = YeL upper fluid intermittency (3.2.3)
Yo = Yoy Tower fluid intermittency (3.2.4)
YL = YU mixed fluid intermittency ©(3.2.5)

Bearing in mind that-yCL, Yoy @re directly measurable, from (3.2.1) and:

(3.2.3) we obtain:-

WL < Ywu T 1 T Yeu T YeL (3.2.6)
or: -
SVl T Ywu T YRu T Yol T YRL T You (3.2.7)
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where yﬁ = ] “Yo = Yt Yy i.e. Yﬁ is what is measured as "hot" by
the algorithm. If Q is the contribution of each zone to the total

conventional average, then:-

Qu * G * Wy = GroraL | (3.2.8)
ahd similarly to (3.2.6) and (3.2.7) we get:-

Qu = %y - | (3.2.9)
and: -

Q= Ty - % | | (3.2.10)

where QﬁU or QﬁL are measured as "hot" and includes truly ”hot”‘f1uid ,
plus "warm" as well. |

Hereafter, because it is easier to deal with measurable
guantities like ﬁﬁ and Qb, ﬁﬁ is replaced by’QH ahd-the original ﬁh is
going to be described when necessary, as “tru]y»hot”.

So:-.

Q-W =GHU —Q-CL = —Q-HL -_QCU | v (3.2.11)

WARM = HOTU - COLDL = HOTL - COLDU

For large positive y’-ﬁHU = QroraL = Qcp and Q. =.6CU =0
and for large negative y, ﬁHL = ﬁbU = Qroqap @M Qqy = Q¢ = 0. For

the case of the symmetric wake, the symmetry can, in principle, provide
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the additional relation for determining the "mixed" or "warm" zone

averages; a second experiment with the lower boundary layer heated is

not needed.

Q (Y) = ™" form, n=0,1, 2, 3

Q (Y)=+0Q(-Y) form=0,1, 2 n=0,2

or: -

Q (Y) =-Q(Y) form = 0, 1,»2 no=

and consequently:-

T (V) = £ Qg (- V)

Qu (1) = % Qg (- Y)

and so:-

Ty () = Ty (1 - (2) Ty (- V) | | (3.2.12)

" Although- the "warm" zone aVerages can be evaluated from (3.2.12),
it was~decided to make limited check measurements, heating the lower
| bdungary layer as well.  Such measurements were made for x = 100 mm
and x = 400 mm downstream the trailing edge.
To summarise here, as a result of the early conclusion that
the interaction takes place mainly by fine scale mixing of the two

boundary layers after the removal of the wall constraint, i.e. the
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trailing edge, the wake consists of three layers: the upper fluid

layer, the lower fluid layer and the mixed layer of fine scale eddies
(see Fig. 3.4). The purpose of the conditional sampling techniques

employed was to distinguish the three.
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4.  SYMMETRIC WAKE RESULTS

4.1 Mean Ve]ocfties and Bulk Flow Parameters

4.1.1 General
The flow was investigated at a Reynolds number based on the

smomentum thickness ét the trai]ing edge of 13600. |

) The first object of the experiment was to establish a two-
dimensional flow. Checks were done at the trailing edge, x = O.and.
at the furthest downstream station, x = 500 mm. Pitot tube traverses
showed two-dimensionality.in the mean flow to withih 1 = 2% on mean
velocity over 50% of the tunnel width at the tunnel centre-line, at
x = 500 mm.- To within the same limits, the flow at the trailing edge
was uniform over 70% of the tunnel width. Clauser chart checks of
the wall shear stress at the trailing edge and at z = + 200 mm gave
results witﬁin about 5% of the. centre-line value.

A static tubé was used to check the zero circu]étion at the
trailing edge (zero static pkessure difference between upper or lower
part). It was found that by slightly tilting the ldst part of the flat

ﬁlate, it was possible to get better symmetry of the flow and near-
zero circulation. The staficvpressure differencg between y = + 150 mm
was less than 0.008 pU2.

The mean ve]ociﬁy profiles at the centre p]anekperpendicu]ar
to the plate, plotted as U/U, versus y/oo, are shown in Figs. 4.1 and

4.2, where ed is the momentum thickness at x = 0. The ésymmetry which
. u N
TU

]
. oTb .
velocities for the upper and lower wall respectively at x = 0. In the

_exists is of the order of |1 -

, wWhere uT and uTL are the friction

region around the centre-line, 3U/3x > 0 for x > O which means that for

'y >0, Vis negative, towards the centre-line (i.e. the wake growth is
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TABLE 1

BULK FLOW.PARAMETERS

SYMMETRIC WAKE

Wake Width . .
x (mm.) 2 X 60.995 ) /6o @/6o = §*/0
(mm.)

0 107.0 0.164 0.1185 1.389

5 106.6 0.162 0.1186 1.369
10 106.0 0.162 0.1188 1.369
20 107.04 0.161 0.1192 1.354
30 107.0 0.158 0.1181 1.345
50 105.4 0.156 0.1175 1.327
100 105.0 0.149 0.1153 1.296
.200 106.0 0.142 0.1121 1.273
300 106.0 0.137- 0.1094 1.256
500 ~109.0 0.129 0.1061 1.224

_-60 is 60.995 at x =0

0

6*

Ue

33.5 m/s

momentum-thickness

displacement thickness

From Clauser Charts

Upper Boundary Layer : Cf

..Lower Boundary Layer :

c

f

0.0023

0.0024
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opposed by the mean V).‘ In the outer part aU/ax‘= 0 which means that
Y changes little across the outer part of the boundary layer.

‘The bulk flow parameters, as evaluated by the TURBWAK program
developed to handle wake data, are given in Tab]é I.‘

In Fig. 4.3, the mean velocity profiles are plotted in inner
jayer scaling. It is clear that even up to x = 100 mm there are
points following the Tog law. A1l the curves asymptote to U/uT =
'UZ/uT as y goes to zero (Iny » - =),
| Since the expériment was carried out in nominally zero
pressure gradient, the momentum thickness should be.independent of x:
the results confirm this. Fig. 4.4 shows the variation of 0 and &%,
normalized by © at x = 0, along the wake compared with the results of

Chevray and Kovasznay (1969).

4.1.2 The Inner Wake

The near wake is a "transitional" flow befween two self-
preserving flows, thé boundary layer at the trailing edge and the
far wake. | |
* As can be seen 1h the mean velocity profi{es (Figs. 4.1.and
4.2), the outer layer changes only very slowly as it travels downstream.
Only thé'inqer part of the.wake (see Fig. 4.0) changes significantly,
with a velocity scé]e'uT at x ='O and AU = Ue - UZ at x - w,_providing |
| that it 1ies within the inner layer of the former boundary layer with
y/6o Tess than 0.2. ’
The inner part of a near wake should scale on the boundary

. layer inner layer parameters only. In fact, it is expected that:-

""_;f‘[—f_’_’T’{[ S - (4.1)
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and for y = 0,_i.e. on the centre-line:-

T

e u_x . ' .
E; = fz [%%1 | o , (4.2)

In Fig. 4.5a, the centre-line velocity is plotted as a
function of x, in inner layer similarity parameters. A good fit to the
present results is:-

U@ ux :
u—'= A .In—\)—'i' B ) . ' (4’3)
T . .

with A = 2.07 and B = 0.70, although an exactly logarithmic variation
is not to be expected;

There.is some difference between the present data and those
of Chevray and Kovasznay (19695. For large x, the two curves should
be expected to tend asymptotica11y to the same rate of variation,

- especially if the last boint of Qhevray and Kovasénay's results is
discounfed. For small X, the difference may be attributed to flat
plate thickness of'the present experiment.

© InFig. 4.5b, the u 8./v = f(u_x/v) is plotted from the
prgsent experimental data. Here, 61 is the semi¥w1dth of the inner
wake deduced from the point of departure of the mean velocity profiles
from the 109'1aw and is called GU in Fig. 4.5b. There are clearly

two regions: the first region can be represented by:-

LS P B (4.4)
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with C” = 0.09 and it extends up to 200 viscous sublayer thicknesses.
A sublayer thickness is about 0.4 mm for y+ = 30. The above linear
1§w is Jjust an appfoximation and cannot be exact.

| The second regidn should be free from any viscous sublayer

'effecfs and can be represented by the relation:-

oou dss u_x ' '
In——1=Alni——+8 o | : (4.5)

~with A =5.44 and B = 0.
Similarly these relations are an approximétion and are not
expected to be exact. |
According to Bradshaw's hyperbolic turbulence model, a
small disturbance at the wa]] surface propagates outwards with an

u
; T . ——
angle 2a1 T Thus :

dﬁi . u_ '
» -a? = v2a1 U:l:' (4.6)
where U, is the mean velocity at y = 8; or:-
dsi V?al o 4
dx :‘"I uTG~i ' (4.7)
-k- In v + C

where the denominator is the Togarithmic law for'u/uT with k = 0.41 and

\

o 5. .
A i u_s. .»
X = ——l—-‘ [% In —/—1 4 %I ds.”
V- v e
1

C =~5.00. So:-

0
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and finally:-

. UTX _ uTﬁ_i 1 l n 1[.1:81( + C - l ’ ) (4 8)
v v k v k . :
. . Y2a . .

where /2a1 = 0f55.

Equation (4.6) represents a self-preserving inner wake law
and it is plotted in Fig. 4.5b in log-log scales. ‘

_ It.is expected that further downstfeam the experimental curve
dtsi/v = f(u_x/v) and that from eddation (4.6) . tend asymptotically
to the same rate of growth. The rate of growth given by equation (4.6)
assumes small disturbances with zero diffusion of kinetic energy and,
of course, a1 independent of x. For strong disturbances, s in the
preéent case, constituted by the removal of the trailing edgeJa1 should

have different values than the usual 0.15.

4.2 Conventional Turbu1ént Quantities

' Extensive measurements of turbulent quantities have been
made thrdughbut the wake, specifically at x = 0 (the boundary layers),
X=25mm, x="5mm, x=100mm, x =200 mm and x = 400 mm. A1l
the-turbu]ént quantities presented here arc non-dimensionalized by an
appropfiate power of Ue' In a plane symmetric flow like the present,
the‘turbu1ent quantities containing an odd power of v, such as uv, are

expected to be antisymmetric. A1l the other quantities, such as u?

and v2, should be symmetric.
Figs. 4.6 to 4.11 show the 10ngitudina1'mean square intensity
at Qarious X positions; these profiles were obtained digitally from a

cross-wire measurement at the same time as vZ. "Digital results"

implies later digital analysis as opposed to real time analogue analysis;
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in both cases,'hot wire equipment was the same. The analogue single -

" --wire measurements of ;;; which are not presented, showed very good
Bgreement with the "digital résﬁ]ts“, the maximum experimental ﬁcatter
being of about 5%. It is clear that the maximum intensity moves away
from the axis of symmetry, as x increases, while in each profile, there
is a drop of ;;-near the centre-line. TheAva1ue of ;; on the centre-
1ine remains constant for the first profiles and then starts to
»decfease with increasing x. The symmetry generé]]y is quite good. The
‘turbulence intensity in the outer part of the flow changes only slowly
with x. _

Figs. 4.12 to 4.17 display the distribufidns of ;;-intensity.
~ They show the same trend és the ;;‘prof11es. For the first three
stations in the wake, the results show a small scatter near the centre-
]1ne'and,’no drop on the centre-line cén‘behobserved.

| ‘Shear stress measurements are presented in Figs. 4.18 to
4.23. The maximum shear stress at the trailing edge on both sides
ag;ees quite well with the wall shear stress found from the mean
'-velocity profile using Clauser charts. The antisymmetry at all stations
is quite accurate and most of.the profi]eé indicate an accurate zero
value of shear stress on the centre-line. At the saﬁe point, 3U/3y is
zero .and, consequently, the energy production is zero. In the outer
layer, the shear stress changes very slowly with x. Although the
. measurements extended over only about 85, the lack of any significant

change in uv outside the inner wake suggests that the direct image

effect of the solid wall on the pressure-rate-of-strain term in the

shear stress transport equation p”(3u/d3y + 3v/3x) is small in the
-outer part of the shear layer.
Generally, the outer layer nearly remains unchanged on a

given streamline; since the positive 3U/3x in the inner wake leads to
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negative V which opposes the effect of the boundary.layer growth,
- properties on given y may be more nearly constant than values on given

streamlines.

Triple Products

The triple products Us U3 Uy represent generally the transport
of ui“j by the action of the velocity Uy - They appear in the transport
.equétion of the shear stress and turbulent kinetic energy (see Appendix

G for detailed description of terms of these equations).

In Figs. 4.24 to 4.29, the u3/U; profiles are shown. u®

" represents the transfer of u®? by u. Close to the centre-Tine u® has a
~ high positive value meaning that in the f]ow‘there are short bursts of
positive u aﬁd Tong interval of small negative u. This behaviour

suggests that mixing near the centre-line takes place via short bursts
and fine miking. Here the short bursts go inwards towards the centre-

1ine from regions of larger u.

uv? is the transport of the shear stress (strictly of uv) by

- v fluctuation. Such profiles are in Figs. 4.30 to 4.35. Close ‘to the

centre-line, positive values of uv? for negative and positive values of

y means that the transport velocity of shear stress VT = uv/uv is
always directed towards the centre-line (for y >0, uw < 0soy_ is
negative and for y < 0, uv > 0, so Vr is positive), i.e. there is an
ingoing motion to transport shear stress towards the centre-line from

both s}des.

——

Figs. 4.36 to 4.41 show the variation of u?v across the wake.

—

u?v is the transport of u? by v f]uctuatiohs and, together with v? and

w2 which represent the transport of v2 and w? by v, constitutes the

diffusion term of the turbulent kinetic energy transport equation,

33q2v/ay. v® plots are in Figs. 4.42 to 4.47 and vw? was not measured.
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Both fesu1ts indicate that there is a strong ingéing transport of

turbulent kinetic energy. In-particular, 3 q®v/3y is negative near

the centre-line, i.e. a gain of kinetic energy by diffusion and

9 q2v/3y is positive near the edges of the inner wake, i.e. loss of

kinetic energy.

4.3 Conditionally Sampled Results

4.3.1 "Cold" and "Hot" Fluid Averages

The temperature-intermittency factor of the outer part of the
symmetric wake (outer layer) is plotted in Fig. 4.48. As was found
earlier in Section 4.2, the outer part of the wake closely resembles .
the attached boundary layer. The present data agrees with the velocity-
intermittency data of Klebanoff (1955) and temperature-intermittency
data of Hancock (1978) both taken in the boundary layer on a flat plate
in.zero'preséure gradient. In the same figure, the results from the
-asymmetric wake experimént are plotted and collapse well with the
other results, showing that roughness does not affect the outer part of
“the layer provided that the roughness height is small compared to 60.

: ' There is a significant difference between the present results
and those of Dean and Bradshaw (1976) taken in a duct before the )
boundary 1ayérs merge. Their values are generally higher than the
present and this may possibly be due to the uncompensated temperature
signal which was used as the basis for conditiona] sampling or to the
favourable pressure gradient in the duct. | . }

. In the néxt figure, Fig. 4.49, the intermittency factor y in
the inner part of the_wake is presented for different downstream
’ statiohs. If the large-eddy time sharing concepf was applicable here

‘as in the case of the.duct,‘the intermittency on the centre-line y =0
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© TABLE II
INNER WAKE WIDTHS- - SYMMETRIC WAKE

I From Intermittency

. S — ~ ~ - -
. “v ,---
SY/é (mm) X (mm)
3.3 - 25
5.2 : 50
7.5 - 100 -
11.0 200
17.0 400
I1 From Shear Stress
o | | 2 | Y
| | R "///“/jﬁ.----

2.35 25
3.65 50
5.2 100
9.6 200
14.1 400
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should be 0.5 because of symmetry. .In fact, the turbulence near the -

- wake centre-line consists mainly of small eddies which have come from
;the inner layers of the boundér& layers and they have smeared tﬁe inter-
face into a "warm" region by fine grained mixing. So the fact that the
dntermittency is much higher than 0.5 is not surprising. Follcwing the
analysis of the previous chapter (Section 3.2 and Fig. 3.4), a value

of v = 0.9 at the centre-line of the symmetric wake means that‘O.l_is the
: truiy “cold" fiuid_intermittency, 0.1 is the tfu]y "hot" fluid and 0.8,
the "warm" fluid intermittency.

The symmetry between the intermittency results in the case
where the upper boundary layer was heated and thaf with the lower
boundary layer heated for x = 100 mm and x = 400 mm is qufte good,
indicating the absence of buoyancy. |

| For large positive y, the infermittency tends asymptotically
to I'(case'of upper boundary layer heated) and for large negative y, it
tends asymptotically to 0. If the width Gi of an internal iayer is
defined as the distance between the pointjwhere vy = 0.99 and y = 0.01,
. then the intermittency profiles are nicely scaled on 61 as is shown in
Fig. 4.50. | |
| Now it is,worthWhi]e to compare the‘ihner wake widths which
have been found from various definitions. In Section 4.1}2,"31 has
been defined from.the mean}ve]ocity profiles and it was plotted in
Fig. 4.5b as a semi-width &, against x. In the same figure, the
variations of the inner wake semi-width‘GY/Z has beeh plotted as defined
from the intermittency curves. Let 5./2 bélthe innetr wake semi-width
_deduced from the perturbation of the convéntiona] shear stress profiles,
1.e. 51 is the distance of points havfng shear stress 0.95":max and
0‘95Tmin; The variation of 6f With x is plotted again in Fig. 4.5

The values of 6T, 6Y are given in Table II. From Fig. 4.5, it seems the ‘
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rates of growth of S.ps GY are closely the same and less than the growth
rate of 8 for small x but higher than &, for large x. Bradshaw's &
varies quicker than GU and GT but it has been based on the assumption
that'diffusion is negligible. The main point of the comparison is that
éi? 6; show the same trends; therefore, the choice of definition is not

i
critical.

In Figs. 4.51 to 4.55, u? intensities are shown for the
various -downstream positions. They are plotted as "cold" and "hot"

_ contributions to total (see equatidn (3.1.1)), i.e. as yuj and

(1 -vyj;g. For symbols used hereafter, see Fig. 4.51; the mnemonic
behind them is', a plume for "hot" (symbol V) and an iceberg for "cold"
(symbol A). Forvbetter interpretation of the conditionally sampled
results, the "cold" fluid-averages should be considered mainly since
"cold" fluid is unmixed. "Cold" contributions .in the "hot" region, i.e.
for y >‘O, are rather small since (1 - v) is sma]]? The peak of the
‘"hot" curve at y <'0 is dﬁe to the shape of the unéonditiona]
-(conQéntiona]) curve and has ndthing to do with any physical phenomenon.
It decreases much more.rapid1y with x than the peak in the conventional
aQerages. The level of the "hot" points on the centre-line is nearly
constant for the first profiles but drops for x =.200 and 400 mm as
do thé conventional va1ues; The "cold" ;ontribution on the centre-line
is neafly constant for all profiles. |

v2 intensities are plotted in Figs. 4.56 to 4.60. There is

moré scatter of the conventional results than in u?-and, consequently,
the symmetry looks rather poor. (Any scatter on the conventional

reéu]ts causes scatter in the conditional averages; scatter could be

reduced by plotting Yvﬁ/[}] - Y)vé] but this has not been done in this

thesis). Generally, the behaviour of the conditional averages of v?

is similar to that of uZ.
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3

The shear streés profiles are given in Figs. 4.61 to 4.65.
Some of the "hot" fluid crossing the centfe-lineAsoon changes its sign
of shear stress by mixing with "cold" fluid to become less "hot"
{i.e. "warm") but "cold" does ndt change its sign.of'ﬁv because by

definition it has not mixed significantly. Since "cold" fluid consists

mainly of "large" eddies, the conclusion is that the shear stress of thé B

'“large“\eddies do‘hot change sign as they cross the centre-line, while the
small eddies change their sign of T rapidly, since smaller eddies have a
shorter time scale. Here, the "cold" fluid shear stress, after its
entrainment into the "hot" zone, y > 0, tends monotonically to zero for
larger positive y, and it is rather difficult to argue the existence of
any "negative Toop" 1ike that found by Dean and Bradshaw (1976). The .
height of the peak in the "hot" shear stress profile drops with x but
genera11y less than in the case of ;;: Géneral]y, ;;; ;;.and uv
presént roughly the same behaviour.

| In Figs. 4.66 and 4.67, the correlation cdefficient,
EVYJGE /CE is shown,'for two downstream positions x = 100, 400 mm only.
In the outer part, it reaches the'value of + 0.45, -In the inner wake,
.it varies from - 0.45 to + 0.45 through the oriéin. 'The same behaViour
characterizes the "cold" or "hot" fluid correlation coefficients
defined as G?b//ﬁ% /C% and ﬁVH/VﬁE Vﬁﬁ.
when.p1otted without factoring by (1 - y), values in "cold"

! —

fluid, i.e. the zone averages (1 - Y)ué/(] = v), (1 - y)v&/(1 - v) and
{1- Y)EVEY(1 - v) revealed the existence of the bursting phencmenon,
similar to that appearing in the viscods subTayer near tﬁe wall, in the
. wake even up to x = 100 mm, near the centre-line. Despite the erratic
behaviour of (1 -ly):éy(l - Y) (becéuse both thénumerator and the
denominator afe very Small) the evidence is rather strong. This

bursting‘phenomehon will be discussed later.
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The transport of uv is effected by the normal gradient of uv?

"“and the transport of turbulent kinetic energy by the gradient of
1 _

2 .

useful. The w component has not been measured in the present experiment

(u>v + v® + w2v). Therefore, a close study of the triple products is

but previous results indicated similar behaviour to u and v.

u® does not affect any of the previous quantities significantly.

if the thin shear layer approximation is valid (even inside the inner

wake, du/ax is small), but it is helpful for interpretation of the flow.

since it represenfs the transport of u®? by u itself. Plots of ud are

in Figs. 4.68 to 4.72. Positive.;; means short bursts of positive u.

In .the "cold" zone, bursts of l;co1d" fluid are significant but_they'are |
reduced rapidly with x. 'TheSe burstsrare strdngef closer to the |
centre-]ine.. The same behaviour can be observed in the ;;-profi1es
which are shown in Figs. 4.73 to 4.77. The "cold" fluid in the "cold"
zone (y < 0) shows spikes of positive v, i.e. sweebs or "cold" bursts

in the "hot" zone (y > 0)*.

The u?2v profiles in Figs. 4.78 to 4.82 indicate the same

béhaviour as v3. uzvchand}vé are positive in the ”éo]d" region (y < 0).
So "large" eddies transfer kinetic energy towards the centre-]ine.

The plots of ;;;,are shown in Figs. 4.83 to 4.87. ;;; is the
transbort of uv by v. We cbncentrate on the‘"co1d" f]u%d again since
it is more heaningfu] for reasons g}plained earlier in Chapter 3.

(1 - Y)EVE in the "cold" zone (y <0) is positive and since (1 - Y);;g
is positive, this meéns that there is a transport.velocity of shear
stress inwards towards the centre-line.

To summarize the discussion of the triple-products, "large"

* Bursts are defined as high velocity fluid moving outwards the centre-
1ine while sweeps are high velocity fluid moving inwards towards the

centre-line. .
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eddie§ transporﬁ kinetic.energy and shear stressLtowards the centre-
~1fne without immediately cﬁanging the sigh of their shear stress when
they cross the centre-line. Here, "large" eddy means large compared
to the local length scale but still small with reépect to outer layer
eddies. |

Generally, the triple-product measurements are more scattered

than u?, uv and v*» v® in particular shows a rather poor antisymmetry

since the hot wire error is higher in v3.

4.,3.2 "Warm" or Mixed-Fluid Averages

"~ Following the analysis in the previous‘Chﬁpter 3, the various
parts of the flow can be discriminated as fully "hot", fully "cold" '
| or "warm". The fﬁ11y."co1d" and fully "hot" fluid averages were

discussed in the last section, Section 4.3.1; The "warm" averages can
be déduced by the simple equations (3.2.11) earlier described. In

the symﬁetric wake, the_symmetry of the flow can prdvide the additional
information which is needed for the determination of the "warm"
averages, although for some brofi1es the experiment was repeated with
'the lower boundary layer heated; Here, the "wafm" a@erages main1y'for
x =25 mm and x = 100 mm are presented. A1l the other profiles have

— — — —

similar behaviour. The "wa}m"'average of ul, v, uvys utvy, vy and
;;% are presénted in Figs. 4.88 to 4.93.

The most striking result is that the "warm" fluid, or, better,
the inner waké, appears to behave 1like an jso]ated_shear 1ayer. Indeed,
after comparing thg "warm" averages with the conventionai averages, the

 shape is quite similar. vA]though the local behaviour of any conventional
turbulence quantity is not exbected‘to be the séme as that of the "warm"
| layer, some basic differences should be mentioned. In particular, since

évﬁ/ay is positive near .the centre-line, there is a loss of kinetic
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-energy there and a gain near the edges of the inner wake since avﬁ/ay

' is negative. For the overall behaviour of the diffusion, the term u?vy

-shoqu be added to vﬁ while the wsz is approximated by %(usz + vﬁ)

and diffusion by pressure fluctuation is ignored. But still the term

5;% qszlay has a much smaller negative value than the conventional

B~%-q2v/ay, which means that the gain of energy by diffusion is very

ﬁma11 in the‘"Warm" fluid. Thié cén be clearly seen in Fig. 4.94.
Refﬁrning . to ;E,.the pbsiti&e values in the y > 0 and the negative
~values in y < 0 regions indicate "burstsf of "warm" fluid. In the same
regions, the non-mixed fluid appedrs to have‘"sweepi" (see Fig. 4.75).
So -probably the "warm" fluid "bursts" are pushed by the upper and lower

~ fluid sweeps and it seems that the uﬁ profile, for example, is shaken

bodily from side to side.

4.4 Conclusions to the Chapter

In this'chapter; the results of an exﬁeriment in the symmetric
- near Qake of a flat plate have'been presented and discussed briefly.

Evidence was.produced that only the "inner" wake changes with
x; the outer part remaining undisturbed. The inner Tayer similarity
scales evaluated at the trailing edge seem to apply quite well for the
"ihnef" wake scaling. The f]ow behaves in an entirely different way
from the large eddy time-sharing found in thé case of the two merging
boundary layers in the duct (Dean and Bradshaw (1976)),whtchi has also
been found by Weir and Bradshaw (1977) in mixing layers. Most of the
fluid around the centre-line consisté of small scale eddies since they
are tﬁe former occupantsvof the inner layers of the boundary layers.
These eddies have size prdportiona] to their distance from the centre-
Tine and grow as they travel downstream. The existence of small eddies

and consequent‘rabid mixing is the reason why the intermittency is not
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0.5 on the centre-line.
Non-m%xed fluid eddies, as well as the mixed-fluid small eddies,

transfer turbulent kinetic energy towards the centre-line.
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5. ~ ASYMMETRIC WAKE RESULTS

Y

5.1 _Mean‘Ve]ocities“and‘Bulk Flow Parameters

5.1.1 General

Most of the commonly investigated interactions between
adjacent turbulent flow fields have symmetry with respect to a plane
-or,én axis. Only a few cases of flows with esséntia] asymmetry have
been examined. A1l the asymmetric flows have indicated some unexpected
or unusual features, like the non-coincidence of the zero velocity
- gradient with the point of zero shear stress.

In the symmetric wake experimeht, the two boundafy layers
which merged tovform the wake had the same velocity and length scales.
In the asymmetric wake, the top'boundafy Tayer develops on a rough
éurfate and the friction velocity is much higher than in the boundary
layer over a smooth surface. Therefore, an additional paraﬁeter is
needed to correlate data, Tike the frictidn velocity ratio, U /U g
'-where'u%r.is’the friction ve]ocity on the rough surface and UT is the

s
friction velocity on the smooth surface.

5.1.2. Mean Velocities

The mean velocity profiles at x = 0, 25, 50, 100, 200 and
- 400 mm are plotted in Figs. 5.1 to 5.6 as U/Ue versus y. It can be
seen that the two dissimilar boundary layers start to interact and
gradually the profile shape ié reformed to a §ymmetric far wake

but the wake at the furthest station x = 400 mm is still far from
-symmetric. It is also clear that the outer parts, lower and upper,

do not change very much up to X

400 as in the symmetric case. The

point of minimum velocity 3U/3y = O moves upwards, i.e. towards the
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"rough" side,with x. |

The bulk flow parameters, §, 6%, © and H are given in Table
III. A comparison with values in the symmetric wake is shown in Fig.
5.7. Again, the momentum thickness does not seem.to vary with x but
the parameter 6*/@0 retains higher values than in the symmetric case.

In Fig. 5.8, the mean V veToqity is plotted, ca]culated from -
_ the'continuity equation 9U/3x + 3V/3y =0 fof the symmetric and the
asymmetric wake, as is described in Appendix H. It is clear that V is
_negative for y > 0 and positive for y < 0, i.e. always inwards towards
the centre-line, opposing the wake growth. In the region where
aU/3x = 0, i.e. in the outer parts,of'the wake, V reaches an asymptotic
value Vé for 1arge_positive or negative y. It is also evident that thé
smaI] oV/3x is negative for y < 0 and positive for y > 0 for the
symmgtrfc wake, meaning that |Ve| is reduced with x. In the asymmetric
wake, for small région of negativé Yy, oV/ax is positive but elsewhere

is as in the symmetric case with [V | reduced downstream.

5.1.3 - Wall Shear Stress

One of  the main problems in flows over rouéh surfaces is'the
determination of the wall shear stress. Perry et al (1963) suggested
that thé‘effgctive origin of the wall must be known before the skin
friction can be determined. Antonia and Luxton (1971) proposed a
" method for non-equilibrium flows, (1ike those very near to the origin
of the internal layer growing after a step change of roughness) for
obtaining the effective position of thé.wa]] by trial ana error, i.e.
.the best fit of a straight 1ine to the log law. This method has been
tried here but it was found not quife objective since there was more
| than one straight line fittjng the log law. Therefore, the method

described in Section 2.6 was adopted. 1In Fig. 5.9 the mean velocities



TABLE III

BULK FLOW PARAMETERS - "ASYMMETRIC WAKE

Wake Width & 5* 0 He st
LOWER , UP & 9 Lk
x () (85655 + S0 995) (M) 8 0 ©
Boundary Tayer x =14 mm (U)|  8p gg5 = 73.93 0.191 | 0.128 | 1.484
Boundary layer x = 0 (L) s50HGR = 51.53 0.147 | 0.118 | 1.322
Boundary layer x = 0 (U) 80 995 = 75.919 10.210 | 0.134" | 1.562
25 126.0 0.175 | 0.118 | 1.475
50 126.521 0.183 | 0.129 | 1.409
100 127.52 0.172 | 0.125 | 1.378
200 127.1 0.164 | 0.123 | 1.332
400 130.0 0.147 .| 0.115 | 1.281
.§i = e '|._ .E. dy/é 9. " U 1 - U dy/$§
il O Lt Il R Tl L

(Rough) Upper Boundary Layer

(Smooth) Lower Boundary Layer :

0.0052

0.0024

8G1L
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in Clauser chart co-ordinates, for the asymmetric case as well as with the

- symmetric, have been plotted. In addition, some cross checks have been

‘made: the mean velocity prof11e at an upstream position, X --14 mm, has

been measured and by using the momentum 1ntegra1 equation:-

1 du
+ (2@+ 6*)U——a—)-(—

Cf Tw
7 -
p

cis

o~

-

and taking into account the small pressure gradient which was due to
tﬁe gradually reduced thickness of the flat plate at the trailing edge,
an'aQeragg, between the trailing edge and X = - 14 mm, Cf was found to
be 0.0058 which actually is not much larger than the 0.0052 which was
finally adopted. Some other tests with the use of velocity defect law

(U

e~ U) = f(y/8) for points in the ouferkpart of boundary layers gave

a ratio of rough to smooth wall shear stress of ~ 2.01 which was about
8%. less than that wh1ch was found from the shear stress profiles. 1In

Fig. 5 10 the mean velocity profile is p1otted in outer 1ayer s1m11ar1ty

parameters.

5.1.4 Thé Inner'Wake

Here, as in the symhetkic wake case, inner layer scaling can'
be employed with one of the two friétion velocities at the trailing
edge as a velocity scale and uTr/uTS as parameter. In Fig. 5.11, the
mean velocities are presented in inner layer ;imi]arity co-ordinates

with the smooth wall friction velocity u__ as velocity scale. In the

TS

-same figure is the mean ve]ocity'profi]e for the rough boundary layer at

“the trailing edge plotted as U/uTr‘versus In uTry/v. The log law:-
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o M ( (5.1)
Urr R Tr '

for the present data seems to give:-

— = 10.4 with k = 0.41 and ¢ = 5.0

Generally, the mean velocity profi]é in the inner wake region

should be expressed by:-

U s Urs* , Uy, Urr
U.o v | v U

A special case is for y = 0, i.e. on the centre-line, and the results

from the present'éxperiment are p]btted in Fig. 5.12, together with the
results from the symmetric case as in Fig. 4.5a. It seems that a good

fit to the present results is:-.

- A In —%— + B” (5.2)

L]

with A = 2.10 and B” = - 1.3 and thus after a comparison with the
similar expression 4.3 of the symmetric wake, the effect of roughness
just causes a.sh1ft AUZ/QTs =~ 2 which is of the order ofj4.8 (uﬂ,/uTS - 1).
Recalling again Bradshaw's argument that a small disturbance
‘at the surface propagates outwards with an angle /2a1 uT/U, assuming

zero diffusion of turbulent kinetic energy and if y =8 is a point on

r
the "rough" side with velocity U,, then it follows that:-
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ds A u
r. _Ir
with:—_
U. u_ 8
R
Tr . Tr

~So as in the symmetric wake:-

8 “ .
r u__ 8§
x:'_l_f .-.II(—.In_Tr_t-!-C-TJ&' dﬁ;
‘ v r

u.. x u_. 6 : ﬁ' 6‘ u
s s v ] %-1n LE %-1n Il ¢ - ﬁﬁl (5.4)
v A v Vea v , uTS ' Tr

The -expression for a point y = 65 on the "smooth" side is similar to
the symmetric wake case and it is given by equation 4.8. In Fig. 5.13
both are plotted as 1n (uTS Gi/v) versus In (uTS x/v). They are parallel.
In the same graph, tHe experimental reéu]ts of the asymmetric wake are
plotted together with those of the symmetric case for comparison. Again,

the edges of the inner wake y = GUr and GUs have been taken as the last
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points‘before thé departure from the log law strafght line. The edge
of the “"smooth" side inner Wake and that of the "rough" side tend to
the same asymptotic value for large x where the asymmetric wake
becomes symmetric.

Bradshaw's hypothesis seems to agfée quite well for the
"rough" edge while for the "smooth" edge only the tendency is the
same. In the same Fig.,5.13,‘the totaT inner wake width GU =‘6Us + 6Ur

| is plotted as well.

5.2 Conventional Turbulent Quantities

- The results to be considered here have beeﬁ taken from
measurements at x = 0 mm, where the two boundary layers have not yet
left the solid surface, and at three downstream stations in the wake
X =25 mm, X = 100 mm and x = 400 mm. As indicated in the following
graphs, the measurements have been taken with two different heating
conditions fbr.réasons explained in Section 3.2. This does not affect
- the conventional turbﬁ]ént quantities,vbut the two conditions are
distinguished in all the graphs as an indication of the repeatability
of results. In addition, at x = 0 mm, measurements were made with the
”x;wire probe in its standard position and rotated 180° (if the mean of
the two results for uv is téken, yaw calibration drift cancels out to
a first appréximation). This was done to ensure the greatest possible
‘ accuracy in uv on the rough wall since the determination of the rough
wall shear stress was based entirely on uv measurements. A1l the
quantities are normalized by the free Stream velocity Ue; Codes UBLH
b"and~LBLH denote "upper (rough) boundary 1ayer heated" and "lower
(smooth) boundary 1ayér heated" respectively. |
| In Figs. 5.14 to 5.17, the ;; intensitiés are plotted against

y. Since the friction cpéfficient on the rough side is about twice that
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~orithe smooth side and the free stream velocity Ue the same on both

- sides, it is expected that for x = 0 mm, all turbulent quantities on
Lthe rough side WQQE,-be,,re-Qahéé ~'“-Q those on the smooth side by an
appropriate power of urr/urs' The maximum values of.;;, for example,
on both sides have a ratio of u%r/uis. The present measurements show

a drop of';; very close to the wall where it is possible to have wall
proximity effects or wire 1engfh effects lTimiting measurements of scales
-smai]er, than the wire length, or separation. At stations downstream

in the wake, the wall effect ceases'to exist and the errors are reduced
'since the. eddies increase in size.

In the-;; profiles, there are clearly th peaks: one on the
~ "smooth" side and one on the "rough". The positions of both move out-
ward from the centre-line, with x. As the two boundary layers mix, the
intensity on the smooth side intreases'slightly while that on the rough
Side-decreases afterian initial rise. At the last station, x = 400 mm,
where the inner wake has spread outside the constant stress.layer,
even the maximum intensity on the smooth side has started to fall and
".some small chénges in the outer layer on the "smooth" side start to
appear and cause small loss of turbulent kinetic energy by advection.

Near the centre-line, the values 6n the "rough"‘sidekare decreasing
rapidly which means that a gain by advection occurs. Generally, a ‘
normaT transport of turbulent kinetic energy from the "rough" side,
starting from regions near the centre-line, towards the “smooth" sfde
should be expected up to the statfon where any asymmetry will have
diminished. At x = 400 mm, the flow is still far from symmetric.
_However, some small changes in the outer 1§yer on the smooth side have
-already started at x = 400 mm and pertﬁrbations have started to spread
outside the inner wake on the~smoo£h side only. .

The distributions of v? which are presented in Figs. 5.18 to -
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5.2]1 show the same trend as u?. The scatter is higher here. At x = 25

' mm, the v2 has a maximum value at y = O while at the same point, u?
seems to have a minimum. However, since ;; is about twice the ;;, the
overa'ﬂ kinetic energy has @ minmuwm.
| In Figs. 5.22 to 5.25 are the shear stress profiles (strictly
uv profiles). The values of shear_stress obtained with a rotated cross-
wire agree quite well with thosé of non-rotated wire. It was considered
thaf_thevproper vq]uerf the wall shear stress was - EV/UZ = 0.0026.
~The maximum shear stress at the.smooth wall is in good agreement with
that obtained from the mean velocity profiles using C]auser charts.
At x = 25 mm,_the "rough" side.retains its minimum vé]ue but the smooth
side (i.e. y < O)‘has almost double its boundary layer maximum value.
It is obvious that some fluid from the upper side crossed the centre-
line with change of sign of the shear stress. The conditionally
sampled results discussed in Section 5.3 give moreidetails. At
x = 100 mm, both peaks have reduced and the shapesvof distributions
-are déformed more. At x = 400 hm, any trace of the inner wake edge on
the smooth side has d%sappeared.
| In all stations in the wake, it is clear that the point of
~ zero shear stress does not coincide with the point of zero velocity
gradient aU/ay. This imp]iés that in a small area, there is a negative
eddy viscosity or an imaginary mixing length; Physically, it means
that there is a_negative kinetic energy production or "energy reversal"
as it has begn called by Palmer and Keffer (1972): this in itself is
not a noteworthy phenomenon and does not imply abnormality of the
_tufbu1ence: only an abnormality in the.relation between turbulence and
mean velocity gradient. |
In Fig. 5.25a,_;;)u§,_;;}ui and EVYui are plotted versus y/&

for the "smooth" and “rough” boundary layers at x = 0 mm. In the outer
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part, both "smooth" and "rough" values nearly coincide. In the inner
layer (i.e. y/8 < 0.2), ;; and.;; on the "rough" wall are smaller than
the "smooth" wall values, wh11e the uv values are the same roughly for
both;

| Figs. 5.26 to 5.29 display the variation of shear correlation
coefficient'UV//ﬁg /5§ across the wake. At the boundary layer, over
é considerab]e'region of the."rdugh" side it is constant, but generally
it %s less than the shooth wa]].- Near the rough wall, it increases
_ because the shear stress increaées faster than Jﬁi and w@i. At x =25
mm on the "smooth" side and very close to the centreFline, there is a
local 1ncrease of Ruv‘ As wi]i be shown later, in this region the
shear stress is t}ansported in the y direction by turbulent diffusion
faster than the kinetic energy (V. > Vq).'

In the next set of figures, the triple velocity products are
presented: their physical meanings were exp]ained‘in Section 4.2. The
;; distributions in.Figs. 5.30 to 5.33 show, as thé symmetric wake ones,
.a chaﬁge of sign close to the wé]]. The short bursts are again present

especially very close to the rough wall (x = 0 mm) where u® reaches
véry high positive values, i.e. for y less than where the sign of‘;;
’ changes the bursts going towards the wall, while for greater y, they
are going outwards. Even fbr the first station in the wake, x = 25 mm,
the values of ;; on the "rough" side are stif] high, indicating that
bursts persist.

At x = 100 mm, the distribution starts taking the usual wake
shape as in thg symmetric case. A similar behaviour is observed at
X = 4@0 mm. |

Figs. 5.34 to 5.37 show the distribution of u?v which
represents the transport of u? by v and contributes to the diffusioh

term in the kinetic energy transport equation. The change of sign near
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the wd]] is characteristic of all the triple corﬁe]ations. So again

here there are two regions:' the "outer" wake (Or generally "outgr layer")

and the "“inner" wake. Bearing in mind that u? is. positive everywhere

across the wake, in the outer part there is a trénsport of.;; towards
the positive direction of v (that is, outwakds) while in the region
near the wall or the centre-line, there is strong transport inwards.
This trend is especially pronounced fof the first station in‘the wake

X ='25 mm..  The iﬁward transport from the "rough" side seems to be
stronger, in absolute terms, than the inward transport from the “smooth"

side. The maximum u?v on the rough side is 1.33 u;r/uis times more

——

than the maximum u?v on the smooth‘side. At x = 100-mm and x = 400 mm,
the inward transport is still evident but seems to become the same in
amount from either-side since the general trend of the flow is to become
symmetric.

The v? distributions displayed in Figs. 5.38 to 5.41 show a

different behaviour. At x =0 mm, near the rough wall, ;;-seems first
- to increase with incréaﬁing y and then to decrease, indicating that
there is.first a loss by diffusion of v? and then a gain. There is a
.high scatter in the v® measurements-but a positive excuision near
’yig 5 mm was found in all three runs.

| - The ;;,at x = 25 mm shows high negative‘values for- 5mm <y < 0.
It is possibie some eddies from the other side crossed the centre-line
and- changed their v velocity sigh as they did with their shear stress
sign as well. It is also indicated that there is transport of v2 by v
outwards near the centre-line, with the trénsport towards the outer
part of the smooth-side Being stronger. This is more evident at

——

x = 100 mm and it results in the final form of v® at x = 400 mm.

Further elucidation of the conflicting behaviour of u?v and v® requires

consideration of ‘conditional averages (Section 5.3).
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In Figs. 5.42 to 5.45 are the distributions of uv?, which

‘ represent the transport of shear stress uv by v which appears in the
diffusion term in‘the shear étress transport equation. In the "rough"
side ﬁV'is mostly negative which means that in the "near-wall"

région; i.e. the centre-Tine region whereV;;; is high, there is
transport of uv towards the centre-line. | W

After that point, uv? starts to decrease while Uv is increasing
up to the point where ;—;-becomes Zero or uv becomes maximum. Between
these points, there is a transport of UV going inwards but with a
gain‘of shear stress by diffusion. Then the uv starfs to decrease and
;;;jbecomes negative and, conséquént]y, there is a transport
outwards to fhe smooth side outer layer.

The same pattern seems to be repeated at all downstream

stations without the somewhat eccentric changes. found in u?v and v3.

” To summarize the measurements of the conQentiona] turbu]ent
quantities which haVe been presented here in turn,~the asymmetric wake
flow éeems to behave in a s]ighfly different way than the symmetric.
There is evidence to show that there is transportation tdwards

tﬁe centre-Tine of shear stress and kinetic energy but since the
transportation from the rough side is stronger, the overall picture is
that there is a net transpokt of these two quantitfes from the rough
side tOward$ the outer part of the other side. The conditionally

sampled results will show more details of the flow.

5.3 Conditionally Sampled Results

5.3.1 "Cold" and "Hot" Fluid Averages

As in the results discussed in Chapter 4 for the symmetric

wake, the conditionally sampled averages of the asymmetric wake are
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presented as a contribution to the total conventional averages. Here
h the results of two different experiments are considered: first the |
case of the upper béundary layer heated (UBLH) and, secondly, the case
of_thé lower boundary layer heated (LBLH). The best way of discussing
the rééu]ts is to consider the "cold" fluid averages (i.e. unmixed fluid
averages) for both UBLH and LBLH, since the "hot" fluid averages
fnclude "warm" fluid averages as well, then to consider the averages
derivedifor the “warm" (i.e. mixéd) fluid; it is always UBLH "cold" =
LBLH truly "hot" énd LBLH "cold" = UBLH truly "hot" (see equations
3.2.4 and 3.2.11). |
The measurements havé been taken at three downstream stations -
X =25 mm, X % 100 mm and x = 400 mm, being the same data aé in Section 5.2.
The intermittency factors Yy and YL for the two heating cases,
UBLH and LBLH respectively, are displayed in Fig. 5.46. YL values are
‘ Higher than the Yy ones at symmetric y, while Yy vé]ues are considerably
higher than the corresponding at the same y, symmefric wake value.
.Both differences may be due to fhe asymmetric heat transfer behaviour
of the small eddies with an effect to produce more. "warm" eddies in the
LBLH and UBLH iﬁ the asymmetric wake case.
If an internal layer is defined from the intermittency
disﬁributioﬁ, as in the symmetric wake, its width Si is a good scale
for vy (see Fig. 5.47). The values of Gi.are fabu]ated in Table IV
with y = ayUr and y = SYUs being the edges on the rough and smooth sides
resbegtive]y and GYU.is the total width SYUr + Gyﬁs for the case of the
UBLH. GYLr"SYLs and GYL are defined similarly.
“ In the same table are the values of an inner wake width
obtained from the perturbation of the conventional shear stress profile.
It was necessary to discriminate the two edges of the inner wake since

the edge on the "rough" side is not the symmetric image of the edge on



TABLE IV
INNER WAKE WIDTHS - ASYMMETRIC WAKE

I From Intermittency

FgﬁJr‘ 3

- - T T T rr—=— -
| v

GYLS (mm)

GYL (mm)

10 25 2.5
22 100 4.0
58 400 17.0

18
64

Contd.
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TABLE IV (CONTD.)

IT1- From Shear Stress

8p = bpp ¥ 005
(mm) 6. (mm) 6, (mm) X (mm)
4 6 10 25
1 14 25 100
23 27 - 50 400
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the "Qmooth“ side with fespect to thé line y = 0: The inner wake widths
defined from the'intermitténcy and shear étress profiles are plotted in
Fig. 5.13 of the:ear]ieé Section 5.1 together with those obtained from
the mean velocity profiles, for direcf comparisoﬁ. Generally, the
thermal layer (i.e. from intermittency) is Qider than those of shear
stress and mean velocity, as is also found at an ordinary edge, for
well-known reasons. Ahotherfinterestiﬁg,point is that | |
SYU} o SYLS’ which means that these two edges.11e}at symmetric positions
with respect to y = 0, while the two other edges, SYUs and ayLr'tend

to become symmetric at large x. The Grr seems to agree reasonably well

for small x wiph the predictions using Bradshaw's relation, equation 5.4.

" The total width 5. (i.e. 8 .+ 68 ) agrees quite well with the total

6‘*{U “'e'_SYUr + SYUS).

!

1 UBLH Turbulent Quantities (Upper Boundary Layer Heated)

The conditiona] u? intensities for the UBLH case are shown in
Figs. 5.48 to 5.50. "Cold" contributions in the "hot" area, y > 0, are
very small: at x = 25 mm, the intrusion of the "cold" region over the
.centre-line is about the séme as inm the symmetr%c wake but for x = 100
”and 400 mm, it is greater. Generally, it seems that only a small amount
of kinetic energy of the 10Wer "cold" unmixed fluid is transported
across the éentre-]ine into the upper (rough wall) f]uid.l
The same behaviour characteriies the ;Z-intensities which are
plotted in Figs. 5.51 to 5.53 but the intrusion of}"co]d" fluid into
the regiony > 0 qarries-rather more from ;;-than ;Z: |
Figs. 5.54 tob5.56 display the shear stress brofi]es. Again
here, upper "hot" fluid chanjes its sign of UV'fnside ﬁhe "hot" region
| y > 0 and has already started to mix with the "cé]d"”f]uid and so

'becoming‘1ess "hot" while the "cold" fluid which is entirely non-mixed
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crossés the cenfre-]ine without any chaﬁge in thé shear stress sign.
It is dangerous fp think of sepérate transport equations for
"cold" and "hot" contriButions to Reynolds stress because there may be
a large transfer term; in particular, one should not think of
;E oU/dy as the only source term in the EV: transport equation.
However, it is noteworthy that the intrusion of "cold" fluid into a
region of rever;ed 3U/3y on the "roughﬁ side of the wake doeé not
resﬁlt in arrevefsa1 of sign.of'UVE whereas in Dean and Bradshaw's duct
flow, it did (see also results below for the LBLH case).
The'a; distribution in Figs. 5.57 to 5.59 shows the same
behaviour as ip the symmetric case_which was interpfeted in Section
‘4.3.1 as short bursts foT]owed by Tong intervals of opposite-sign small
u fluctuations. The burstslof "cold" fluid in the "cold" zone are
going inwards towards the centre-line and they seem to increase in
ampTitude with x up to x = 100 mm, quite opposite to the trend in the
symmetrfc case, and then to decrease at the same rate as in the symmetric

case.

. The v® profiles are displayed in Figs. 5.60 to 5.62. The

"cold" fluid in the “"cold" zone again shows sweeps for y <0, so

kinetic energy is transferred in towards the upper fluid. The same

happens;to the u? component.of the kinetic energy, as is shown by

the u?v distribution in Figs. 5.63 to 5.65.
In the uv? profiles pkesented in Figs. 5.66 to 5.68, the same
behaviour can be observed. Shear stress from the "cold" fluid is

transferred by v towards the centre-Tine.

11 LBLH Turbulent Quantitiesh(Lower Boundary Layer Heated)
In Figs. 5.69 to 5.71, the u? intensities are plotted. It is

obvious that "cold" (unmixed) fluid, the upper (rough wall) fluid now,
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has higher turbulent kinetic energy than the lower fluid (as has béen
- shown previously in Fig. 5.14) which seems to drop with x. The ;;
;1ntensit1és in Figsl 5.72 to‘5.74 show the same behaviour.

The uv plots in Figs. 5.75 to 5.77 indicate something
different: a non monotonic approach to zero of the "cold" fluid shear
stress, inside the "hot" zone. This means that there is still "cold"
fluid inside the "hot" layer, which has not been mixed up with the "hot"
: f]ufd but the latter has imposed its own sign of shear stress on it.
This is quite evident in x = 25 mm qnd X = 400 mm, while in x = 100 mm,
it is not clearly shown. Recall that the "cold" uv in the UBLH case
approached zero monotonically. |

In Figs. 5.78 to 5.80 are the u? distributions. They all
indicate the presence of spfkes or bursts ©, * of much higher amp]itude
in the upper (rough wall) fluid than in the lower fluid, travelling
inwards again, but their amplitude seems to drop with x quicker than
that in the Tower fluid (compare Figs. 5.57 - 5.59). |

. The v* profiles in Figs. 5.81 to 5.83 show a similar
" behaviour: sweeps of "cold" fluid inside the "cold" zone y > 0.

In Figs. 5.84 to 5186 are the E;;.distributions. They
indicate an inwards transbort'of u? much more than the amount of y2
beiﬁé transported oufwards, i.e. overall, the}kinetic energy is
transborted from the "cold" zone to the "hot" or lower fluid.

"Cold" fluid shear stress is transported by v fluctuation
inwards, as with éhe kinetic eneréy, as can be seen in Figs. 5.87
to 5.89 where the uv? is displayed.

In conclusion, it can-be said tﬁat both upper and lower fluid

- transport kinetic energy and shear stress towards the centre-

line; the amounts transported.Béing greater in the upper fluid.

Y
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5.3.2  “Warm" or Mixed Fluid Averages

In the symmetric wake, the "warm" averages were estimated by
invoking the symmetry of the flow. In the asymmetric wake, for the

‘determination of the “warm" average, it was necessary to change over

the heat supply to deduce any given average. Warm = HotUp _.CO]dLower

or Warm = Hot, .. - Co]dUp (see Sectipn 3.2). |
From phe resu]ts_which are plotted in Figs. 5.90 to 5.97,

maih]y for x = 25 mm and 100. mm, it is obvious that the "warm" fluid
behaves 1ike an isolated wake, as in the symmetric case, but is generally
much thicker than in the symmetric case.

~ The agreement of the results between the fwo ways of deducing
- the "warm" averages is quite good. Where the agreement is poor, it is
mainly due to the'inexact cﬁincidence of the conventional averages,

especially in the triple products.

The W:

quick]y'than the peak in the smooth side.

The vé has only one peak which drops with x. Its behaviour

. peak on the rough side drops very quickly with x, more

is similar to the symmetric vﬁ and to v2 in an isolated wake.

The peaks in EV;‘drop more or less like the peaks of u;;

The v; behaviour is rafhér diffekent from dn isolated wake.

The shape is the opposite of the v? distribution of an isolated wake
for 4 mm < y"<v12 mm, i.e. there is an outwards transport of vé while

in the conventional wake, there is an inward transport. In addition,

positive v;,for y > 0 means that there are bursts going outwards while

purely "cold" fluid indicates large ingoing sweeps. Exéct]y similar

~ behaviour with the symmetric v

2 large eddy sweeps probably propel the

bursts of small eddies.

The'uzvw profile suggests again that generally there is a

‘transport of kinetic energy of small eddies outwards except for a small
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region near the centre-]fne where there is a probably sma]]utransport
of kiﬁetic.energy inwards..

The GV; is transported by v outwards near the edges of the
inner wake but there is inward transport Very.c1o§e to the centre-

Tine.

5.4 - Conclusion to the Conditiona]]y Sampled Results

v "In_this'CHapter, the results of the conditionally sampled
measurements in the asymmetric wake have been presented as "hot" (i.e.
"fully hot" plus "warm"), "cold" and "warm" contribqtions to the total
conventional averages. |

'_ The behaviour of the asymmetric wake is‘quite similar to thaf

of the symmetric. The "inner" wake here is rather thicker and
generaf]y the changes are stronger. The large eddies from either side
tranﬁport kinetic'energy and shear stress towards the centre-line whf]e
the smai] eddies near the centre-line seem to do the opposite. Large
eddy sweeps in ?he upber and tower fluid push up and down the bursts
of "warm" f]ﬁig (necéésari]y composed of small eddies) in the thin

 mixed region.
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6. THERMAL FIELD RESULTS

6.1 General

In the present experiment, heat was used as a tracer to tag
the fluid and heat transfer investigation was not one of the objectives.
However, during the progress of the investigation, it was felt that
more information about the thermal field would be useful. In this
-chapfer, the heat transfer results will be presehted.

In the present experimental research, it is expected that the
fluid motion is not affected by the temperature field, i.e. absence of
'buoyahcy forces or compressibility effects. |

An obvious characteristic feature of the thermal field is its
asymmetry even in the symmetric flow case and, consequently, it is
expected again that the point of zero méan temperature gradient (3T/3y)
does hot coincide with the point where v6 is zero, thus leéading to a
negative thermal diffusivity, exactly as in any asymmetric fiow fieid.
This situationlhas been observed by Beguief et al (1975) and Beguier et
“al (1976). Fulachier et al (1977) investigated.the flow field of a
slightly heated jet and showeq'that thé'1afge'eddies were responsible
for the “"negative" productfon of the temperature'f]uctuations. This
argument is mainly baéed on the concept of a “double" structure of the
flow where the high frequency components are related to the small
- eddies which are in equilibrium with the Tocal mean gradient and low
frequency components to the 1érge éddies. |

A1l the present reéU]ts relate to a constant heat input which
has been iﬁtroduced at the leading edge. fhus, the "hot" boundary
Tayer fluid entrained "cold" free streém fluid. The symmetric wake
'results, for the case of the uppér Boundary layer heated mainly, are

presented firstly and the asymmetric ones secondly for the two.ways of
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-heating (upper or lower boundary Tayer heated).

| - 6.2 Symmetric Wake

In Fig. 6.1, the mean temperature profiles for various down-
stream stations are plotted as AT = T - Tevagainst y. For x =0,
9T/3y at'y = 0 is quite big indicating that the flat plate behaves.
“more or less as a heat insulator between the upper (heated) and the
Tower (unheated) flow, although there is an inevitable heat loss by
conduction through the plate as seen by the tail in AT for y < 0; i.e:
the lower stream. But it is quite unlikely that this small 3T/3y will
produce ahy Considerab1e temperature fluctuation or even ihterfere‘
with the'discrimihation technique of "hot" and "cold" eddies. The
max AT drops with x since a normal transpoft and diffusion to the
unheated layer is expécted. The 3T/3y drops as well with x indicating
that the,productidn of temperature fluctuations decreases. In the oufer
. part of the wake, the profiles remain roughly constant with x as in the
case of the U profiles. In Fig. 6.2, the g; profiles are displayed.
There are c]edr]y two peaks_of hjgh temperature fluctuations, dqe in.
the outer part corresponding to the'turbu1en§/non—tur5u1ent or heafeq/
uhhééted ) fluid interface,.and another in the inner wake around the
centre-]fhe corresponding to that heated non-heated interface. Both
. maxima drop with x and tend to move outwards to the colder regions.

In Figs. 6.3 to 6.13, the second and third order temperature
velocity correlations are presented for both ways of heating. They are
all terms in fhe.gz, ug or vo transport-equatibns which are given in
: Appéhdix G. The terms E@’and_?@’respective]y are the longitudinal and
1afera1‘turbu1ént heat fluxes and are presented in Figs. 6.3 and 6.4.

‘ Genefa]]y E@Jis_higher than v6 (by about twice) and both exhibit

the same trend. Their correlation coefficients i@YV{ﬁ ¢€§ and
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V@YJCE /63 are plotted in Figs. 6.5 to 6.8 for x = 100 and x = 400.

The v82 correlation répresents the normal transport by v
-f]uétuations of 62 appearing in the diffusion term aCEZ}ay. The ;5; is
thg longitudinal transport by u'of 62 and it appears in the longitudinal
diffusion term 5;5273x in the 62 transport equation. In the present
case or anywhere wheré the thin shear layer approximation is valid
5;5;73x << aCEE}ay. Both ;gziand ;g; are plotted in Figs. 6.9 "and 6.10.
‘ : The next three figures,AFigs. 6.11, 6.12 and 6.13, show the
variation of.;;g,';;g and uve. The first is the transport of ué by u
'and appears in the diffusion term of the u@ transport equation. The
second, ;;g, is the transpdrt of vo by v and occurs in the
diffusion term of the V6 transport equation. Finally, uve is the
transport of vo6 by u or ud by v and appears in both transport equations.
From a]]Athe above considerations of the behaviour of the
-’therma1 field in the symmetric wake flow, it is obvious that there are
essential differences between temperature and mdmentum or kinetic
energy transport. For example, near the central line, ;g;.is positive
- meaning that temperature fluctuations are transported towards positive
v, i.e. upwards, while kinetic energy and shear stress are traﬁsported
inwards towards the_centref1ine from both directions. But this
difference is mainly the result of another basic difference, in the
boundaky conditions; Rejno]ds' ané]ogy>app1ies‘oh1y if the velocity and

temperature boundary conditions are equivalent.

6.3 Asymmetric Wake

' In tHe first two figures, Fig. 6.14 and 6.i5, the mean
temperétures with respect to the free stream value are plotted for the
" heating conditions: UBLH and LBLH. The max va]ue'is higher in the

case of LBLH since the boundary layer is thinner and the heat input is
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the same in both situations. They both exhibit the -same trend as in
- the symmetric case, except that the 3T/3y in the latter case is rather
higher than in the asymmetric.UBLH and LBLH cases. ’ '
| ‘Also simi]aryﬁo the symmetric case is the behaviour of E;; see
Figs. 6.16 to 6.18, across the wake for x = 25, 100 and 400 mm.
It is useful to check any effects of buoyancy in the present
experimental investigation. From Figs. 6.19 to 6.22, where the V@
-2 0

distribution is presented, we see that ve/ /U' = 0.35 x 10

C
max’ e . i ét

x = 100. The flux Richardson number, which characterises the ratio of

buoyant production to the stress production of turbulent kinetic energy,

is:-

R =9 _ V6 __g & Vo

f AGW% Ae”ezuﬂi—aﬂa
eUe?_Ue y

- and gives a va}ue of 1.3d X 10_3 for the asymmetric case. 0f the same
_order of magnitude is the Re in the symmetric case: thus buoyant
-broduction is negligible. . '
| In Figs.~6.23 to 6.26, the ud profiles. are presented. At
Xx=0, c]oﬁe to the wall there is sﬁdden decrease of UE;_quite similar
to that observed in the uv distribution: this could be the effect of
roughness. It is still evident at x = 25. The rest of the profiles
.all have similar trends.
The next figures, Figs. 6.22 to 6.34, display the correlation

coefficients, R

ue and Rve' Generally, the correlation between u and 6

is higher than between v and 6.

- Finally in Figs. 6.35 to 6.49, the quantities v62, uo?, u?e,

'v20 and Uv® appear, with the meaning described in the previous section,

i.e. all are terms of the diffusion in the various transport equations.
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Their trends are similar to those in the symmetric case.

6.4 Further Results and Discussion ‘

‘ From thelpesu1ts previously considered, it is obvious that
tHé ve16city and thermal field do not indicate strong similarities
between them because there is a difference in the mean flow normal
gfadient; aU/ay'and oT/3y. The 5T/3y is shown in Figs. 6.50 and 6.51
for ihe symmetric and ésymmetric Qake. In the same figures, the thermal
- eddy diffusivity, vy = - v8/(3T/3y), is plotted. This demonstrates

simply that when 3T/3y is tending to zero, v, tends to infinity because

6
Vo does not tend to zero at the same point. Generally, any attempt to
" connect locally thé v6 with the mean temperdture gradient’wf1] fail in
restricted regions of flows exhibiting asymmetric boundary conditions
exactly as happens when one attempts to relate the shear stress to the
" local mean velocity gradient. o |

The structural parameter Ve defined as thé 1atera} transport

velocity of ve, i.e.\Vev = v20/v0, and plotted in Fig. 6.52, indicates

a higher transport ve1otity, v for the asymmetric wake and always

ve’
positive around the centre-]ine;ﬁi.e. towards the higher temperature.
The transport velocity of 6%, Vo= ;g;/g;, (Fig. 6.53),

indicates thg same trend with Vve_for the region near the centre-line

where the asymmetri; reaches a value twice thét of symmetric value.

But for high negative y it is negative, i.e. 62 1is transport

towards the “co]d" zone with roughly the same values for symmetric and

asymmetric, The g; balance of the various terms involved in the g;

trahspbrt equations are plotted 1n‘Figs. 6.54 and 6.55. The transport
equation of 82 is the equafion (G.10) of Appendix G. The production

| term consists »f - Bu (8T/9x) and - 6v (3T/3y), i.e. gz-is produced by

the interaction of the heat flux terms Bu and 6V and the mean temperature
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gkqdiehts, aT/ax‘and 3T/3y, respectively. However, in the present case,
the Tongitudina{.varfation of T is very weak compared with the normal
one and, consequently, { Bv (3T/dy) is the term dbminating the
production. Similar argument can be app]ieq to the diffusion terms:
3353}ax << 33537ay. | ' |

~ The mo]ecu]ér dissipation or diffusion is also completely
neglected since it is two orders of maghitude less than the other terms.
In the graphs, all termé have been non-dimensionalised by /U, (ATéax)

at x = 0. The thermal dissipation or destruction €, is obtained by

6
dif}erence. The production near the edges of the internal thermal
layer is very small but it increases towards the cenfre—]ine where it
reaches its maximum value. There, fhe diffusion is negligible and the
advection is rather small and thus the equilibrium hypothesis can be
held with small error, smaller than anywhere else. The advection is
always a loss near the edges of the layer being quite large near the
Tower edge. There is a small gain by advection near the centre-line.
' The diffusion near the edges behaves 1ike an isolated shear layer, i.e.
: exhibits a small gain. For y > 0 this gain is increased with decreasing
y but at y = 0, a Toss by diffusion starts to be important.

Very similar behaviour characterises the asymmetric wake 62
balance.

The turbulent Prandt] number, Prt, defiﬁed as the ratio
' uv 3T/3y/v6 3U/dy of momentum diffusivity to thermal diffusivity, has
been eva]uatgd for the outer bart of the wake only where it has a value
of approximately 0.8. Any attempt to eVa]uéte it ih the inner wake is
' fruitless since the-quantities invo]véd are zero at different points and,
thus, Prt Jumps from zero to fnfinity a few timeé,vand in between the

uncerta{nty is unavoidably large.
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7. FURTHER RESULTS AND DISCUSSION

In Section 1.1, it was mentioned that the aim of the present
: experimental invesfigation Qés.to gain more information about the way
“the two boundary layers interact after merging to form the near wake.
In the last three chapters, most of the results which have been
obtained from the present work have been presented and some interesting
phenomena have been revealed. In this chapter,‘some more derived

reéu]ts will be presented and discussed.

7.1 The Inner Wake Behaviour

As mentioned earlier, the results suggést that the wake flow
can be divided into the inner wake region and two outer regions (or
outer layers), one on either side (Fig. 4.00). In the outer part of
the symmetric wake, little change occurs.  The mean U ve]ocity at
givén y is independent of x in the region x < 400; strictly dU/3x on a
g1ven streamline retains the small value it had in the boundary layer
upstream. In the asymmetric wake, V is asymmetr1c so it may be
necessary to examine U (strict1y total pressure P) on a given Stream-
line rather than at given y. .

Similar behaviour characterizes the &onvéntiona] mean turbulent -
quantities. In the outer part of the asymmetric wake, some changes
start to happen at x = 400 mm especially in the lower side since there
is a net transport of kinetic energy and shear stress from the upper
_f]uid towards the lower tending to "smooth" the asymmetry between the
two layers. i

For x < 400 mm, the inner wake is the region of the flow
“which is ma1n1y affected by the 1nteract1on of the two boundary layers.
The mean edges of this region bbtained from various definitions based

on perturbations of the mean velocity, shear stress and intermittency
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coefficient prpfi]es acfoss the wake compare wef] with the hypothesis
of Bradshaw et al (1967) that any small perturbation near the wall is
confined in a region bounded by the outgoing characteristic of their
hyperbolic model. .

At the edges of the inner wake the turbulent kinetic energy
and shear stress reached high values.- Generally, as has been shown
earlier (Sections 4.2 and 5.2), there is a transport of turbulent
kinetic energy and shear stress towards the centre-line, whi]e'in the
outer part of the wake, the opposite phenomenon takes place. If a

transport velocity of kinetic energy, V_ = (u?v + v3)/(u? + v?),

q
is defined, it has higher negative values in the upper side indicating
direction towards the centre-line (see Fig. 7.1) and a positive value
for the lower ]ayer.

| The shear stress transport velocity, similarly defined as

VT - uvzlﬁv? plotted in Fig. 7.2, shows the same trend: inwards
transpért of shear stress.. The ;;; does not changé sign where uv does.
Thus, at these points, VT reaches indefinite values. It is worth

noting that VT is almost evérywhere higher thaq Vq;

7.2 - Turbulent Kinetic Energy Balance

The various term§ in the transport equafidn for the turbulent
kinetic ene}gy, which is described in Appendix G, were estimated as
follows. The advection term requires previous knowledge of V. V has
been evaluated from the continuity équatipn as described in Appendix
H. Since in the present work no quantities involving the component w

. have been measured, the approximate relations w? = %-(u2 + v2) has

been assumed, so that:-

|

= %-(u? + vZ)

N

7
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A similar assumption was used in calculating the normal

diffusion term:-

%-qzv = %-5y-(u2v + v?)

2
3y

while the longitudinal g%-%-qzu found -to be much less than the norma1'
and was, therefore, neglected. The diffusion by the pressure fluctuation
term is also neglected since it is Very difficult to measure and it is
1ike1y to be smaltl. | |

The normal-stress production term, - (;;-~ ;;)-%% has also

been found to be very small in comparison with the - EV-QQ term and,

3y
thus, has been neglected. Similarly for the - u %% term.

: If is worth mentioning that, in determining these derivatives
graphically, approxfméte'smooth curves have to be drawn through
scattered data boints especially in the ;S-curves. Where any larger-
than-usual uncértainty in the.s1ope determination appears, it is
mentfoned in the discussion below.

| The energy balance terms should be symmefric about the
centre-line. As the symmetry or aﬁtisymmetry of the turbulence factors
SUCh as uv or a;; has been. demonstrated above, the energy balance has
not beeh exp]icit]y evaluated for y < 0,

The dissipation term obtained by difference will include
érrors-or out-of-balance quantities together with the pressure -
diffusion term. .

Figs. 7.3 and.7.4 show the energy balance for the symmetric
~and asymmetric wake at x = 100 mm. Al1 the terms have been non-

dimensionalized by S/Ué where § is the ubper boundary layer thickness

_at the trai]ing.edge.
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The production in the outer part df the wake is small since
both uv and aU/3y are small. There is also there a small gain by
; diffusion and a-]oés by'advéttfon. These are éxpected to be almost
“exactly the same as in the outer layer of a boundary layer.

‘Then at points close to the centre-line, the production

increases as well as the dissibation, which, more or less, follows

~ the dissipation of a‘boundary layer in equilibrium (diffusion and
adVection negligibly small). | |

Let us now concentrate on_the symmetric wake. The production
still increases ét'positions close to the centre-line, up to a |
maximum value at about y = 7 mm and then decreasés to zero with the
shear stress and velocity gradient. Indeed, aty = 0, since - EV'%g

2 y2) aU

gi-must be reconsidered.

(uv aV/9x = 0). Its contribution is small but enough to say that there

is zero, the production term, - (u

s everywhere positive production even on the centre-line.

In a boundary layer, the production increases rabid]y very
é]ose to the)wa11 but it is expected to be zero on the wall. From
this'pbint of view, therevis a similarity between the boundary layer
and a wake with the differeqce that in the latter, the region where
the production drops is much- thicker than the Viscdus sublayer.

At further downs tream posftion, the production is expected -
to bé less since - uv drops with X and so does dU/3y, as can be seen. ~
in Fig. 7.5 (which is a sensitive demonstration that outer-layer

‘conditions do not change).

~ The advection term is very smé11_ih the outer part of the

~ -wake. Since no_large changes in the streamwise and normal directions

) ' 2 ‘ 2
.occurred, U 2 éf is small and positive and V 27%%— is smaller but

negative in a way such-that the overall advection is positive, i.e. loss of

: 2
energy from a given control volume. At y/6 =~ 0.6, U 37%§~ becomes
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small and then negative and thus a gain of energy appears, continuing

at smaller y down to about the point where the maximum kinetic energy

js reached. After that point 3 1g?/9y changes sign and so the overall

gain'by advection decreases up to the centre-line where 3 1q%/dy is

zevo but 3 1q?/3x is not. Thus, on the centre-line, the advection is
not zero but small anyway while at the edges of the inner wake, it
'bgcomes very high.

' ' The diffusion term in the outer part of ihe wake behaves more
or less like thaf in the boundary layer. At the outer edge, the
measurements show that advection = é%—%-a;; and production = 0. The
dissipation, therefore, is negligible and so is the diffusion by pressuré
f]uctuation;, 4

At the point where the advection changes sign, so does the
diffusion. Then there is a further loss for smaller y followed by a
change of sign and finally reaching a high value on the centre-line.
There are a few points where the graphical determination of the
) derivative was vague. The uncértainties are mentioned indthe plot of
diffusion and reflect gimi1ar uncertainties in the corresponding points
of dissipation. ' _

As has bgen bointed out by Bradshaw (1966), the diffusion

terms should integrate to zero throughout the sheér layer (provided,

of course,.that the longitudinal diffusion is zero or negligibly

small so that pnly 53-55V'+ %-a;;.remains). In the present case, this
condition is near]y'satisfied. | |

The dissipation has been evaluated by difference. It
indicates 1os§ of energy with maximum value near the centre-line. It
is iﬁteresting to note that production is equal to dissipation outside

the inner wake and not near the edge of the outer layer; this is as

expected in an unperturbed boundary Tayer.
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Geneea]]y, the outer part of the wake'behaves like the outer
part of a boundary layer, at zero pressure gradient. The inner. wake
obviously differs from the inner layer of a boundary layer, although
there are no measurements very close to the waf] for a complete
comparison: adveceion and diffusion have significantly high valués in
the inner wake implying that dﬁssipation is not equal to the production.
Another difference is that on the centre-line the dissipation is
counter-balanced by diffusion mainly, i.e. in general, the inner wake
has high product{on at its edges, low production near the eentre-]ine.

At stations further downstream, it is expected that all terms
will fa1] to lower values. In the asymmetr{c wake, there are obvious&y
differences originating in the asymmetry between the two boundary 1eyers
at the trailing edge. |

| The production in the outer bart on the rough side looks more
or iess ]ike the symmetric wake. It increases towards the centre-]fne
and then decreases because-both - GV:and oU/ay decfease and at y = 4.3
mm, it changes sign Which is retained up to y = 2.3 mm where a positive
production starts again. In th%s region 3U/3y and-EV'go{ﬁo zero at
'differenty, and.sinee anyﬁay UV'gyiis small foe bet%er accuracy all

oy
production terms have been taken into account:-

2 _ g2y AU — [3U _ oV

(u v?) s T UV (ay + 5;]

The first ferm has values always positive there and thus the negétive
production becomes stronger whi]e-BV/éx is positive and GV'%¥ is

' qegative, so it implies a positive production which reduces the effect
of the negative production of the other terms but not drastically. Thus

. there is a negative production in this region meaning that a reversal of

kinetic energy from the turbulent to the mean motion happens. This

—-
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feature is rather common to 511 asymmetric flows and it is quite
similar to the negative production of temperature fluctuation mentioned
in Chapter 6. | |
- Outside this region, the production rises sharply and reaches .
a max%mum value at y = - 5 mm on the "smooth" sfde since there uv
reaches a maximum as 3U/dy does (see Fig. 7.6). The peak in 3U/3y on
‘the "smooth" side (y < 0) is much bigger than the peak on the rough,
whi]e at the trailing edge it Was quite the opposite. At x = 25 mm,
it is expected tﬁat the two peaks will be nearly equal since'ﬁVﬁax
are roughly equal and 3U/3y of the same order, and then at’x = 100 mm, -
the high peak is found on the."smooth" side. After the peak, the
production dhops‘towards the lower layer edge but with values greater
than the symmetric ones.
| Advection is also small in the outer part of the asymmetric
wake. At the upper edge of the inner layer, it hés a maximum value
and then reduces continuously, passing through zefo at abqut y = 3 mm
. where gﬁ%gi = 0 and §7%§i = 0 end then there is a loss of energy by
advection at the samevregion where a big_surplus of production exists,
ﬁain]y because the normal component V Qj%gi is high. If the wake was
symmetric, a 1arge;gaie by advection ought to occur. This is the
major difference from the éymmetric wake and it gees on almost up to
the Tower Qake edge. |
‘The diffusion behaves more or less as in the symmetric case:
hiéh losses on the edges of the inner wake, assoeiated with the
maximum kinetie energy there, and a maximum gain near the point of
minimum kinetic energy. |
The energy dissfpation e behaves as expected. It reaches a

maximum value near the centre-line and then drops steeply towards the

lower wake edge and smoothly towards the upper edges. It is very hard
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tb find any region where dissipation is equal to the production and,

consequently, the dissipation length scale:-

~is not equal to the mixing 1ength-2 = (- EV)%/BU/By. Plots of L/§
vefsusly/a using values of € which are found here are in Fig. 7.7.
More or less, the L/§ remains the same in the outer part for the
symmetric and the asymmetric wake. |

In the inner wake, thefe is an obvious difference due to the' -
fact that the shear stresses do not go to zero at the same point fbr
both the symmetric and asymmetric. The phenomenological agreement of the
symmetric case, L, with von Karman's expression for mixing length
% = ky is rather mis]eadiﬁg; production is not equal to dissipaéion.
It may be due to the erratic behaviour of (37)3/2; L iﬁﬂmeaningless
for uv = 0. Indeed, very close to the centre-line, uv varies as y and

3/2 which is clearly not a

~ dissipation is roughly constant so L ~ y
linear variation of Y.

S%nce the "dissipation“»term (found by difference from the
other terms) for bofh cases,’symmetric and asymmetric varies smoothly
whi]elthe diffusion by velocity fluctuations (triple-products) does
not, the "dissipation" term is probably true dissipation without any

rapid]y-varying pressure diffusion 1inked to fapid]y-varying q2v.

7.3 . Shear Stress Balance

The shear'stres§~transport equation is given in Appendix G.

The mean transport term:-



343

{u 5373 v a—ay-] (- W)

was calculated similarly to that for the turbulent kinetic energy
balance. As generation, the contribution of two terms have been taken

into account:-

" The turbulent transport of press@re fluctuation terms have been

neglected since they should be very sma11'compared to the turbu]ent

transport terms which are both the Tlongitudinal and normai:-

_ 3 ulv _ 3 uv?
L 9X ay

The viscous terms, which represent the destruction of shear stress by

viscous forces, v (uv2v + vv2u) have also been neglected since they
are very small in high Reynolds number flows except in the viscous
sublayer region. At the present case, it is be]ieved'that viscous
sublayer effects\have died out by x = 100 mm. Finally, the pressure-

rate of strain term:-

-~ |ou oV

has been obtained by difference. Thus, it may include two kinds of

errors: firstly, the errors due to the presence of neglected terms

and, secondly, errors caused by the graphical differentiatibn of the
various terms affected by direct measurement errors.

Typical shear stress balances for symmetric and asymmetric
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wake are showﬁ in Figs. 7.8 and 7.9. Al1 terms have been non-
"~ dimensionalized by 6/Ué where S is the upper boundary layer thickness
at the trailing edge. All tﬁe terms are antisymmetric with respect

to the centre-line in the symmetric wake and, consequently, the balance
in the lower wake has not been drawn. In the asymmetric wake, there is
also an antisymmetric behaviour in shapé only.

Shear stress generation takes place by interaction of v® and

u? and the mean ve]ocity_gradients oU/3y and 3V/5x. However, in the

present case, the longitudinal variation of V is very small and the

hroduction by u? %% is much smaller than the v2 %g-except for the
régfohs where the latter goes to zero. Similarly, the longitudinal
turbulence transport is smaller than tﬁe normal extept iﬁ the outer
part of the Tayer where both are of the same order of magnitude.

In the symmetric waké, generatidn peaks near the edges of
-thevinner wake where both‘;; and 3U/3y reach maximum values. Further
inwards, there is a high gain by mean transport. There, tﬁe surplus of
shear stress is removed by turbulent trahsport'or it is redistributed
by pfeésure'f1uctuations.

The production in the outer part is very small. In this region,
there is a gain by turbuient’transport and 1055 by advection. At about
y =30 mm, these terms changé sign and increase in magnitude towards
the centre-line where all terms afe decreased to cross the centre-line-
with zero value and change their sign.. | |

Generally, mean and turbulent transport are decreased uniformly
as a]éo happens to the generation an&»pregsure-raté of strain terms.
. 'A11 the terms have significant'va]uesvinside the inner wake, but
~generation and pressure-rate-of-strain dominate throughout the

flow except in the outer part.‘

In the asymmetric wake, the generation term has two peaks near
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the edges with. opposite peaks in the pressure-rate of strain term.
A1l terms have generally higher peaks in the lower part of the inner
wake since there the generation is high.

In the outer part, the behaviour of all terms is as it is
expected with one exception, the turbulent transport in the Tower part

(smooth side), where it dies out very soon.

7.4 "The Use of Heat for Conditional Sampling

The use of heat as a tracer makes the discriminatfon'befween
fluids from either sidé of a turbulent - non-turbulent interface much
éasier.. The temperature traces in the outer paft of the wake aé'they
have béen presehted previously in Fig. 3.1a are a good example.

There, the "cold" level is constant. Any'conductivity effects are

small and the only cause of any ambiguity or uncertainty is the presence
of some small fﬁee stream temperature fluctuations. But the appearénce
of these was very rare and ‘anyway, their amplitude was believed to be
less than the level threshold:.

In the "interna}" interface, the use of heat for discriminating
_ the two turbulent flows seems to have greater diff%cu]ties. Buf, in
any case, it is quite un]ike]y that the use of any quantity from the
ve]ocify field as the basis for conditional sampling will have less
~problems and will be easier. The classification of "hot", "cold" or
"warm" fluid seems to be closer to the reality than a simply "hot" or
"cold" discrimination. The reason for that is the fine.scale mixing,
which is rather intensive around the centre-line. |

. The present intermjftency criteria finds only the newly-
entrained "cold" fluid. But it ig believed that a large "cold" eddy
which.is travelling ffdm the trailing edge to a certain point at

distance x is subjected to fine scale activities around its boundaries
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for a time which is much longer than the travelling time, and thus
finally it is not detected as a fully “war'm'.I eddy, i.e. as "hot",

but there is still a portion of the‘origﬁna1 "cold" eddy. Cases like
this.qre expected to be more frequent in the furthest downstream
Station at x = 400 mi. |

_ A further difficulty arises from the fact that the "hot"
f]u{d {s not uniform1y heated aﬁd thus the plateau which is frequently
met on a "hot" bqrst‘does not exist. If the free stream on the "hot"

_ side was heated as well but remains irrotational, then we would have

a case of uniformly hedted flow. "However, the presént method can cope
with fhat problem since the "cold" fluid is detected correctly and then
the heat is changed over to fhe other layer and, therefore, the truly
"hot" fluid can be determined.

Some minor problems are created 3n the "cold" fluid as well,
which is mainly due, unavoidably, to heat from thé heated boundary
layer "leaking" through the plate and causing some'temperature
: f]ucéuations on the "cold" f]ufd: this can be easily treated by
increasing the level threshold when appropriate (if their amplitude
{s not less than the threshold). .

It should be noted” that in the present ana]ysis, the co-
incidence bf temperature aﬁd velocity interfaces, a problem which has
been raised earlier in the introduction, doés not really matter to

the discrimination technique.

7.5, Bursting Phenomena

Previous studies of the turbulent boundary layer structure
near the wall in the zone>y+ < 100, show that essentially all turbulence
production occurs during intermittent "bursting” periods; see, for

example, Kim, Kline and Reynolds (1971). Wallace et al (1972) found
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that the positjve-stresé-(f uv)-producing motions (u < 0, v > 0 and
u>0, v <0) have larger time 3cales than the negative-stress- (uv)-
producing motions. Moreover, Lu and Willmarth (1973) found that, on
average, bursts (v > 0) account for 77% of'EV, wh%]e sWeeps (v < 0)
provide 55%, with the excess percentage balanced ﬁo other small negative -
contributions. ‘
| The sweeps bring inwards fluid from the outer part while

bursts carry fluid to Targer y. Various attempts have been made to
explain the bursting process in turbulent boundary layers. But since
reliable measurements are very difficult to acquire. and visualization
technfques are sometimes misleading, these attempts are mainly
specu]étions. | _ |

In the present experiment, the {hner wake can be considered
as the.cdntfnuation of the two inner layers of the two boundary layers
aftér the wall "disappears" at x = 0. Turbulence production does not
cease to take place in the wake and thus the existence 6f any sort of
bursting phenomenon in the wake is not a surprise. Indeed, the

conditional averages (unfactored by v) - confirmed this.

Apparently, "ho%“/"co1d"'contributions aré, in general, the

result of strong eruptions across the centre-]%ne as is clearly shown

— —

by the'triple—products, u?v, v¥, uv?. If top-side fluid, regardless of

~ being "hot" or "cold", crosses the centre-line it creates "sweeps" on the
Tower side and similarly bottbm fluid crossing the centre-line causes
"bursts” on the upper side. Consequently, the bursts or "sweeps" of
the "warm" or mixed fluid which constitute thg centre-l%ne region,
. seem to be pushed by the host Tayer "sweeps" or "bursts" respectively.

| Generally, the "bu}sts" or "sweeps" 6f "cold" fluid bring
inwards turbulent kinetic energy while the "warm" "bursts" or "sweeﬁs"

carry kinetic energy. outwards except for a small region very close to
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the centre-line where there is transfer outwards. Discussions of the
transport of kinetic energy and shear stress will be continued in

Section 7.6.

7.6 ~ Zone Turbulent Characteristics and Parameters

“As was mentioned earlier in Section 3.2, the averages of the
"cold" fluid are easier to interpret since "hot" fluid includes the
"warm" as well. In this seétion, some characteristics of the "cold"
and "warm" zone will be discussed. A correlation coefficient can be
defined ‘as UV;]/G% JC% or EV;YVﬁE /CE. These have been plotted in
Fig. 7.10. |
" The "cold" fluid seems fo'have a correlation coefficient
similar to a shear layer onevwhfch means i% has not been affected by
the interaction of the two boundary layers. The "warm" fluid behaves
exactly as the conventional Ruv? i.e. it can be treated as an isolated
layer. | ‘
In Fig. 7.11; the structura] parametera1 = EVY(;;.+ ;;5 is
plotted. The coincidence of.both symmetric and asymmetric "cold"
~ fluid values indicates the universality of al, which is more or less
’ éonstant. ' | |
In Fig/ 7.12, thé transport velocity of turbulent kinetic
energy is piotted for the "cold" and "warm" fluid. As it is shown, the
"warm" transport velocity is much smaller than the "cold", as was
expected, sinée "cold" fluid is mainly occupied by large eddies and
"warm" fluid by small scale eddies. Afouhd the céntre-11ne qu is
_ negligible for bofh symmetric and asymmetric cases. |
Another useful point is that transpoft velocity of the Tower

fluid is more or less the same for the symmetric and asymmetric cases.

"Similar behaviour charapterﬁzes the shear stress transport velocity
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VT = yv2/uv plotted in Fig. 7.13. For the lower fluid, i.e. the "cold"
fluid when the upper boundary layer is heated, VT is not affected by
the upper f]uid‘regafd]ess of the latter being smooth or rough. It is
a]so.clear that VT reaches an asymptotic value, before it disappears to
hh inaefinite va]ue-%, for both cases: 0.075 for UBLH and 0.15 for
LBLH. - | '

| : As far as the "warm" fluid VTw is concerned, as was expected,
thére are no differences betWeén the symmetric and asymmetric cases,
except near the boints where ﬁV; goes to zero and, therefore, VT tends

to infinity as is shown in Fig. 7.14.

7.7 Considerations on a Possible Calculation Method

In any attempt to predict the near wake flow, two phenomena

must be represented:-

(a) The effect of interaction on large sca]é structures.

(b) Fine-grained mixing.

As was seén previously, the structural parameters of the large
scale motion (1.e..“coid" average ones) do not change significantly
indicating that Ehe effectvof the interaction on fhe large eddies is
rather weak. |

As for tHe fine-grained mixing (i.e. the small scale eddies),
it is 1ikely that these small eddies are more closely related to fhe
local mean ve}ocity gradient than the large eddies are. Indeed, a
ll'\f{/arr’r_l-zone" eddy viscosity defined as. v, =" UV;/(BU/By) might express
the small scale motion vefy satisfactorily. In Fig. 7.15, the "warm"
eddy viscosity for the symmetric and asymmetric (i.e. "warm-zone")

is plotted. Theke is a constant value of Vo around the centre-line, a

w
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fact which supports the above argument.

Some more eddy viscosities are plotted in Fig. 7.16 for x =
25 and 400 mm together with those at x = 100 mm for comparison.

The "warm" region eddy viscosity of the asymmetric wake
-might‘suffer from the same trauma which a conventional eddy viscosity
suffers: EV; and 3U/9y do not go to zero at the same point. However,
‘the present results indicate, within the accuracy of UV;'determination,
that tnese two points rather coincide. Since the small-scale (i.e.

"warm") motion eVident]y scales quite well on 3U/dy without explicit
effect of the large eddies, and since no large changes of turbulent
structure occur in the 1érge eddy motion (i.e. in the "cold" and truly
"hot" region), the corresponding two Reynolds stress fields together
with the fine scale motion of the "warm" zone could all be superimposed
to predict A wake flow. Superposition of two weakly interacting shear
layers in a duct has been successful]y applied by Bradshaw et al (1973).
In the present case, with the coneept of three independent zones a]ready
~ well established, a calculation attempt can proceed as foilows.

For the "upper" and the "lower" fluid, two independent shear
stress transport equations can be employed. The "mixed"_flnid shear
stress can be deriyed from the eddy viscosity formu]a,.i.e. from the
mean velocity gn?dient. Any 1nteraction between'the three layers is
supposed to take place only through the mean velocity profile. If the
above ideas are applied to Bradshaw et al's (1967) calculation method

as it has been revised by Bradshaw and Unsworth (1974), the proposed

equations for solving are:-
Continuity

au , oV |
Wad-0 o - (7.6.1)
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T;THA+ TC+Tw

Shear stress transport equation of the purely "hot" zone
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3 s { TH{  THau _

»Sheaf stress transport equation of the "cold" zone

T T
9 3 C|_"CaU
Ps:*vwﬂm%yﬁyw

Shear stress of the "warm" region

d

3y

- ElY
Tw = PV 5y

(7

(7.

(7.

(7

(7

The dissipation length scale L is given from the transport equation:-

5 .y Loy U

3

B_Y.

(Lv)+f.

VL has the dimensions of ve]ocity'and may be specified by a gradient

diffusion assumption or algebraic equations. f, C are dimensionless

.6.2)

6.3)

6.4.)

.6.5)

[6.6)
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functions.

The rest of the constants are by definition:-

a, = _ LI with g2 being the kinetic energy
p . q?
) A fr 1
= [PV, ey Tl [ZMAX]
G—Lp+2qV]/[p][p'
y3/2 ,
L = %J % e: energy dissipation rate
| .

where T = TH or T, as appropriate.
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8, CONCLUDING REMARKS

In this chapter,:the main points of the results of the
present investigation will be recapitulated.

The near-wake is the flow resulting from two boundary layers
which meet with their high-turbuience, 1Qw;ve1ocity sides opposing
each other and mix very rapidly after the trailing edge to compose the
inner wake region, with majnly small éca]e eddies inside since these
eddies were the former occupants of the inner layers and Viscous sub-
layers of the boundary layers. This is a complete contrast to the large—
eddy weak interaction in a duct. As a result, the intermittenty on the
centre-line bf the symmetric wake, defined as the pércentage of time
the fluid is "hot", is not 0.5 as is expected from,smeetry considerations
but 0.10 only is “hot”, 0.10 is "cold" and 0.8, "warm". This does not
providé direct evidence against superposition of large eddies since
only an intermittency algorithm which is able to resolve fine scale
interm%ttenéy can give the right answer to that.

It has been éhown that the interaction between the two
boundary layers is confined inside the inner wake, the width of which
at various x positions seems to obey some simpTe laws while in the
6uter parts of thg,wake, the changes which take place are very weak.

"Hot" or "cold" contributions seem to be the result of strong
eruptions aéross the centre-line which transport kinetic energy and
shear stress towards the centré—]ine.

Turbulent kinetic energy production is very high at the edges '
of the inner-wake, where advection and diffusion have also high values,
~ but production and advection go to zero at the centre-line.

Very simi]ar is the shear stress genération and mean
transpbrt, the turbulent transport on the centre;1ine being zero while

~ the kinetic energy djfﬁuéidn is not.
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Similar behaviour again characterizes the temperature-
fluctuation préduction and‘dissipation, with advection and diffgsion of
g; being quite different. |

The zone structural parameters indicated that "cold" or "hot"
zones do not affect each other arnd that any communication between them
seems to be through the mean velocity profile only. The eddy viscosity
concept was found to work well for the fine scale structure of the
"warm" region. o

Finally, a calculation method is proposed based on physical
arguments previously mentioned.

It is hoped that the data which have been accumulated and the
results that have been presented hére, together with the various
interpretations and discussions of the phenomena appearing in the
present investigations, have given more information about the highly

intéracting complex turbulent flow in the near wake of an aerofoil.
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APPENDIX A

HOT WIRE CALIBRATIONS

1. Velocity Calibration

A hot wire, oberating at constant temperature mode, usually

obeys the King's law:-
Nu = A + B~ Re"

where: -

" to good accuracy over the 2 : 1 velocity range covered by the present
measurements.
Since. the heat transfer rate is proportional to the electric

vpdwer input to the wire, we finally gbtain:-

E2 = Eo2 + BY"

1

A value of n = 0.45, adequate for U less than 50 ms ', was used.

2. Yaw Calibration

When a hot wire is at an angle ¥ to the flow and assuming the
validity of the "cosine Taw" to a first approximation, the effective

- ¢co0ling velocity will be:-

Ueff = U cos ¢
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In fact the cosine law is not an adequate -approximation as

- . shown by Champagne et al {1967) and Friehe et al (1968), who pointed
6ut that the coo]ingrof the wffe.by the Ve]ocity component para11e1 to
the wire is significant. Also, it is rather difficult to measure wire
éng1es to good accuracy.

In the following method, as described by Bradshaw (1971),
these problems are solved by determining an "effective" angle of the
_wire; not necessarily coinciding with the geometrica] angle.

If wl and wz are the effectjve angles of wires 1 and 2

respectively and § is the yaw angle, then:-

— —N
‘F2 - g2 -
E1 E01 + B1. U cos (¢14-6){
— Tn
2 _ 2
. E2 E02.+ 82 U cos (¢24-6)

| AssUming that Eb1 and E02 do not change with §, for § = 0 we obtain:-

E2 E2 +B |[Ucos vy
1 01 1 1

é ='0 ) — -

=E2 +8 |U cos 7/
02 2 2
§=0 - N

m
|

and so:-

=

"~ cos (p + 8) - E? - E?
1 - 1 01
cos ¥, £z _E2
1 01

6=0.
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and: -
1
| 2 h 2 n
- E2 - F
cos (?2 8) i , o _
VCOS l])z E2 - E2 ‘ . \
- 2 02
§=0 .
or, finally:-
1
n
E2 - E2 )
cos § - 1 10 = tan Py sin 8
. E2 - E2 1
1 10
§=0
1
n
E2 - E?
cos § - 2 20 = tan Y sin §
E2 - E2 2
2 20
6=0

Thus, knowing Eil and Eiz from the velocity calibration and plotting
the Teft hand side of the last equations against sin &§, for various
small values of the angle &8, gives usually é straight 1ine through the
origin with slope tan'w1 or_tén wz. Typical examples of ve]ocify and
yaw ca]ibraffons are shown in Figs. A1 and A2. A1l the constants have
been défived by a least-square fitting to a straight line.

Useful comments on the limitations and errors of the above

technique are given by Castro (1973).
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APPENDIX B

TEMPERATURE. FLUCTUATIONS

The circuit used is shown in Fig. B.la. The probe current is
I = Ei7(R + Rw), but since Rw << R, I = Ei/R is independent of Rw'
(Typical values of Rw are between 50 and 90.n-for 1 um wire of 0.8 -
1 mm length). |

The voltage across the "cold" wire operating in constant

current mode is:-

and so any variation in Rw will cause a small variation in E:-
AE_= IvARw

If the variations in E are dué_to variations of the temperature of the

wire only, then:-
ARw = - aRW AT
where o is the temperature resistivity of the platinum wire. So:-
AE = - 1 aRw AT
“For-small AT:-

e=-1 aRw ¢
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or:-

The determination of the constant 8 can be done either by the
calculation 8 =1 uRw or by measuring the voltage decrease AE due to a
temperature increase AT. Durind the present investigation, both methods

gave good agreement.

The Problem of Velocity Fluctuation

Corrsin (1949) first expressed the relation:-

_3E

AE = &=

oF
~ where OE/9T and 3E/3U are the temperature and the velocity sensitivities
of the wire.
If SE/OT AT >> 3E/3U AU, then the velocity fluctuations do
not contribute to the AE. In fact here for typical values Rw = 60 -

I = 1.6 mA and 9R/3U = 0.0005.a-/(m/s), see Fig. B.1b.

3R

%5 = 1.z = 0.0008 mv/m/sec
EzalR, = 0.374 mv/°C
SO:-

8T _ 3E AE

_ _ -3 0
50 = 50/ 5T = 2-13 x 107 “C/m/s
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and for typical AU = /Gaax = 2.3 m/sec
AT = /B2 = 0.45 °C

éhe error is 1%.

In the asymmetric wakg, the turbulence intensity increased by
a factor of /_—77—__ V2 = 1.4 and, hence, the wire current was
reduced to v 1 mA. a]though some runs with I = 1.6 mA gave closely the
. same results. |
Another estimate of the'relative sensitivity can be obtained

by using Wyngaard's (1971) formula:-

T2 R, (0.25 Re"") o
c = e
mke £ T (0.24 + 0.56 Re*°)2 s
where: -
. C is the relative sensitivity oT/3U
Re . is the Reynolds number on wire diameter
I is the wire's length
. | : _ )
k¢ is the thermal conductivity of air (0.025 fL—l%fQ%
. : o m C
Rw is the resistance of wire
U is the mean velocity

The result is about twice the previously measured value and
has still neg]fgib]e effects. The same order of,difference is in
wyngaérd's comparisons between measured and estimated values. He also
pointed out that moments of temperature up to secdnd order are hardly

affected by vé]ocity sensitivity.
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The mean témperature was obtained by directly measuring the
" mean voltage across the wire with a digital voltmeter.

| A11 the "grounds" were connected at the same mains earth to
e]jmihate noise due to ground 1dops. The autotransformers powering the
boundafy layer heating wires were plugged to the mains quite separately
from all the other instruments, since sometimes they produced hum on
the velocity and temperature signals of 50 or 100 Hz. The traverse
geaf sy#tem was also earthed. Shecia] arrangements were made to
eliminate the spikes on the temperature signal caused by the nearby
thyristors in the control cubicle of the tunnel motor. With all these
precautions to minﬁmise.the effect of noise spikes or hum, it was not
necessary to-ﬁiltér the temperature signal after the preamplifier. (A
low pass filter with an equivalent real-time cutoff of 20 kHz was used

to remove noise from the analogue tape recorder signal when digitizing).
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VELOCITY CALIBRATION OF TEMPERATURE WIRE
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APPENDIX C

TEMPERATURE CORRECTIONS OF HOT WIRE SIGNALS

The corrections, due tb changes of the fluid temperature, are
according to Dean and Bradshaw (1976). By using the Nusselt number
definition and demanding it not to vary with the fluid temperature Tf,

they derived:- -

AE _ | l.T_JSLT_
-E 2y~ Tf
where A6 is the temperature change in the fluid and AE, the "error"

voltage.

This expression is equivalent to Bearman's (1971) correction:-

where R is the overheat ratio and o is the temperature resistivity of
the wire. |
For Tw - Tf‘= ATVz 2309C (overheat ratio 1.8) and approximating

E by its mean value E, we obtain:-

T. - T
e e ref ¢
~true meas 2 AT
where Ti is the instantaneous temperature =T + 6 and Tref is usually

the'ca]ibration temperature. The amount of correction is very small
and is incorporated with the main hot wire relation in the data analysis

program D3E.
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* APPENDIX D

L COMPENSATION CIRCUIT

The frequency 1imit of a 1 um wire is fatherllow (v~ 1 kHz). For
frequencies above the cut-off frequency,,if is necessary to compensate the
thermal lag up to the frequencies of intefest, or to the amplifier cut-off‘
frequency. In practice, the‘amp1itudé response falls as ]/[E + (f/fo)flz
an&, consequently, the proposid circuit should provide amplification
proportional to [E + (f/fo)z:I2 for frequencies higher than the wire
"cut-off" (3dB) frequency fo. A typical compensation circuit is shown
in Fig. D.1a. The capacitor 02 of value 470 pf (much less than the
workiné range of’the compensating capacitor Cl) operates as a low pas§
filter, and was set to the upper frequency of interest.

The transfer function is:-

R |1+ JRCuw

- S T .

R 1T+ JRCw
1 2 2

with j = Vf—T

%
&;

_In fact, this circuit acts as a high frequency noise amp]ifier-as well
‘and so causes some limitations on the amount of compensation which can
be addéd.

The time constant depends mainly on the thermal lag (inertia)
] of.thelwire if the end conduction effects can be eliminated by
increasing the 2/d ratio. Smits (1974) pointed out that the time
constant is mainly a fuhction of velocity and‘does not vary significantly
' wifh small changes of the prpbe temperature. Therefore, the compensator
must be set at each operating point because of the veloc¢ity variation
.acrosg the shéar 1ayér; ‘However, Smits estimated that an error of 10%

in the mean ve]ocity~w111 cause an error of only 3% in the sensitivity
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at high frequencies and the error in broad-band temperature fluctuation
measurements will be much less than this. Bearing in mind the last

point, the following proﬁedure was adopted for setting up the proper
compéﬂsatién. The temperature wire was placed in the odter part of the

Wéke or boundary layer where the température signal was expected to be like a
square wave. Then, the capacitor,(l1 was adjusted until the output

signal had as‘sharp rise as pos§ib1e (see Fig. D.1b). With this

technique, the frequéncy résponse went up to about 8 kHz estimated

very roughly from the Calcomp plots.

Special care was taken to avoid any extreﬁe case 1ike over-
compensation or undercompensation. In Fig. D.1b, it is clear what
actually happens in such cases. A correct compensation ensures a
smooth operation of the intermittency subroutine, while an over-
compensated signal upsets it. |

The time constant so adjusted deterioraﬁed with time due
to contamination of the Wire by dust and dirt particles and it was
- possible to observe, even in tﬁe inner wake regions, the absence of
high frequencies on tHe temperature signal. Therefore, a re-adjustment
of the time constant bx the above brocedure was necessary. However,
when the time constant of thé wire became unacceptably high (excessive
compensatibn required and thus noise introduced), the wire was cleaned

by imﬁersing it in a bath of methanol.
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APPENDIX E

DIGITIZATION TECHNIQUES

Tﬁe three signé]s recorded on the Ampex FR 1300 were played
back at 15 i.p.s. at } of the recording speed and fed into sample and
hold units (one for each channel) as shown in Fig. E1. These sample
values are then held while the multiplexer connects the 10-bit A-to-D
‘conQerter to each unit in turn and then these vé]ues are transmitted to
part of the minicomputer core, which acts as a buffer. While one of
the two buffers is loaded by the A-D converter, the other is unloaded
to the digital tape transport unit. The whole transfer of déta from
and to the core store is controlled by a.pre1oaded minicombuter program.

The total sampling frequency of the system is 20 kHz (6.7 kHz
per channé] for three channels) and by }eduting the playback speed of
fhé aha]ogue tape recorder, we can increase the-effective real-time

samp]ing frequgncy. | |
The data transferred from the mihicompﬁter buffer to the
7digjté1.tape;'which is analysed on the Imperial College CDC EompUter,
are in 12-bit words (10-bits of A-D outpuf and two trailing zeros). The
computer's hardware assembly ten six-bit bytes ihto a 60-bit word. The
data analysis prqgram‘mdst unpack'the 60-bit words into the original
12-bit minicomputer words and recover the 10-bit A-D words. For more
. details, see Weir and Bradshaw (1974). |
The D3E program which performs most of the data analysis is

composed of the following subroutines:-

‘BUFFIN - Reads input data from the digital mag tape.
‘UNPACK Unpacks data into meaﬁingfu] words.

RESOLV Resolves input data into physical data.
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Reads in calibration constants.

Sorts out "hot" and("co]d" points.
Computes convenfioné] and zone averages.
Print averages from TUVS.

Convergence test.

Plots u, v, T signals.
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APPENDIX F

- INTERMITTENCY SUBROUTINE

Instantaneous temperature
Teord * o, _ _
Temperature of last "cold" point

Threshold level or permitted variation within a "cold" burst

~ Slope criterion for rises from "cold"

Slope criterion for falls to "cold"

Temperature at the po1'nt~-J-N]ag

Lag length (number of points)

T '$5) + eu = highest "reasonable" "cold" level

bot
Permitted variation of "cold" level over several records

“(drift)

Minimum temperature over last 5 records

Minimum temperature of current "cold" burst

~ Minimum temperature in last "cold" burst

Minimum temperature in one before last "cold" burst

Intermittency factor

Counters

Typical length of "hot" bursts (number of points)
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NU Longest expected "hot" burst

The values of the thresholds which were mainly used in the present

investigation are:-

) 0.1 %
2

) 0.22 °¢
3y .

_ 0

0,4 0.75 °C

) 0.2 °¢

| They were based on constant VARIACS settinds; i.e. the same current
' input at the same mains voltage. The small variations of the
value of level criterion from profile to profile may be caused by a

variation of the mains voltage.
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from “level then slope” of temperature T.
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f
|
Hot - - N1z N1+
N2z0

Detculs of how thresholds may be set in 'hot and cold' '

bursts in LAGTHR.
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APPENDIX G
TRANSPORT EQUATIONS

The mean momentum transport equation for a viscous incompressible
turbulent fluid written in Cartesian-tensor notation is as follows

(Townsend (1976)):-

U, - = B 1 . T
U, = - L3P, 9 [v LI uku.] (6.1)
| Ty

=0 | | (6.2)

The exact transport equation for any turbulent stress, again in tensor

notation, can be expressed‘by:Q,

D (+ uiuj) U, an
ot =7 Y% 5?1 + ujuk'ﬁi— Production term
e k. k _ . '
op~u dp u,
- (u u.u ) - 1 LI J Turbulent diffusion term
axk iJk p axj axi
+D° Egi Egil ' . - Pressure-rate of strain
P +
axj Bx,l term
azuj azui ‘ '
+ Vv fu; + u; ' _ Viscous term (G.3)
1 Bxi J axi '
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with:~.

D .yl iy eyl
ot =Vax*? v oy + W 9z

~

In particular, the turbulent kinetic energy transport equation is

(putting j = i):-

Coplye U ' 9%u,

2 i I i 3 - 1 2 i
—= = U.lU, = = p u + U.“u + VvV U.

Lot itk ax, X ( k* 2 k] i 2

——

(G.4)

where the term on the left hand side is the advection, the first on
the right the turbulent energy production, the second is the diffusion
by turbulence and pressure fluctuations and the last is the dissipation.

The transport equation of 6% in a turbu]ént shear flow is:-

. . 2 M .
Do? — 3T ) 9202 98

=z - 2 BU; = - =— U:0%2 + a - 20 |m— (G.5)
Dt 1 Bxi ‘Bx,i i Bx% 4

with the term on the-]e%t being the advection, the fiést on the right
the’production, the second the diffusion, the thifd the molecular
dissipation; and the last being the dissipation;

Finally, the'transport equation of ény temperature-velocity

correlation u;6 is as follows:-

D u;6 oU.
i oT _ ——= 771 9 1. 93p~
= = U:Uy =o0— = U B =— - =— (u;u,8) - -6 +
Dt i’k Xy k Xy axk i’k D axi
' 2 9%u; » .
tau 284y e (6.6)
%X 3,2 - :
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For a two-dimensional turbulent flow, the above equations are trans-
" formed into:-

. ' 5 T
U Ly _1op_dun_ dw gy (6.7)

Usx+ Vg 53X~ 9x By

3% 3y X 3y ox 3y P
- p U LAV L LUV y+y v 2 (G.8)
9X = 9X ) AR
1 5 175 -
9.5 q d 5 q
2 2 (2 - g2y U —[3U | V| _
U ax T V- 5y - (u vZ) TR {éy + 3%1
-9 I5mm e qzul - 2 5+ X a2yl -
Bx'(p U+ q°u 5y (p V+5q v» € ‘ . (G.9)
with: -
92u 2 Ju;)? du, |2
o i d [1 2] { 1’ [ 1]
E=-VuU ==-Vv-— |5 U + v 2y [
1 2 2 (2 71 X 90X+
axk axk J
Similarly, for the femperature f]uctuation equation: -
967 302 _ _ e 3T | o5r 8T 3 o2y (o2
U=r+ v 7 ° 20U = - 28V 5y " BX (ue?) 3y (ve?) +
2—; 2—_2‘
+ad s g2 g (6.10)
ox? dy?

with:-
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The u® and vB transport equations become:-

g ol _ 2 3T _
VO 5y T Y e T
+v O vViuy
3V — T
ub 3x - VU 5x

U %%g +V %%g = - Gﬁ'%% -

?g;e 6 iﬁ; fauvte
TR %%g - -8 3 -
- ov’e ST

.
oy ¢ ® oy

9+ VvoV2y

auve _

o 9X

(6.11)

(6.12)
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APPENDIX H

NUMERICAL INTEGRATION TO FIND MEAN V

Mean velocity V is needed for the turbulent kihetic energy
or shear stress balance since it is involved in the advection or mean
transport terms. |

| Hot wire measurements of mean velocities may suffer from
" errors higher than are acceptable in deducing V, so it was decided to

calculate V from the mean velocity profiles using the continuity

eduation:-
U . 3V _ . o
v5§'+ 3y - 0 | - (H.1)
and: - ‘
. Y o "
V) - vy - [ B S (H:2)

where V(y~) is the velocity at a reference point y°. For the symmetric

wake, y” has been taken on thé geometrical centre-line y = 0 with

V(y’).= 0, by symmetry arguments; For the asymmetric symmetric wake y’ has been
taken on the upper boundary layer edge y = GU; so V(y~) = VeU' '

VeU'has been evaluated from the entrainment equation:-

ey 9y Vey

. Ue dx Ue

- (H.3)

-assuming that VE remains unchanged with Xx.

In fact, the same argument applies for the lower boﬁndary
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layer entrainment velocity:-

_ d6L i v

VEL
U

eL ‘
, : ’ (H.4)
R dx Ue .
This relation has been used for cross checking the results obtained by
(H.3) and (H.2). - |
Regardless of whether the above argument is correct or
not, another method was tried.

The x-momentum equation after the thin shear layer approximation

and assuming dp/dx = 0 is as follows:-

vy 3 (-w)

~ 09X ay ay

In the outer‘1ayef is 3U/ax z’O; so V can be evaluated from the shear
stress and mean U velocity profiles. These results checked those
obtained from the continuity equation with rather good agreement for

the symmetric and asymmetric wake.





