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The object of this work was to explain' the observed Reynolds
number dependence of the mean velocity defect profile of a turbulent boundary

laygr.

Mean flow measurements confirmed previous findings that the wake
~component of the "Universal Velocity Profile" grows rapidly in the range
800< Re L 4750 from about half its asymptotic value. This has been attributed
to viscous effects at the fluctuating interface between the turbulence a.nd
the external irrotational stream, which were explored using "conditional
sampling” analysis of the digitised turbulence data, It was found that
traditional approaches to the analysis of interface statistics, particularly
intermittency, failed to distinguish between "large eddy" structure and the
fine scale structure seen, for example, in smo.ké pictures. A new definition
of intermittency was devised to make this distinction and subsequent analysis
gave- the variation of burst 1ength statistics and intermittency with Reynolds
number. It was found that the shape of large-scale bursts was different at
low Reynolds number and that thé bursts themselves were larger By a factor
of up to 10, |

Turbulence measﬁmments revealed that the raf;io of longitudinal
to normal intensity in the outer layér also varied at low Reynolds numbers,
Analysis of the turbulent enerpgy balances showed that production is considerably
less at low Reynolds number and that advection is virtually non existent,

A mechanism for the production of low Reynolds number effects,
and modifications to represent these.effects in boundary layer cglculation

methods, are suggested.
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Chapter One,

Introduction,

In 1904 Prandtl showed that if the viscosity of a fluid is
small, its effects on the flov around a body are confined to a thin layer.
This layer Became known as the boundary layer (German - 'Grenzschicht!')
because it satisfied the no-slip surface bouniary'condition. The flow in the
boundary layer could bte laminar or, more frequentl& in cases of pracfical
interest, turbulent, It was found to be responsible for most of the flow
resistance of a streamlined body, an aircraft wing for example, and soon
became a major subject in fluid mechanicé research,

Studies of turbulent boundary leyers at hiph Reynolds numbers
have led to dimensionally-simple scaling laws for mean velocity profile,
These laws rely on the indspendence from viscosity of the energy containing
eddies, except in a very thin sublayer close to the surface. It has also
been found that, in the absence of longitudinal pressure gradient, certain
turbulent boundary layersbmay be specified uniquely by keynolds number
based upon a suitable boundary thickness, These are flows in which transition
is having no further effect and they are known as 'fully developed turbulent
~ boundary layers'.,

On small-scale test rigs it has been found that althodgh the
flowr is fully developed at low Reynolds numbers the scaling laws apoear to
break down. This can increase the surface shear stress by ﬁp to 15 7
above that\bredicted by the high-Reynolds~-number scaling laws and is
therefore of considerable significance, |

In engineering practice low-Reynolds-number turbulent boundary

layers are feound in the flow over turbine blades, in the throats of rocket



nozzles, in cowbustion chamber mixing regions as well as over a considerable
proportion of & nigh-Mach-number wing or lifting body.

T‘né object of the research described in this thesis was to
improve undersitanding of the mechanics behind the departure from high-
Y¥eynolds-nurber scaling lavs in a fully-developed low-eynolds-number

turbulent boundary layer.

1.1 lean Flov. The Symntoms of Reynolds Number Bffects.

n

One of the most signilficant advances in the study of the turbulent

[}

boundary layer was the discoveryv of the universal law of the wall, This
scaling lawr is based upon the assumption that ncar the wall the average shear
stress,'Z", is constant and ecual to the wall shear stress, Z—w’ and that

the mean velocity distribution in this resion denends entirsly upon the wall
7 a ¢ Y ur

shear stress, the dist

* D

nee from the well, y and the local fluid properties

s

U = utj(ury) | 1.1

U, = /( %) E

is the friction velocity. It has been found that the f‘unctionj is a

Ssmooth
universal function for anyf solid boundary turbulent flow, Outside the

0 ond V) . Prandtl (1932) gives the lzw in the form:

wnere

viscous sublayer this becomes
L (Y | s
R“ n “7 + C

where

K is a constant, Von Yarman's constant 2 0.



(: is the additive constant:fE.B.O
The expression(1.§>holds for a small part of the boundary layer, aporovimately
Ss <% <O,2, where gs is the sublayer thickness., The search for a
unifying fremework for the snalysis of the entire boundary layer culminated
in the formulation by Colﬂs (1962) of a universal velocity profile law,
adding to the established law of the wall a further function, the 'wake',

to describe the outer layer profile, Then:
U.Lf ' |
o) +C+TTw(4)

Lﬂ/ (ii.) is the wake function, originally defined

)

nurerically but approximated by Hinze (1959) as

o) (-eoed)

—
—

where -

where

W
so that l I'

Yore recently 3ull (1968) has suggested a modified form of the wake

W(‘g‘):(l*cé,s (Ti(%:z))) s

ICJ m

see Pig, (1.1.1)

WE

u}

function

wnere
CL = constant =— 0,08

Dean (1974) re-examined the 'law of the wake' and, using revised boundary

U3\ .
25)]

conditions, obtaiﬂed a qemi-emniriCQI formulution

ys 1| :g A ,' ' Y Y\
“W(z L@ 23 ) -



Using his universal profile law Coles (1962) examined most
of the available zero nressure gradient boundary layer data. He was able
for the firs{ time to make a consistent assessment of its quality and thus
to distinpuish between anomalies arising from the physical situation and
those caused by the éxperimental method. For high Eeynolds numbers he was
able to show that '1-[ was very nearly constant, so that equation (1.4)
was consistent with the velocity defect law

UBQU - (_.‘j_) 1.8

Uz > -

but that forl?eil%;a <§OOO, I l changed very rapidly, falling to zero at

about 'Re = 500, A law for the functionT[zj(Re) in a zero-pressure-—
gradient incompressible boundary layer, based upon the best fit to all
the exverimenters' data, was derived and presented numerically. The data
of Wieghardi (191.) agrecd most closely with this law and can be taken as
standard,

Hastings.and Sawyer (1970) measured T]TCRG) for their constant-~
pressure boundary layer at a free'stream Vach number of 4,0, They found
that the failure of the defect law persisted to higher Ry , approaching
20,000,

Simpson (1970) suggested that the departure of the mean
velocity profile from a universal form could equally well be explained by
a variation in KL, the Von Karman'constant,'T]T remaining constant, He |
proposed the form ’ 1

JS; = ( }géiz) & ' ‘ 1.9
041~ \ 600 | |
which gives I 2 0,33 at Rg = 1000
Green (1971) discussed the available compressible low Keynolds

number data, and found that Hastings and Sawyer's data agreed well with



Coles incompressible data plotted in the form

T[ \)[(—R_) 1.10

where
= ub |
R‘ ¢ 1.11
Vo

but added a note of caution regarding the pitot displacement corrections

used. Green obtained | l from a consideration of the outer profile shape
without reference to the skin friction coefficient and suggests that the
-data of Eastings and Sawyer do not support Simpson's proposal because
: , + + ,

mercly scaling U and }j axas would not bring atout the collapse of the
high Keynolds number profiles onto those obtained at lowﬁReyﬁolds number,

Kuffman and Bradshaw (1972) re-examined the low speed data
and also considered that Simpson's sugeestion was implausible. They did,

: : L 0T :

however, find evidence for a dependences of C; upon -EE; , but it would
be very weak in a zero pressure gradient boundary layer, Huffman and
Bradshaw also note that the mean defect  profiles in fully-cdeveloped pipe
flow show no departure from the universal form at quite low Reynolds
nuwiber, suggesting thatrrl,ﬁie) is due to the presence of the interface
between the turbulent flow ﬁithin the boundary layer and the irrotational

floy in the free stream.

1.2 Tntermittency in thes Outer Laver,

Flow visualisation of turbulent shear flows with a free streanm
boundary shows that the edge of the turbulence is highly contorted, This
ray be seen in the U.S, Army B,R,L. shadowgraph pictures of the turbulent

. D m - - . . s o= PR Y
wake of a bullet reproduced in Corrsin and Kistler (1955), amongst others,



layer
and the photographs of a smoke filled boundéiyxtaken by Fiedler and Head (1956)

Palco (197!4) and Pongprudhancn (1974), The contortions of the boundary between
turbulent and irrotationsl flow lead to the intermitiency found in signals
of turbulence properties, for example the cutput from hot wire anemometers
talen at fixed positions in the layer, In fact it seems as if bursts of
turbulent - activity are driven past the measuring probe and separated by
regions of' auiescent flow. This intermittency should not be confused with
the hizh wave number intermittency described by Batchelor (1953) and the
bursts of turbulence are not equivalent to the bursts of turbulence -
production found in the regioﬁs near a solid wall and described by Kline,
Reynoldé, Schraub and Runstadler (1967), although some cornection between
the two latter pﬁcnomena may exist,

The proportion of time for which the flow at a certain
boundary layer position may be considered 'turtulent' is lknown as the
intermittency factor, ){(DC,jj) which is the time mean of a quantity

.
Tormallydefined @s having the value unity in turbulent fluid and zero in
non-turbulent fluid and knowm as fhe intermittency function, g (X,ﬂ,t ).

The initial crude concept of intermittent turbulence as an
on-of'f Gaussian process was refined by Tomsend (1948) who showed from
measurements token in the wake of a circular cylinder that to a good

approximation

b/ Ilatness factor of fully turbulent fluid (at ¥y = 0)

Flatness factor of intermittently turbulent fluid at y

U

3 (_LF/B‘“O , 1,12




The intermittency factor may be calculated by the visual
analysis of records of turbulencz oroperties made by chart recorder or
photographed oscilloscope traces, Wifectively these methods reconstruct the
intermittency function and have been used by Klebanoff (19549, Corrsin and
Yistler (1955) and by Bradshaw (1%66a). More recently turbulent flow
properties have been calculated instantaneously using analogue (continuous)
~or digital (sampled) systems and the intermittency function has been
constructed by comparing these values with some turbulent/irrotational
threshold value, Analogue technigues were used by Corrsin and Kistler {(1955)
Bradbury (1964) and Kovasznay et al (1970) amongst others, whilst digital
techniques have been used by Kaplan and Laufer (1968), Antonia and Bradshaw
(1971) and Castro (1975). The turbulent flow property used in the de-tection
procedure, known as the turbulence criterion parameter, and the intermittency
system itself have received considerable attention and are discussed by
¥ibens and Yovasznay (1970), ypnanski and Fiedler (1970), sntonia and
Atkinson (197&) and Héﬁley and HNeffer (1974). There are clearly many
difficulties both in the choice of critericn parameter and in the design
of suitable intermittency systems. There is no agreed definition of
turbulence and it has been found that approximations used, for example‘ one
or other component of fluctuating vorticity, contain no well defined step
in value between typical 'turbulénce' and 'non-turbulence' and cover a
whole range of wavelengths down to the smallest scales expected in turbulence
(theKolmogorovscale associatedwith dissipating eddies). These smallest
wavelengths are the most populous, and have a considerable effect upon
averages of such properties as burst length, yet in most reported
intermittency measurement systems they are .removed by low pass filtering
or by 'smoothing'. The problems associated with small scale events in

intermittency are discussed in detail in Chapter Four, Here we note that,



despite the difficulties, considerable advances in the understanding of
shear flow turbulence have been made through the study of intermittency.

The statistics of the interface position, and the scales
of turbulent bursts have been investigated by many experimentors, Corrsin
and Kistler (1955) and Hedley and Xeffer (1974) gave the probability
digtribution of burst length; Yovasznay, Kibens and Blackwelder (1970)
measured the frequency of detection of the interface and ¥aplan and Laufer
(1568) derived a two-dimensional picture of the boundary layer using an
array of hot wire probes, a method more recently used by Paizls and Schvartz
(1974).

The dynamic properties of the fluid Within a turbulent or
non-turbulent region, or at a particular position within a region may be
obtained by'Conditional Sampling'techniques, described in general terms by
Antonia and Bredshaw (1972). These techniques,used by Xaplan and Laufer (1968),
Kovasznay et al (1970), Antonia (1972) and Hedley and Yeffer (1974), have
produced turbulent zoﬁé averages of mean velocities and certain turbulence
parameters, also maps of Space~tiﬁe auto and cross correlations of [ and \}
compenents of velocity and of intermittency function,

From these results a composite picture has been constructéd by
Laufer (1972); a series of bursts of turbulence occurs in random fashion
well dovm towards the wall; thesé bursts move out into the layer with
momentum defect, prcducing a turbulent wake dovnstream, and curl_over,.
finally spreading out in a downstream direction. The irrotational flow ridés
over the bursts, following the interface closely. Entrainment takes placé
vhen the mean flow Letween bursts collides with the slower leading edges
of the bursts.

The mechanism of entrainment was discussed by Corrsin and

Kistler, who introduced the concept of a ‘'viscous superlayer' propagating



into the irrotational fluid and suggested that such a layer should have a
thickness of order the Kolmrgorov length scale(actually in the range 22 to
671). Some recent range-conditionsd measurements by La Rue and Libby (1974)
in a heated wake tend to confirm this estimate of superlayer thickness.

Although the available data covers a wide range of Reynolds
number a systematic comparison is not possible in view of the importance
of varietioﬁs in the intermittency scheme,and any comparison rmust be -made
where a Reynolds number range is covered in one experiment. The effects of
Reynolds number have explicitly been examined by Fiedler and Head (1966)
in a boundary layer, Sherman (1972) in a channel flow and Falco (1974) in
a smoke.filled boundary layer, Fiedler and Head do not reach definite
conclusions on Reynolds number effect, but their smoke pictures agree well
with those of Falco who infers that small scale structure is more significant
at high Reynolds and thal 'typical eddy size', a measure of burst length,
" decreases considerably with Keynolds number increase, Sherman's data ﬁere
taken immediately after transition and show untypically large typical burst
lengths; Hany of the other data were obtained at low keynolds number;
Kovasznay et al at Kg = 3000; Kuplan and Laufer at ftg <= 3000 and Antonia
at Rg = 2160 for example, where the boundary layer may still be subject to
significant Reynolds number éffects in the outer layer.

At low Reynolds number it may be expected from an analogy
with the viscous sublayer that the viscous superlayer would be proportionally
thicker and, since the interface is highly contorted may, in fact, occupy
a considerable vclume cf the flow. The outer layer structufe, particularly
burst length statistics and intermittency, is of great importance, therefore,

in the present study of low Reynolds nurber turbulent flows.
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1.3 Turbulence Structure,

The general Navier Stokes equations for a steady two dimensional
flow field U,V(I)L) and a turbulent field u)\]‘;w‘@c}g)tjt) are

%_% + (U u%%((ﬁru,) +(V+1r% (Ueu) o W’%%
RISl
%—E + (U%L)Eaxﬁ/lv) +(W\r).% (Viv) + w %% -

= -/%B% (P+1>)+ \7@‘%{ %%33[ + V%U)

| 1,14
QW + + |
St +(U uﬂéliu(\/\r)%@er%%

- -4 Nv

i "%ﬁi A 1,15

Equations for the products of turbulent components of velocity may be f_ound
by multiplying the above equlations by the appropriate fluctuating velocity
component and taking the average. Making use of
dU+w) + 2 (Vf\r)+%\x_f - 0
“oc 9} _ Z

and re-arranging with the boundary layer simplifications gives
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which are the equations for Reynolds normal stresses,u ” \)J; W™ . The

equation for Reynolds shear stress, (Al)” , mav similarly be obtained by

adding (1.13) mltiplied by U~ to (1.14) multiplied by [

UDu\r oW, _?“BU i (U9 ov)
°y ?J K
(W” ) \J(W u + UV )= 0

A
To obtain the equatlon for turbulent kinetic energy % (LL +V+LO)

equations (1.17) (1,18) and (1.19) may be added, Then, using (1.16) again,

UL 04F X/iB + LLVBV 0
Uz sk~ V(Z/CI/ )
+ & - \/ j 29 % % 12

Outside the viscous sublayer, viscous diffusion (the last term) is

negligible and (1.21) becomes

(U2 +y9) ; WD U,o [« F+£-0 122
= z 7 kY p3 |
The first two terms in this equatlon give the advection of kinetic energy by
the mean flow, the third gives the production of turbulent kinetic energy from
the working of shear stress against the mean velocity gradient, the fourth
term gives the diffusion,. by normal component turbulence vélocity and by
fluctuating pressure, and the last term is the dissipation of energy to heat
by viscosity.

It may be seen that the productlon term comes exclusively from
u mation, 1,17, The terms -_.Pau- j—'])atf’ andi (3 U™ 4o not
/” %Y ﬁ
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appear in the equation 1,21 as their point average over all components
is zefo.
The shear stress equation oufside the sublayer may be ;
reduced to the form - |
U2\ 7l L F(au@v) + (R 5=
Dx oy aj /0 5} F

The first two

terms may be considered as a mean-~flow-transport of shear siress, the

" third as a generation of turbulent shear siress iﬂ the presence of normal
velocity fluctuations and mean flow gradient and the fifth as a lateral
transpoft of shear stress., The fourth term is known as the opressure-
strain term,

Equations 1,21 and 1.22 represent a balance of turbulent
kinetic enerpy and shear stress respectively; the distribution between
terms and the changes in distribution with position in a flow give the
turbulent structure of the flow,

The structure of turbulence in a two dimensional boundary layer was
first measured in detail by Townsend (1947) and Schubauer (1954). Measurements
in a fully developed pipe flow were made by Léufer (1954). These results
were discussed by Townsend (1956) who noted that over a large provortion of
the flow the diffusion and advection of turbulent energy were negligible
- and proposed a two layer model: an inner layer in which most.of the
production took place and where the flow was approximately in energy
equilibrium and an outer layer reliant upon diffusion froﬁ the inner layer
for its turbulent energy. Rotta (1962) discusses the mechanism of turbulent
energy production in equilibrium sheaf flows: in the presence of a
turbulence field the normal component velocity fluctuations combine with

the velocity gradient to produce shear stress which,working against the
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mean velocity gradient, produces fluctuation initially in the streamwise

direction; these are redistributed by the pressure fluctuation, such terms

as .lPF%_D_% » to contribute to '\f’zand W . Thus the level of turbulence
is é;intained, the energy finélly dissipating from the isotropic smallest
eddies through viscosity.

Llebanoff (195&) made extensive turbulence measurements in
@ zero pressure gradient boundary layer, In particular, he emphasised the
importance in energy considerations of the region very close to the wall
(!%§Jj.<:‘jo);where most of the turbulence engrgj production and dissipation
takes place and where there is a net energy inflow towards the wall because
of preséure forces, He also demonstrated the inadequacy of the local-
isotropy assumptions in obtaining turbulent-energy dissipation, particularly
near the wall, Klebanoff had 'measured' dissipation and obtained diffusion
by difference. Eradshaw (1966a) measured diffusion directly and'demonstrated
the enormous increaseixlprodﬁction found in a strongly retarded boundary
layer's outer region

Bradshaw (1966b), following Tovmsend (1961) showed that the
inner layer turbulence may be considered to be composed of two parts, an
'active' component producing shear-stress and scaling on | and LLtand an
'inactive', effectively irrdtatiqnal component generated partly by static
pressure fluctuations and partly by the turbulence in the outer layer,

It has been known for some time that flow visualisation in
the region very close to the wall shows a 'streaky' structure which
intermittently breaks down, Using a novel system of flow visualisation
based on hydrégen bubbles, Kline, Reynolds, Schraub and Hunstédler (1967)
were able to determine a cyclic pattefn in‘this intermittent structure,

Visual analysis was combined later with hot wire measurements which showed

that a strong link existed between the pattern of flow breakdowm and periods



14

of high]ilfactivity. These results wore discussed by, amonest others,
“im,¥line and Heynolds (1971) and 7allace,Sckelmann and Zrodkey (1972)
vho describe the sequence of eventst! a low speed fluid lump separates
rrom the surface; an unstable velocity profile is forméd and the fluid
'bursts' outwards as newly formed turbulence, It is suggested that these
events constitute the normal process of turbulence productions, but the
link between this sub-laver bursting and the large-scale intermittency of
the outer layer is not understood at the moment, From low Reynolds nuwnber
turbulence measurements made in the pipe fluw wall'regions by Pennell
Sparrow, and Zckert (1972) it would seem that the inner layer is unaffected
by Heynolds nurber effects and it mignt be e-pected, therefore, that it
would be in the outer layer, the region of large scale intermittency,wnere

low Reynolds number effects would be seen,

1.4 7he Caloulation of Low Zeynolds “umber Boundary Layers,

The Reynolds number devendence of the velocity profile presents
a new challenpe to the inventors of prediction mecthods, and several
modifications to existing calculation schemes hove been published,

Analytical forms of the velocity Qrofile, with T-C =j(R e)
scaled according to the Coles (1962) 'Law' have been used by Green (1971).
¥cDonald (1970)and Cebeci (1973) to calculate shear stress, eddy viscosity
and mixing length profiles from the integrated equations of motion. RBaker

and Launder (1974) deduced 2 mixing length in the outer laye
' -Rmax
- . — 7, 1.2
£ =0075%,(1-¢€ A,,oo) 3

where RW!GX = E%_(S_;ﬁ
| V
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from their ovm measurements in a zero pressure gradient boundary layer
with moderate injection.

In this thesis the results of a modification to the calculation
method of Bradshaw, Ferriss and Atwell (1967) are described. Essentially
Bradshaw's method solves the turbulent energy equation assuming a dissipation
length profile which, in the modified version, is scaled on Reynolds
number, Since this work was undertaken several more reéent methods have
been reported., Hanjalic and Launder (1972), for example, adopt a

similar approach.
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Chanter Two,.

Test “ouinment and Instrumentation,

In this chapter the apparatus and instrumentation are
described, together with the procedures used in setting up and taking

measurements,
2.1 Wind Tunnel,

The wind tunnel used was the Imperial College Aeronautiecs
Department No. 1 boundary layer tunnel described in detail by Bradshaw
(1972). The tunnel is a conventional "blower tunnel" driven by an Airscrew~
Yieyroc HEBA type 27" centrifugal fan and speed is controlled by an Electrical
Construction Varispeed Mark 10 thyristor drive., The blower is coupled to a
30" x 5" working section viagtwo-dimensional contraction with an area ratio
of 9:1, preceded by a rectangular éection duct in which honeycombs and
screens may be fitted, The working section carries a flexible roof and the
floor has 33" diameter ports pitched at 6" to take instrumentation discs.
Two sections each L'S" long were joined together to make one 9'6" section
with 18 disc stations,'the n'th s%ation being ;t (6én + 1.5) inches from the
\leadiﬁg edge, The nominal speed for all tests was 50 feet per second,
-Initially a 4", 3" cell high quality honeycomb {Bonded Structures Ltd,
Aeroweb aluminium foil) and, downstream, screens of 16 mesh 28 SeWels
woven vwire, open ratio 0,58 (see Bradshaw 1965), were fitted., It was found,
however, that spanwise variations of surface shear stress had the unacceptable
magnitude of 10 % of the mean value at the tunnel exit, Fig, (2-1.1); the

measured by Preston tube
spanwise shear stress variationAFhows that the wavelength of this disturbance
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was about 2", roughly the boundary layer thickness at this position,
3imilar results were obtained by liojola (private communication) in the same
tunnel and have been reported by Bradshaw (1965), de Bray (1969) and
Patel (196L) elsewere, Neither adding more screens nor reversing screcns
or heneycomb modified the pattern. Finally the honeycomb was placed
dovmstream of the screens, following Patel (1964). Non-uniformity effects
in the contraction boundary layer were eliminated by a 2" bleed, formed by
raising the working section floor and fitting a sharp leading edge to it.
The final variation in shear stress was 5 % of mean, Fig. (2-1.2). The
repositioning of the honeycomb was expected to‘raise the free stream
turbulence level in the working section, Yeasurements showed that with the
heneycomb upstream the turbulence level, tf: , was 0,08 % rising with the
honeycomb dovmstream to 0.1 7% at 50 ft/sec sid with frequencies below

10Hz (wave lengths about 5ft.) removed by high pass filtering., The final
turbulence level and Co variation were regarded as satisfactory.

To obtain stability of working speed over the long periods
necessary the speed control desigﬁcd by Castro (1975).was used in a slightly
modified form.

The working section roof profile was adjusted using the sérew
jacks provided .on each side. The pressure variation achiéved down the
length of the working section wag less than 1\% of the dynamic pressure, an
acceptable approximation to zero pressure gradient. The static pressure
distribution is shown in Fig, (2-1.3); table (2.1) gives the screw jack
co-ordinates required,
| The importance of correct choice of tripping device has been
pointed out by Coles (1952), A wire of 22 s,w.g., 0.,028" diameter, was
chosen which, when taped to the leading edge section 2" from the leading

'edge itselfygave a device height of 0,030", Stethoscope tests showed that
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transition was complete across the working section within %" dovmstream

of the device. Graham (1963) gives a criterion for trip wireé}ik=:qgg>1003
where k:: device height, and Gibbing;(1953) suggests l(:> 826, The wire
used gives R% = 800 and Graham suggests that the wake settling length

would then be 100 }:k = 3,0", all measurements were made forX} 6.0",

2.2 Surface Tubes,

Preston (1954) describes the use of surface nitot tubes to
determine skin friction, This method depends upon the existence of the
similarity lew lmowm as the law of the wall. The tubes must be chosen so
that their flow fields, roughly the height of the tubse diameters, are
contained within the inner layer, roughlyd9<::12; in this case. Preston
tubes of diameter 0,113", 0,020" and 0,058" were used giving‘:j/g‘= 0.377,
0.267, 0.193, at . station 1, Ry = P00, and 0.063, 0,048, 0,035, at

station 17, Ry = 1,750,

At high Leynolds number the tubes all fell well within ihe
wall law limit. At low Reynolds nurbers it seems that the region dominated
by the log law may ex‘end further into the layer (see for example the low
Re profiles of Wieghardt given in Coles and Hirst (1967), although this
mey only be an impression becausé?]:is small, As doubts exist about the
validity of the universal log law at low Re, (Simpson 1$70) for exampie, a
further check on the skin friction values, independent of the log law
_(and of the Preston tubes) is, in any case, required., Small fence-type
surface tubes designed to occupy the viscous sublayer were used as described
. by Bradshaw and Gregory (1961). These were. first cleaned with acetone and
then calibrated against the Preston tubes at high Reynolds number, Preston

tube and Stanton tube readings were taken over a range of tunncl speeds and,
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at each speed, Stanton tube pressure was plotted against 7:; calculated
from Preston tube readings. The Preston tubes were calibrated using Patel's
(1965) law in the graphical form given by ong (1970). easurements were
taken using several Preston tubes of each size and it was found that the
three tubes finally used agreed to within 1 % in pressure at Re = 4750

and 0.7 % at ke = 800, considerably better than the agreement within the
whole range of tubes. Tube dimension errors were investigated and it was
found that a 4 % tube diameter error produced less than 1 % change in Cps

it i1s considered that dimensions are accurate to within this limit, .

2,3 llean Flov leasurement,

The mean velocity profiles were measured using a round section
pitot tube of external diameter fmm , mounted in a micrometer-screw
traverse gear with 6" travel., The traverse gear is in turn mounted on a 33"
diameter brass  instrumentation disc fitted with a static tapping, The
traverse gear was insulated from the disc by a perspex sheet so that
contact between disc and pitot tube mouth could be checked with an Avometer.
The pitot tube position transducer was a 2" linear potentiometer (Pye
Ether type PD 13) having a combined hysteresis and linearity error of 14 4
of full scale (manufacturer's fiéures). )

Pitot pressure measurements were made using =a Combist
micromanometer (Combustion Instruments Ltd,) fitted with a potentiometer
geared to the central spindle to give electrical readout.'Thg working fluid -
of this instrument is silicone oil, s,g. = 0.82, Scale sensitivity is
0.001mm , equivaleﬁt to 0,005 % of tunnel reference pressure, and thé

accuracy is better than 0,002mm (manufacturer's figures) which is 0,01 7

of tumnel reference pressure in this case, Zero drift was found to be
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negligible,

Tunnel refersnce dynamic pressure was taken from pitot and
static tappings in the contraction and was registered on a Betz manometer
in millimetres of water,

The use of pitot tube corrections is discussed by lfaciillan

(1956), Coles (1967) and Miller (1971). It was decided to include
solely a displacement correction of 0,124 since doubt exists about the
validity of turbulence corrections where the intensities are low, and the
viscous corrections for circular section tubes would be of small order for
the Reynolds numbers concerned (Re based on tuEe internal diameter 2= 750),
The pitot tube position signal, the micromanometer reading signal and a
code signal were fed via a Solartron Data Transfer Unit and digpital
voltmeter (Solartron I 11.20) to an ASR 33 teletype, producing a punched
paper fape and a printed record. The data tape was processed in the
Aeronautics Department Honeywell H21 computer,

The arraﬁgement of apparatus used for taking mean velocity

profiles is shown in Fig. (2-3.1).

2.4  Hot ¥ire Avparatus,

4A DISA type‘55A38 X.array hot wire probe was used with
5 micron diameter tungsten wire, welded to the prongs. The probe was
clamped to the traverse gear stem, projecting forward 1.75" from the disc
centre, The probe was connected to two DISA 55D01 anemometers by 5 metre
shielded DISA Probe Cables, The anemometer output was recorded on an
Ampex FR 1300 frequencf modulated tape recorder after filtering and
amplification in DISA auxiliary units (type 55 D25) and PHI system amplifiers

(Servicon Dynamics Ltd.). Pluctuating voltages were summed in a signal.
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conditioner DISA Type 55 D26, the output of which was measured by a DISA
RS meter. The hot wire electronics system is showm in Fig. (2-4.1).
The detailed operating instructions to be found in the DISA
Instruction Manual for the 55D01 fnemometer Unit (1968)
vere followed, The overheat ratio was 1,8, and it was
possible to obtain an upper frequency limit of 4O'Hz in the wire response
to a calibration square wave.

Wires were calibrated to the BR:v S
2 T
E =./ﬁ\.-k ES w where m = ()-[Ffi

and inyaw according togﬁ;he law ofI Castro (1972)
E‘ Eot :{Tl
050 - | g tet
Ean P = [C 50 - Efo- Eo™

e

Sine

where q) is the effective wire angle and 5; is the angle ofyaw . It was
found that tan 9) was *very close to 1.0 for all wires used, (typically in
the range 1.05 - 0,95),

The anemometer signal was filtered at 1Hz high pass and 207Hz
low pass, the frequency limit of the tape recorder at the tape speed used
(60inches per szcond), The amplifiers were used to amplify the anemometer
output so fhat the signal recorded occupied the # 1 volt recorder range.

.A Hatfield Instruments type 591/AAdecade resistor was attached in series
with the amplifisr feedback resistor giving a gain range of 1 - ﬂO.

The recorder modules were set to unit gain and zero d.c. level,
but because of difficulties in éssessing exactly the gain of the whole
recording signal a calibration signal, a sine wave of known R.},S., voltage,
was played through the system from auxiliary unit to tape recorder and

recorded between each run.
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2.5 Experimehtal Procedure,

At the start of each run conditions were allowed to settle
for at least 30 minutes at the test speed of 501t/sec, Preston tube
measurements were made at every station using all three Preston tubes, all
unused static tapoings being sealed. Two similar Stanton tubes were
calibrated at Station 17 (Re = 4750) and measurements were taken with
each at Station 1-8, Four sets of reveat Preston tube measurements were
made at Stations 1-8,11,1) and 17, These data were analysed using the
computer program devised for the purpose by Yoﬁng (1924).

The pitot tube in its traverse mechanism was aligned with the

working section centreline where ¢, was near spanwise .mean value, The pitot

f
tube surface pressure reading was taken and checked against Preston tube
readings at the same position. Once good agreement was obtained in Co &
pitot traverse was taken; each traverse consisted of about 60 readings
spaced across the bouﬁdary layer to give roughly equal increments on a
logarithmic scale. At each positibn the Combist micromanometer was carefully
ad justed until the meniscus movement was equidistant either side of the
sight line, at which point readings were taken of tube position, manometer
reading and code, Aftera spurious reading a corrected reading was taken
using a different code for over %riting. The end of each run was defined as
the third successive position of equal pitot static pressure difference.

Traverses were made at all stations and repeated twice at
stations 1-8,11,1) and 17. These data were analysed on the Honeywell H21
Computer using programs JAFO 1 and JMFO 2 (Appendix 1i).

For hot wire measurements probe cables were run into the

working section either from the exit or through an empty disc position

at least two stations downstream from the wire. The B.N.C. connectors
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between probe and cable were insulated from, and firmly attached to, the
floor with masking tape., Traverses were made at stations 1-8,11,14 and 17
each comprising 10 recordings made at positions;yv/g;95 = 1.1 to 0,1 or
as near to the wall as possible, Probes were calibrated at the begining,
the half-way point and the end of each traverse, Amplifier gains were
adjusted at each position. The signal conditioner output was measured so
that an analogue check on the data could be made.

The mean output of each anemometer was directly measured by
digital volt meter. At the begining of each tape recorder brack a.10
second recording of the calibration sine wave as made,énd between each
30 second data recording, 10 seconds of the calibration output from the
system was recorded. The r.m.s, levels of these signals were alsc measured
. and noted,

The analogue recordings were replayed at 15 i.p.s. into an
aﬁalogue-to—digital converter and a sample-and-hold unit interfaced by a
PDPS minicomputer to an Ampex TM16 digital tape transport as described in’
Weir and Bradshaw (1974).

The digital data were analysed on the Imperial College CDC 5430

computer using the program described by Weir and Bradshaw. (1974).
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Chapter Three,

The }Mean Flow.

In this chapter the mean flow results derived from surface
tube and pitot traverse data are discussed and compared with equivalent
data obtained by other experimenters, in particular Wieghardt's (1944)

as analysed by Coles and Hirst (1967).

3.1 The Physical Environment,

The properties of the physical environment affecting the mean
flow are : |
(i) free-stream turbulence
(ii) tﬂreé dimensional effects arising from irregularities in the
' contraction Boundary layer or the free stream, spamvise
variation of transition position and streamwise vorticity
induced by corners and small obstacles

(iii) local pressure gradient variation

3.1.1 Effects of Iree Stream Turbulence.

It is to be expected that the entrainment of free stream
turbulence will affect the form of the mean velocity profile and the
surface shear stress,

Coles (1962) suggested'that'the wake component coﬁld be
expected to halve its valﬁe for an exfernal turbulence level of 1.8 %

and to decrease to zero for a level of 4.5 %.
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The effects of free stream turbulence on cp have been
investigated by Robertson and Holt (1970), Tsuji and Iida (1972), Huffman,
Zimmerman and Bennett (1972) and Charnay (1971). These data do not agree
well fogéther, presumably because of differences in experimental arrangement.>
‘Huffman et al, for example, used a monoplane grid for producing their free
stream turbulence in contrast to the more usual biplane grid. Bradshaw
(1974) in discussing these results suggest that a good correlation for the

effects of turbulence on skin friction is given by:

C f‘“z
-i = 1 + 3 2., ue
o Uk
The free stream turbulence in the present experiment is of

order 0.1 % at the working section entrance, so that Cp may be expected to be

high by the negligible amount of 0,3 %.

3¢1.2 Three Dimensional Effects,

The effect of irregularities in the contraction boundary
layer wa§ eliminated by the bleéd at the begining of the working section,
vhich removed the boundary layer completely.

The transition device chosen was towards the small end of the
acceptable range (section 2.,1) but a stethoscopic survey showed that the
transition was complete across the span of the working section within I
downstream of the trip wire. It is expected that by the first measuring
_station 6" downstream the effects of_irregular transition, principally
spanwiée variations in boundary layer thickness, will have diminished to
negligible proportions,

The presence of spamvise variations of surface shear stress
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has been noted above (section 2.1), and one possible explanation for this
phenomenon is the existence of weak streamvise vortices in the free stream;
It was suggested by Perkins (1970) that the formation ofrstreamwise
vorticity was a result of the secondary flow formation arising from
inhomoéeneity of the wall turbulence, such vorticity having a scale of
order the boundax& layer thickness. Perkins' analysis depends upon the
spontaneous formation of shear stress gradients, whiéh is not thought to be
physically realistic.

Spangler and Vells (1970) artificially produced longitudinal
vortices in a turbulent_boundary layer and found that, with a vortex |
generating element of héight 20 5i of boundary layer thickness, they could
produce variations of shear étress.of lateral scale 5; and magnitude + 12 i
to -8 % of a 'smooth wall' shear stress. Averaged over the span, the |
increase in Cp Was 3 %, The effects of the vortex generators were detectable
for about 90 element heights, that is about 25 boundary layer thicknesses,
downstream, Irregularities or iﬁperfections of this order do not, however
exist in the present experiment and the spanwise variation of skin friction

remains at present unexplained.

3.1+3 Local Pressure Gradients,

The general effect of a favourable (negative) pressure

gradient is to raise c, and to decrease the wake strength, and conversely

f
for adverse (positive) gradients. From themildly retarded boundary layer

. -045 ,
of Bradshaw (1966) in which [JéCXZiXZ and the constant pressure boundary

AT
4B

layer of Wieghardt a value_of 0.68 may be deduced for

where - ) #d i g*'ctc
_/6'7?« dp = O . "akp
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The largest pressure gradient occurs between x = 3.5ft, and x = 4,0ft.,

where C_L_QP = 0,02 per foot. Henceﬁ - 0.06 and the change in | l will

be 0.06 or 10 & if l| L: 0.6.

3.2 Surface Shear Stress,

Surface shear stress was measured using both the Preston

tubes and Stanton tubes for which inner-layer similarity arguments give:
2 2
Apdt. [(T.d
,AD\>2 /49 V*

where CL is some typical'tube length scale (the height or diameter) and

the function depends upon geometry, Measurements are presented in non=-
dimensional form as skin friction coefficient Cpe

The Preston tube is designed to occupy the inner layer where
U.Llhy.C
U, KV '
and the vaiidity of its readings at low Re depends on the validity of
the constants X and C.
The Stanton tube, however, is ideally supposed to fit within

the linear sublayer where: .

U . U
| Uy V
and its calibration should therefore, be independent of variations in the
log law, In fact tubes cannot be made so small, but it may be assumed that
departures from inner-layer similarity are more likely to be seen in the
much larger Preston tubes.
The Stanton tubeé were calibrated against the ?reston tﬁbes

at high Reynolds number (Ro = 4750) where inner-layer similarity is well‘

established, If, now; agreement is obtained betwegn the Preston and the

-
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Stanton tube results at low Reynolds number, the universality of log law

constants for this flow is demonstrated.

3.2.1 Standard Skin Friction Values,

In his constant-pressure boundéry layer measurements,
Wieghardt (1944) used a very careful experimental technique, and the free
stream turbulence level in his tunnel was low. Coles (1962) found that
theée data lay close to a consenéus of all the other experimenters' results
which he examined, In particular the growth of the 'wake' component (Fig.
1-1.1) was found to be virtually monotonic from the lowest Reynolds number,
an important indication of 'normal' development: excessively large trip'
wires or other initial disturbances lead to a fall intr1?. These data were

reanalysed by Coles and Hirst (1967) who calculated c_, using the 'Clauser

f
chart' method of comparing the measured inner layer velocity profiles with
the logarithmic law (K = 0,41, C = 5,0). The reanalysed data are used below

as a basis for comparison.
3.2.2 Results,

In Fig, (3-2.1) the present results, c, = f(Re) are com@ared

f
with Wieghardt's, given as his data points and the mean line through them,
Preston tube and Stanton tube results are shown together with measurements
obtained at the begining of each pitot travepse, using the traverse pitot
tube as a Preston tube: the results are displaced ahead of the others
because the pitot mouth is 13" in front of the disc centre.’

It was found that, although individual Preston tubes consistently

produced higher or lower ¢

g 1O trend with Reynolds-number was discernible
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in differences betﬁeen them., Differences were therefore attributed to
geometric imperfections (0.003" uncertainty in diameter of the 0,058" tube
gives a 1 % uncertainty in cf).The three tubes in closest agreement were
averaged over some 5 separate readings each so that each point in Fig,
(3-2.1) represents the mean of 15 readings.

Re values in Fig, (3-2.1) were obtained taking a smooth curve
‘through pitot traverse values of § plotted against streamwise position
and'interpolating to allow for differences in position between Preston tube
and pitot tube mouths, |

The scatter of points in the present Preston tube data, about
= %, is of the same order as-the scatter in the results of Wiegardt, but
there is a consistent difference between the two sets with the present data
lying about 2 % below those of Wieghaerdt as interpreted by Coles and Hirst
(1957), cp from:gz i%}i+fﬁ549. The Stanton tube results Fig., (3-2.2) show
a larger scatter, + 1 % to - 1% % about the mean Preston tube line. This
may be attributed to the very boor sensitivity of the Stanton tube. (The
largest Stanton tube pressure difference recorded, at x = 0,5ft, was only
0,05cms of combist fluid (denéity 6.82). The sensitivity of thé combist 1is
about + 0,00lems , so that the unceftainty in Cp would be & 2 %). The
agreement between Stanton tube and Preston tube results demonstrates that,
assuming the log law is valid at high Reynolds numbers, it is also valid
throughout the experimental Reynolds number range. Preston tube results
may therefore be considered to be reliable.

Brederode and Bradshaw (1974a) re-examined the measurements of
surface‘shear stress made by the present writer and other membe;s of the
Imperial College Aercnautics Department and found that o vélues taicen

directly from Preston tube measurements using Patel's calibration showed a

consistent difference from the values obtained by Coles using an indirect
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method based on tﬂe Clauser chart, Brederode and Bradshaw considered that
the Preston tube results of Patel based on Ceo deduced from the pressure
drop in pipe flow, were intrinsically more reliable than the 'indirect'
results of Coles, implying a change in the log law constant recommended by
Coles., These revised log law constants, X = 0.41, C = 5.2, give Cp 2%
below that of Wieghardt,which would completely explain the differences

obtained in this experiment.

3.3 The Growth of the Experimental Boundary Layer.

Despite the importance of boundary layer thickness, there
seems to be no consensus as to which value should be used., Some experimenters

use 'g' presumably the position at which -—U = 1, in which case g“' o,

U U

- others use gq) at which point Ue = Of99 and Coles used the position at
which 5—-— = 0, which is very difficult to measure accurately, These
differez-lkc‘::es are not trivial, g has been found to vary from definition to
definition by up to 15 %.
For present purposes it. has been decic\iéd to use g%j , the
position at which —U = 0.995.
e

3.3;1 Boundary Layer Thickness,

g”j was measured by plotting the outermost points of the
pitot traverses on a large scale, drawing a smooth curve and piéking off
the point at which ﬁ = 0.995. This procedure is not entlrely satisfactory
because of the shallov? slope of the velocity profile at thls position, but

it is consideredthe best available, The 'uncertainties are of order # 0,01"

in a layer about 1.7" thick, which is about twice the pitot position error
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(0,005"), At highest Re (= 4750) the cumulative error in gw will be of

order 1 % and at the lovest Re (= 800) about 2 7,

The Reynolds number most apprépriate to the turbulent boundary

layer would be g
UJ-—-‘

where u"t is a turbulence velocity scale and g is a turbulence length

Re =

scale, and a close approximation to this,

R@ = 1&_2;_5995.

V

is shom in Fig. (3-3.1) plotted against—Qe in comparison with Wieghardt's
data,

The scatter of the present data is well within the + 1 &
confidence limits of 8995, but Coles' analysis gives Wieghardt's data a

scatter about twice that, due probably to the difficulty of positioning
MW

%

3¢3+2 Intepral Thicknesses.

.

Following Coles (1968) standard integrals were used to

represent the velocity profile close to the wall:

(B)4() - 506

(L)) 65460

_ 0 ' #*.
Then the momentum thickness, @- , and the displacement thiclkness, S are

(U (100 150064550
a 50V fje( -U")CLj +54O‘6.Ue~6546‘0 —ULea

U,
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d
¥ U 0V 0-6V
2+ (! Ue)derlj{F i %U
509 : _ (2 e
] .
The scatter thalned in the calculation of @ and g was about % = %,

Fig. (3-3.2).

3.3.3 Momentum Balance .

The momentum integral equation for a zero pressure gradient
boundary layer is given by:

de . C

integrating both sides with respect to X from some initial position

X=Xy, O=06, gives:
0-6, . / Cr ol '
' 90 60 2o 9"6
The two sides of this equation, PL = =%~ and PR = */-édx

o
were separately calculated starting at station 1 (Re = 800) where)( = 0.57t
and ©= 0.0025ft. The results, Fig. (3-3.3) show a slight divergence
between the two sides of the momentum integral equation due to some lateral
convergence or divergence, combined of course with any experimental errors,
The convergence/divergence term may be written

: __9____ _ % ) o—Le'

X-oC, dx.
whgre )C-)CO ives the pos1t10n of the local v1rtual origin (atX) of the
cor;verg’énce/ divergence. 22 and ji\rere separately plotted against X,
Fige. (3-3.4) and assuming 3{9 constant for JL> 3.5ft , a good approximation,
the virtual origin position,x'x—j_—i(): £(x) was obtained, Fig, (3-~3.5). The
very small wvalues of 9_6{_3_69 imply a virtual origin distant f'fom_ 2 and
therefore that divergence or 'c'onvergence is very small indeed. The zero

crossover, where changes from - to+ D reoresents a minimum or maryimum
2 o g ey

point in the working section width., The virtual origin moves from about
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24,51t upstream at )¢ = 1,5t to about 650ft downstream at ) = 8.5ft,
Much of this imbalance may, however, be due to the spanwise variations

in ¢
f.

3.4 The Shape Factor.

The streamvise development of shape factor, s 1s

g+
H- %
shovn in Fig, (3-4.1) together with the data of Wieghardt., It may at first
appear that there is a considerable difference between the two sets of data,
but the scale used is fine and the actual difference is of order - 2 %;
a far smaller difference than the scat}er in the smooth wall data of Hama
(1954), In view of the scatter in Wigghardt'sda;ta it is difficult to attach
significance to the difference between the two sets of measurements, The
large difference between the 1962 and the 1968 values of the shape factor
illustratgs the effect on profile integral parameters of a comparatively
small change in analytical technique.

The Clausor nqulllbrlum parameter, given by
G- f (U [(5)dy = H-1/7"
e) dy }"I %(
was calculated and is glven in Table (3.1). Values range from 6,96 at
A = O.5ft to 6,74 at X = 8,51t which should be compared with the absolute
value of 6.8 at high Reynolds number due to Coles and Hirst (1967). C} is
plotted against 1—[in Pig. (344.2) and it may be seen that the present data
agree tolerably with Vieghardt's data,
The values of g (T[) derived by Green (1972) from Huffman's

data, and the correlation he obtalned are also shomm to 1llustrate the

effects expected in the presence of free stream turbulence jas an addltloﬁal

check on the absence of such effects in the'presept data.
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3.5 Mean Velocity Profiles.

Mean velocity profiles were analysed in the form:

T
where J[(l%e_g) = ‘PLQ/&[ (L&\).ﬂ) e 352
Fr 7305 50 |

The values of constants were taken from Brederode and Bradshaw (1974a):
C =5.2; K-=0u,

Semi-logarithmic plots of the results are shown in Fig, (3-5.1).
The so0lid line represents equation 3.,5.2 and the dotted line gives the
greatest extent of the wake. The distance between these two parallel lines
gives the strength of the wake .

In general the present data fit the log law well: the slope,
so far as can be seen, remains constant, but the low Reynolds number data
seem to rise above the log law giving C = 5.45 at Rg = 800, The latter must
be attributed to experimental érror since the log law constants are
implicitly universal in the Preston tube calibrations. Corrections have not
been made, however, since the C variation is not consistent and disappears
for Rg » 2000,

Expérimental values of the wake strength, Fig. (3-5.2) are
expresséd with reference to the log Jaw with C = 5,2 and to the best fit C';
The scatter in the latter case is less, tending to confirm that the scattered
c valﬁes are due to experimental error.

Wieghardt's (194)) data is a;so shown, both in the original

Coles (1962) form and in the revised Coles {1963) form (Coles and Hirst
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(1967) do not give T-[(Re )). The earlier analysis was based on an innier-_
region fit, whil:;t the later values were derived by fitting the \vl;lole
profile to the log law plus wake formation. The effect of this change was
to give larger values for 'I—Cin the 1968 analysis, because the cosine wake
function does not go to zero in the inner region and the effective log law

slope to Whlch'_[lls measured has a shallower slope, see Fige. (3-5.3):

AL (192)-27, 24 (1968)+3:0 as Rew 0

The scatter in the present data, x 0.1 in Ag, is less than

T
the scatter inVieghardt's, £ 0.2 in A g . Coles (1962) suggests that a
_ 4 [ :
reasonable accuracy would be 5 5 - 10 % or + 0,075 to z 0,15 in A%] at
, . >

high Reynolds numbers.,

The asymptotic value ofA——,l[{ obtained was 2,5, below both
T
versions of Wieghardt'sdata, implying that the profile may not have been

fully developed.by.x= 8.5 , RS = 4750,

3.6 VWake Function.

Buli (1968) shows that a confusion arisss from the Coles (1968)

form of the wake function:

w@) 1- COS( ) where gcs Coles' Yy atg-;-)

because of the definition of g which in effect assumes that a’ilj = g;,
Uand DU

-—-— Jjumps to zero,

Bull suggests a modification of the form:

w(g) - COS<%Q2>
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where (] = 0,08, a value based upon Bull's own experimental data. See
Fig. (3-6.2). ,
The present data were re-analysed to evtract (,()(—éi..)based:
| (i) uponC = 5,2 c
. (ii) upon the best fit value, C'
These results are shown in Fig. (3-6,2) compared with the original (Coles)
form and the later (Pull) form of the wake function. At high Reynolds |
numbers the fit to the Bull form is remarkably good, but at low Reynolds
numbers some real discrepancies do occur, The main difficulty lies in the
interpretation of the constant C in the log law equation, changes in the
value of which make a considerable difference to the wake functions, see
for example Fig, (3-6.2i9 where the change from 5.2 to 5.4 makes such a
large difference. The values of C'.range from 5.2 at &g = 4,750 (c' = C)
to 5.45 at Ry = 800, Bull used higher values, 5.6 and 5.8 and found that,
using 5,2, wake values on average were 2.5 % higher, but that the fit near
the wall was very poor. (This may also be seen at Station 2Ry = 1400).
Thus it seems that there is a change in the profile shape with
Reynolds number, effectively Q = f(Rg ) for Ry £ 6000, values of @ at low

Rg being higher;
3.7 Conclusions.,

The excellent agreement in skin coefficient between the
present data and those of 7ieghardt show that the expérimental boundary
layer may be considered fully developed and that no residual effects of
transition should be expected, Agreement between Stanton tube and Preston
tube data at low Reynolds number confifmé the universality of the log laﬁ
constants, so that Reynolds number dependence can be confined to the outer

layer. The measured mean velocity profiles also show the constancy of the
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log law at low Reynolds number., The wake componesnt grows monotonically with
‘Reynolds number and is in good agreement with the original snalysis of
’thé profiles of Wieghardt and others by Coles (1962), suggesting that the
later fitting procedure of Coles (1968) is less successful. A careful
analysis of the shape of the wake components supports Bull (1968) in the
re-evaluation of the Coles (198) wake formula and, further, suggests that

a change in the wake shape takes place at low Reynolds number,
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Chapter Four

Conditional Sampling and the lleasurement of Intermittency.

The obJject of conditional sampling as used in the present work
is to produce separate averages of flow parameters for the turbulent and
irrotational regions, called "zone averages", and the success of this
technique is heaﬁily dependent upon the ability of the intermitténcy scheme
to accurately distinguish turbulent from irrotational zoﬁes.

A 'criterion parameter', some instantaneous property of the
flow with effectivély - zero value outside the turbulence, ié chosen to
make the distinction., In vractice the criterion parameter is squared or
rectified so that there are only positive wvalues,which makes computing
simpler, fo make the contrast between 'turbulence' and 'non-turbulence'
greater, some function of the criterion parameter, the 'criterion function',
is useé in the intermittency scﬁeme. Any measurable fluid property has
some noﬁ—zero free stream values and there will inevitably be a certain
level of electronic noise: therefore, a non-zero 'threshold level' is
chosen such that the criterion function must exceed the threshold level to
register 'turbulence', A unit on/off function, the 'intermittency function',
may bé constructed to show the regions of ;turbulence' and 'non-turbulence',
The tiﬁe mean of the intermittency function gives the intermittency factor,

]5, the fraction of sample time for which the flow ?ast the measuring
point is turbulent,

Even when the problems of spurious points occu:ing'through
non;Zero valués of criterion parameters in irrotational flow and the
electrénic noise have been solved there remain difficulties ar ising out -

of the physical nature of the turbulence:
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(i) Any simple function of velocity used as criterion parameter
will have occasional zeroes in the turbulence, és fluctuations change sign,

(ii) in addition, the turbulence itself contains 'high wave number
intermittency' (see below)

'(iii) physically the interface is highly re-entrant and fine-
structured. |
(i) and (ii) above, result in the prediction of spurious short irrotational
troughs within a turbulent burst. Traditionally the practice has been to
reject all short period events, turbulent or irrotational, by some.form of
smoothing, effectively low-pass filtering the criterion function, with.the
danger that the genuine oceurence 6f short bursts because of (iii) will be
suppressed,

This chapter discusses the problems mentioned above, deséribes

our attempts to'circum§ent them and gives the intermittency measurements

finally taken,

Lo The Intermittency Problem,

A major problem associated with the measurement of intermittency_
is the lack of a clear quantitive definition of turbulence on which to
base the eriterion parameter. The obvious function, fluctuating vorticity,
was used by Corrsin and ¥istler (1955) who based their intermittency scheme
upon its longitudinal compoﬁent, but such was the complexity of instrumentation
(Corrsin and Xistler had a probe with four hot wires) that practice since
then has been to use one component of fluctuating velocity or its spatial
or temporal derivative, |

Ideally the chosen function should have a zero values in

jrrotational zones and a clearly non-zero value everywhere else; zones



4.0

-

should be sharply distinct, In practice, however, it is found that the
situafion is not so simple,

It is comparatively easy,to solve the problems of spurious
indications of turbulence within irrotational Tegions (leading to the need
- for a non-zero threshold level) and of spurious indications of irrotational
flow at zeroes of the criterion function within the turbulence ((i) above) s
The other and more serious problems (ii) and (iii) are associated with the
physics of the very turbulence which it is endeawured to undersfand.

Photographs taken in smoke-filled boundary layers, for example
by Fiedler and Head (1966), Falco (1974) and Pongprudhanon (1974), the
latter being reproduced in Fig. (A.1.1); show clearly that the interface
Totmeen turhnlent and nnn_ﬁurbulént fluid is very complex indeed, It appears
highly re-entrant, wispy and finely structured, ¥ovasznay et al (1970) point
out that, since the wavelengths of surface irregularities in the interface
could extend over the full range of turbulent wavélengths (limited only by
viscosity) the definition of the interface depénds on the.coarseness of the
detection systems spatial resolution, The problem is analogous to that of
"definition of a continental coastline which, as Mandelbrot (1967) observes,
entirely.depends upon the sensitivity of measurement. In the present context,
the attempt to understand the changes which occur with Reynolds number, the
small scales are of great importance since at high Reynolds number it might
be expected that a larger range of scales will be found. Falco (1974) also
emphasises the importance of small scales in understanding Reynolds number

effects on the intermittency. Clearly if 'smoothing' is used to dispose of

difficulty (i), the occurence of 'zgroes', then this fine structure nay

also bé lost,

Difficulty (ii) arises from the use of a.non-%ero threshold

level to deal with elec¢tronic noise, leading to the misinterpretation of
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high wave number.intermittency and short irrotational events within
turbulent regions, If the intensity (spectral density) of the very smallest
eddies is averaged over a distance corresponding to a large number of small
eddy.wavelengths, but small compared to the wavelength of the energy
containing eddies, then, because of viscous dissipation, it is found that
there is a variation in average intensity from point to point. Thus,
contribﬁfions to the intensity of the smallest eddies are highly intermittent
on a scale one order of magnitude larger than the smallest eddies. Batchelor
(1953) described this as 'an uneven distribution in spacé of the energy
associated with the large wave number components of turbulence - becoming
more uneven with increase in wave number', Areas of low highdwave~number
intensity could be mistaken for 'irrotational' regions and Thomas (1973)
attributes some irregularities in his intermittency results to this effect,

-Thus the difficulties are that practical criterion functions
have occasional spurious 'zeroes' within the turbulence, that even well
inside the interface the turbulence contains its ovn high-wave-number

'intermittency' and that the interface is finely structured.

4.2 Some solutions to the Intermittency Problem,

The traditional a@proach to these problems, the use of
smoothing, assumes that all short events are spurious.‘If the intermittency
function obtained without smoothing has the form of a 'pulse train! then
the smobthing of the criterion function is adjusted until a 'box car'
intermitfencj function is obtained, see Fig, (4e2,1). It is found, for
exampie by Antonia and Bradshaw (1971), that the average burst lengths and
intermittency factors are not affected by!a further increase in smoothing

and the plateau values are taken as correct,



We have chosen, however, not to accept this assumption because
of tﬁe possible importance of fine structure in Reynolds number effects, To
distinguish between the different approaches results of the traditional
method are defined as 'wholesale intermittency' and the results retaining
- fine structure as 'retail intermittency'. Thus the ‘wholesale intermittency'
will define the envelope of the turbulence containing the fine scale
"retail.intermittency'. This is showniin Pig. (A.2.2) with some hypothetical
criterion function, Fe(t).

- Wholesale intermittency as well as retail intermittency is of
interest in the present study because it gives a picture of the behaviour
of the 1argest eddies and Table (4+1) shows other experimenters' smoothing
times, which give a valuable insight into the spatial resclution they
obtained, The smoothing time values are expressed as the distance moved
downstream by the free stream in the stated time, divided by a suitable
length scale (in this case the boundary layer thickness), It may "~ be
seen that some of these 'smoothing lengths' are very large compared with the
small scales apparent in smcke pictures.

Since wholesale intermittency concerns the larger energy
containiﬁg eddies, a suitable iength scale would be the boundary layer
thickness, s;’. The retail intermittency, however, is concerned with the
smaller range of eddy lengths so that some other scale must be chosen, _

Yy

It has been suggested that the Taylor microscale ,>\ = 71

=
should be used as the normalising length scale for retail spatial resofﬁtion.
However, the numerator is characteristic of energy containing eddies whereas

the denominator is characteristic of dissipating eddies; )\ , 1s roughly

1% ’ LAV
5L§ ’IZ}’; where '(Z is the Yolmogoroy length scale (i) and L is the
s ) 3

)z

dissipation length parameter (which may be considered to be a

scale associated with energy-containing eddies as df/ equals the transfer
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of enerpgy from theﬁ). It is difficult, therefore, to ascribe a physicél
meaning to the Taylor microscale in this context,

Corrsin and Kistler (1955) pui forward the hypothesis that a
thin layer which they called the viscous super—iayer separates the
turbulent from the irrotational fluid. The viscous super—layer would then
transport vorticity fluctuations to the initiélly 'irrotational' fluigd
through viscous forces., They sugecested, plausibly, that this interfacial
laygr would have a thickness of the order of the Kolmogorov length scale,
Supposing the smallest possible burst to consist of juét a fold.in the |
interface, the smallest burst length would be of order twice the Kolmogorov
length, The Kolmogorov length is a typical scale of the dissipating or _
viscous eddies and it is suggested that'rz be used as the scale for retail
intermittency. On this basis even the small smoothing lengths of, for
example, Hedley and Keffer give large numbers of Kolmogorov length scales
when re-analysed, (For their R, = 8500 boundary layer at /y/S' = 0.7
their smoothing length is appréximately 3011 ).

If both wholesale and retail intermittency are to be physically
meaniﬁgful the spurious small scale structure must Still be sepératedfrom the
spufious, electronic, small scale e&ents. A threshold levél is thus
required, which must be chosen very carefully, This is fully discussed in
A.A; below. The danger, then, is thét spurious zeroes will appear in the
nominally turbulent regions, It was suggested above that the rectified
(or squared) criterion parameter could be made more sensitive to changes

in regime by using its time derivative as criterion function, In a digital

sampling system the time derivative of the rectified criterion parameter
has a negligible probability of identical zeroes, but some low values will
be found in turbulent regions so that it is dangerous to base intermittency

on that one function. If, howvever, the second time derivative is used as
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an alternative criterion function then, unless both functions are zero
together, which is most rare, zeroes will be eliminated. This is known as

the signal plus derivative approach,

4,3 Choice of Criterion Function.

A suécessful criterion funétion should:‘

(i) contain a good contrast between turbulent and irrotational
fluid

(ii) not suffer from a high level of high-wave number itermitténcy

(1ii) preserve the small scale features of the flow

(iv) be comparatively easy.to measure,

The use of vorticity, apart from its technical difficultj,.
gives frequent spurious 'irrotational' zones within turbulence since the
'vorticity’signal is seriously contaminated by high-wave number intermittency.
(Vorticity is produced mainly in the small, but not smallest, eddy range., )
Criterion functions chosen by various experimentors are summarised in
Table (4.2); most are based on derivatives of one component of fluctuating
velocity.

Antonia (1972) used the instantaneous product of || end}
component fluctuating velocities, a Quantity whose time mean, {[i}, is
the local turbulent shear stress. Castro (1973) also used'LLLrg he took
the sensitised signal, E%}%%!: as criterion function and added as an
alternative criterion function, :%;%ggj to remove the effects.of spurious
zero values of.;%YE; . To produce a_single sidéd criterion function Castro

'rectified', which is faster than 'squaring' in the digital computer,

The present study uses Castro's system, which has the
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following advéﬁtages:
| (1) (L and \J} are uncorrelated in the locally-isotropic range of
wave numbers (by definition). Although the contribution to LLUF
from the higher wave numbers is not instantaneously zero, it
is smaller than their contributions to i]? or {;3'and s0
problems with high-wave-number intermittency are reduced.

.(ii) Similarly'l£U'is found in practice to have a larger ratio of
amplitude in the turbulent zone to amplitudg in tﬁe irrotational
zone than other conventionally used signals (i.e.]jf',if%‘url).

(iii) The main interest here is iii;, so regions of small UV have

less importance,

L. Choice of Threshold Levels,

The choice of threshold level is critical to the correct
assessment of intermittency factor 7§ﬂand to the accurate identification

of the interface.

Given that turbulent bursts cover the whole range of turbulent
wave leﬁgth and amplitudes, it.might be expected that the measured
intermittency factor,’ZY, would vary continuouslywith threshold level and
such indeed is the present experience: see for example, fMig, (4eko1) where

75 is plotted against threshold level, Thus the traditional approach,
ad justing threshéld level until some standard—zf(fi ) is achieved, is
cqnspicﬁously inadequate whers the spatial distribution of zones is
required ip detail.

Threshold levels may also be determined from cbmparison
based on visual analysis of film or paper.records of .turbulence or the

examination of oscilléscope traces. These methods, however, are highly
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subjective, involﬁing the observer's experience and predudice, Traces of
instantaneous 1L\r produced by Calcomp plotter were shown to several
personé with experience in the field of infermittency measurement'who
were asked to indicate the regions of turbulent and irrotational flow,
Almost without exception they drew the broad envelope of the turbulence,
and on this basis we concluded that visualvanalysis in general gives
wholesale intermittency.

Recently Antonia (1924) has used a square-wave-modulated
random signal to calibrate an 'intermittency meter', but this also involﬁes
the experimenter's subjective ideas about the structure of the turbulence
and the form of K(g ).

In the preseﬂt work it was found in the early stages that
varying the pair of threshold levels and comparing retail intermittency
with a standard intermittency factor (taken as the %lebanoff (1954) values),
at two boundary layer positions did not yield threshold levels which gave
the 'correct'-7§.at the two poéitions. The results of this matching are
shown in Fig. (4.4.2): any pair of threshold values chosen to give correct &
at lowf.b’ gives too low a—zf at high _2Y and vice versa, These measurements
were taken well away from the wall (E}/g';> 0.6) since there is a
Qisagreement about.jalclose to the wall,

In any case we feel thét attempts to choose threshold levels
solely on the basis of the intermittency factor may well ignore the more
important aspect, the distribution of the intermittency function in time
and the accurate intervretation of the instantaneous flow state.

The final choice in the present work was based upon agreement
between .ﬁbf the wholesale intermittency factor, with Vlebanoff's data,
and good agreement between the shape of-the intermittency function and a

visual analysis of the ULV trace, This process was carried out at all
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boundary layer ppéitionsvat the highest experimental Reynolds number,
Rg = 4750, until a satisfactory compromise was reached,

The present experiments cover'a wide range of Reynolds number
and some scaling of threshold level is required. Although, in theory, it
should be possible to make threshold level dimensionless with typical
velocity and length scales of the flow, in‘practice a scaling based on
the turbulence itself is probably more reliable. In the present work the
threshold level is defined as avproportion of the mean value of the
reétified criterion function within the turbulence, in fact within the
Retail turbulence, An initial guess based upon an adjacent boundary layer
position is used for a time equivalent to about 35 boﬁndary layer thickness
after which the threshold level is updated every seven boundary layer |
thiclnesses., It was found that this process was rapidly convergent, usually

within 350 boundary layer thicknesses.

4L.,5 Computer Analysis,

The calculation of intermittency is carried out within the
digital analysis program (described.by Weir and Bradshaw 197)) by the
subroutine THRESH, The basic steps are as follows: (see Fig. (4.5.1))

(i) Calculation of threshold levels (at the begining of each

_record (group of 600 readings) only).

(ii) Caleculation of the rectified first and second time Gerivatives
of the chosen criterion parameter for turbulence (Ulfin this
case).

(iii) Comparison of the criterion function formed in (ii) with

threshold levels calculated in (i) and formation of the retail

intermittency function (unity if either derivative excesds its
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threshold, else 0),
(iv) Formation of the wholesale intérmittency function according
to the wholesale/retail scheme (v).
A noise clip (vi) may also be used, to remove electronic noise, _

(1) Threshold Levels: At the start of the run the;',e are set to
values based uponl estimates from previous runs. Using these input values -
a set number of records (usually 10: about 5000 paifs ofuandlfvalues) is
processed to derive reasonably stable running average values of[ ] and

1
at,b, within the turbulent regions. These averages are then used to

update the threshold levels as follows:

TH 1 ::\:5(:/11;11-25111f]

TH2 =5C15] &"_uy]
o otr

where SC1_,!+ and SC15 are input constants (finally chosen as 3,30 and 0,35
respec%ively) norm as 'threshold level factors', The new TH1 and TH2
values areb used to process further records, creating new running conditional
averages, which are used to update TH1 and TE2 at the begining of each
record. -

(11) Criterion Munction: Finite difference wvalues ofau"lrandbxuy:
at each time step, neglecting time step magnitude which cancels out, arae:t

given by

W] = Abs (05w (Jet) - (1)

| %ZEY ~Abs uv(] +1)- Zuv(j)-mv“(j 1)
- (iii) In%:ermittency Function: Botl% retail and wholesale intermitfency

are given within the intermittency function, ID(7),»a step function
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containing four levels defined as follows: (see Fig., (4.5.2))

ID(J) =0 - irrotational point

m(J) =1 - retail turbulence but wholesale irrotational
() = 2 - vretail irrotational but wholesale turbulen£
I(J) =3 - retail and wholesale turbulent

i.e, one mark is awarded for retail turbulence, two for wholesale turbulence

and three for both.

At each time step, the calculated wvalues of criterion function,
e
rur

’aal'g}.l and a =

exceed the relevant threshold level, the intermittency function at that

are compared respectively with TH1 and TH2, Should either

time step is set, initially, to 3. Otherwise, it is set to zero.

(iv) Wholesale Intermittency Function: The initial values within
ID(J) give retail intermittency and the wholesale intermittency is
\Eubsequently formed partly at each time step and partly in a re-run of
ID(J) carried out after each record. A re-run is necessary when points
ahead of the current time step as well as before are required, for example,
.to fina the complete length of a particular turbulent burst,

(v) ‘Wholesale/Retail Scheme: Two forms of this algorithm exist;
'unbiased' and 'turbulence biased'.

Unbiased: (see Fig, (4.5.3)) At each change of flow state,
from irrotational to turbulent or vice versa, a counter is set. The
number of time steps to the next chanpge is compared with an input minimum,
called INVIIT; excufsions»shortef than MMIN time steps are reset to retail
values, 1 or 2, It was found, by comparing Calcomp traces of ID(J) with

uw(J) that turbulent bursts were often inaccurately indicated, the fine
structure at the.begining of bursts.being rmissed by the wholesaie
intermittency. An alternative scheme was therefore deviséd.

Turbulence Biased: This algorithm passes through ID(J) twice:
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on the first pass short 'irrotational troughs' are reset to value 2,
(retéil irrotational) and on the second pass short turbulent bursts
separated from the principal neighbouring full turbulent burst by more than
NMIN time steps are reset to value 1 (retail turbulent) see Fig. (L.5.4).
This scheme gave a more satisfactory representation of burst pattern, see
section 4,7,

.(vi) It was found thét on one particular set of analogue recordings
the noise present dominated the signal where the r.m.,s, value bf the latter
was low (at the outer edge of the boundary layer). A 'noise clip' devised
by Young (1975) and fully described in Weir and Bradshaw (1974) was used
to see whether, in this case, it would be possible to analyse the recordings,

The noise clip effectively introduces a third threshold level:

TH3 = perc > Abs (Devt-Devk)

where PERC is. an input value (in the range 0,15 - 0,3). Devl is the
standard deviation of the turbulence function (UV in this case) in
turbulent zones and [)eub'is the standard deviation of the overall signal,
Since noise and sipnal should be uncorrelated Young suggests that their
variances may be separately calculated and would constitute a measure of
the expécted excursions fromthe mean, Near the surfacel)éVt'is very close
to Devb, hence TH3 will be small and YUV at virtually all points will
exceed it. Near the outer edge, however, TH3 will take on larger values and,
in a noisy signal, many points satisfying the gradient-type turbulence test
will fall below TH}. These latter points will te rejected from the turbulence,
on the éssumption that they do not have the expected excursion value., The

results of this system are discussed in section 4,7,



L.6 Spatial Resolution of the Intermittency Function,

The 1limit of the spatia; resolution is set by the frequency
respoﬁse of the analogue tape recorder, the uppér limit of which is 20%H z
at 60 ins/sec. recording speed. Assuming a convection velocity of 50ft./sec.
(the free stream speed) the smallest recorded wavelength will be 0,03 ins,

The typical retail intermittency length scale, the Kolmogorov

[\)%]i where é;'.‘-%zl.%} , gives, at Rg = 4750

0,7 and ’-t—'d(-} = 104, 0, Tl = 0,0053 ins, According to
7 dy -

length scale,Tl

(Stn. 17), )/5

Corrsin and Kistler the smallest possible burst length, ZTl will then be

of order 0,01 ins, The smallest wavelength recorded will be of order 612 s
so that the very smallest bursts will, in any case,'be missing from the
analogue tape., Assuming, however, that the superlayer is of a similar scale
as the suﬁlayer, the usual thickness will be aboutt§7z-so that these
smallest bursts will be rare.

In a digital recoréing the lengtg scales are determined by
the analogue tape replay speed, the digitisation rate and the low pass
filtering.

It is suggested, by Gold and Raeder (1970) that for accurate
representation of the 'shape' of a sienal by a digital process, L, sampling
pointé would be fequired to define tﬁé smallest wavelengths. Offen and
Kline (1973) recomended en 8 point representation, Digital recordings were
made at 15ins./sec. analogue fepiay speed and 1O,OOOAsamp1es/sec. digitisation
rate, The maximum analogue frequencies for each channel would then be
( g% x 20,000 = )5 "z, Assuming the smallest recorded wavelength fo be
0.03 ins., this smallest wavelength would be defined by only ('%ﬁ%% = )2
points; It was decided, therefore, to set the low pass filter to 2,5 k¥ z,

10 z real time, in which case the smallest scale would be 0.060 ins.



but defined by 4 samples,
To test the effects of digital resolution and the exclusions
of the smallest wavelengths, tests were made as follows:

(i) data were digitised at 7% ins./sec. and 1250 B z low pass
filter‘(equivalent to 2.6 ¥H 2z at 15 ins./sec.) to give aﬁ 8 point
definition of the.0.0GO ins minimum wavelength,

(ii) data were digitised at 3Z ins,/sec, and 1250 H z low pass to
give an 8 point definition of the smallest analogue-recording-wavelength
(0,030 ins.).

From these tests (fully_described in h.7) it seemed that the L point
definition worked adequétely and that the inclusion of wave lengths in
the range 0,030 to 0,060 ins, made negligible differenée to intermittency
or to conditional averages, |
The minimum burst length passing the wholesale criterion
would be NMIN times the 'sampling length',(l[&t s wWhere LI is the convection
velocity and AL is the time step, Thus for NI = 10, features of length
less than 0,150 ins, would be considered to be retail features only., Tests
were made at Rg = 4750 to find the best value of NMIN on the basis of a
visual comparison between the wholesale intgrmittency function and li\f(t:)
and a numerical comparison, with results derived by other experimenters
(e.g. Klebanoff (1954)).
| It was found with the biased scheme that far from the surface
§L1S;9 ~+ 1.0) the value of MNJIN did not make a large numerical difference
to'/ZFk, the wholesale intermittency factor, but that near the surface
jb‘g— + 0.1) the effect of a large NMIN (HTIN 20 minimum burst lengtn
= 0,300" or O, 19 8- at this statlon) was to increase the value of 75
by some B % compared with its value with NMIN = 5, from 0,82 to 0.89

approximately.
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The biasing of the intermittency scheme means that short
turbﬁlen’c bursts attach themselves to the fronts and backs of full turbulent
wholesale bursts, As NMMNIN is increased it might be expected that a
significan’c increase in the number of such attached short bursts might be
found, The fact that this ié not so, the increase in‘ X*is modest, implies
‘that there are few extra short bursts added as IMIN increases and tiaat,
at high.ﬂ / 8 turbulent bursts are well separated with few free short bursts
appearing ingjojtherv.rise irrotational regions, |

Tests performed on the unbiased scheme showed it to be
generally unsatisfactory: the numericai comparisons could be obtained but
usually the intermittency functions left much to be desired,

The final deciding factor in the choice of ILIIN was the
resolution,-based on g’

95
minimum wholesale wavelength of 0,258 899} « This was felt to represent the

s at low Rg o AL Ry = 790, N = 5 gives a

‘coarsestmeaningful scale for wholesale intermittency (it is about twice
¥ovasznay et al's (1970) scale) which could be supported by visual compariéon
between ID(J) and UV(J). The same value of ITIIN was used throughout, giving

a minimum wholesale wavelength of 0,053 g;gj
would not be physically meéningful since the retail scaleTL s (s

L
proportional to g"'i the constant MMIN option is the safest at present.

at Rg = 4750, Scaling 1IN on

4.7 Visual Analysis of the Intermittency Scheme.

The next three sections describe the efforts made to ensure
that the intermittency scheme perfomed satisfactorily and give the
resui’cs finally obtained. Because so much importance was atfached to
visual comparisons, the wvisual analysis is presented.separately from the

numerical analysis; the distinction is to an extent artificial but
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inevitaﬁle. The first of these sections, 4.7, describes the visual analysis
used in the intermittency scheme design, in particular, the pattern found

in the intermittency function and the changes in this pattern as certain
parameters were changed. The next section, 4.8, gives the strictly numerical
output, simply in terms of intermittency factor—zggjj/zg ) as a function of
thg various systems examined. The last of these sections, 4.9, describes in
more detail the patterns found in the criterion parameter, Y (), and
their imp}ications for the conditionally sampled quantities,

This section contains an evaluation of the intemmittency
scheme based upon a comparison between the computed intermittency function
and a sybjective viéual‘analysis of the criterion parameter, Initially all
the visual analysis was carried out from Calcomp »lots, (ii) below,

Fige, (4.7.1) for example, These showed, from top to bottom the intermittency
trace ID( E), then U (E) followed by U (£) and, at the bottom UV(E ).
‘The magnitude of the velocity traces was scaled with iZ? or iZ?in the

case of 'l',(,'l}‘,. and the time scale is in sampling period units scaled 'byf'a
i.e. 10.00.is equivalent to 100 sampling periods. The intermittency trace
gives wholesale and retail intermittency based on the values given in
section 4.5, (iii) above, The visual analysis was carried out by drawing

on top of the trace of criterion parameter, usually?ilf(tj),'a simple

twq valued step function to show irrotationalvand turbulent regions. For
copveniénce of comparison this 'drawm intermittenc& function' has been
repositioned in Figs, (4.7;1)-etc., under the computed intermittency trace.
The drawn intermittency trace was produced by carefully marking out clearly
turbulent regions i.e. where'LLlj'activity was high, without reference to
the computed intermittency., This préce;s,depends upon a subjective idea of
what constitutes turbulencé, but some subjectivity is considered to be

inevitable in this work. As a check on drawn intermittenc its mean wvalue
Y’ 3
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T‘D(/W 5 ) was caléulated at high Ry and compared with Xlebanoff's (1954_)
Y.

Each Calcomp plot gave results for 10 records of data, 6000
sampling periods or about 0.2 seconds, equivalent to about 7‘5 at Rp = 4750,
In this thesis about 3 records are showvmn, to give the typical details of
each plot, | |

At a later stage in the work an interactive visual display
system, Digigraphics, (1), became available through the work of Ilahgoub
(19?4), and was used as an a posteriori justification of the choice of
intermittency scheme, Because of data storage limits it was possible only
to display one record of data (757 at Kg = 4750) together with the two
intermittency traces to be compared., This display length is too short fér
quantitative values of "0 to be obtained, but does give a good illustration
of the broad features,

(1) Digipraphic. Migs., (4e7.9 3 4.7.10 ; L4e7.11) show 2 high
Reynolds number (Rg = 4750) tréce of UV (E) and ID{E) at a position where
& 0.5, Both biased and unbiased schemes are shown with minimum burst

length of 5,12 and 20 sampling veriods, that is, about 0.0SE;,-O.12§;and
0.25;: The unbiased scheme takes intb account only the history of the
intermittency function; Figs. (4.7.10 ; 4.7.11) show clearly that it is
not able to predict that short bursfs at the begining of a large burst
might be attached to it, or that a group of short bursts might overall
constitute a wholesale burst. It also seems that the larger values of MNXIN
are too coarse, used in conjunction with the biased scheme, Fig. (4.7.12),
which should be compared with the biased trace in Fig, (4.7.9),illustrates
the effect of threshold level., In general as threshold level faétor
decreases wholesale bursts are widened, but their number is not increased,

The highest values of threshold level factor 0,3 and 0,35, give what seems



to be best positioning for the fronts and backs of bursts, based upon the
WU E) trace shown,

(ii) Calcomp Analysis., The digital sampling system was tested by
makiAg recordings at a range of repla& speeds and low-pass filter settings
(detailed in L.6). Effectively these give a L-point defjnifion of 0,060ins,
minimum wavelength, an €-point definition of fhe same minimum wavelength
and.an é—point definition of the smallest wavelength to be found on the
analogue tape, 0.030ins. The results are shown in Fig, (z_;.7.6)'; Fig. (4.7.13)
and Pig, (L4.7.14) respectively. Were £he 4-point definition inadequate,
additional small scale features would appear in the iptermittency function
of Fig, (4e7.13). In fact the general absence of such additional features
in Fig. (4.7.13) demonstrates that the 4-point definition, FPig. (h.7.6)
works very well indeed. In fact Fig. (4e7.13) has an appearance simiiarrto

‘Fig, (4.7.6); but stretched in the time axis. The computed intermittency
factors, both K and'YYf were also very similar in the two cases.

At lowv Reynolds number, where the dimension-less sampling
length Léégﬂj is larger than at high keynolds number a check was required
to ensure that important small scale features were not clipped by the low
pass fiitering. Since filteriﬁg removed features of length of the order of?l .
within the expected wavelength range, the smallest bursts would be lost,
but if these make little difference to the intermittency or to the turbulence
quantities the less is acceptable, The data shown in Fig. (4.7.14) contains
the minimﬁm %aveléngthsbrecorded on the analogue tape. Corparison with
Fig. (A;?.G) suggests that very few additional features appear outside
turbulent.bufsts. It might be expected that, using a turbulence biaséd scheme,
'wholeéale bursts would become wider with {ﬁe increase in 'fﬁzziness'
implicit in the extended wavelength rangeé In fact, the 4races certainly -

contain more retail activiiy within wholesale bursts, but this does not
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seem to sipgnificantly widen them, an impression confirmed by the closely
"similar computed intermittencies and turbulent quantities,

The sampling system used, thon, gives an adeguate reproduction
of flow features, with a u-point‘defipition of smallest wavelengths, and
the wavelength range used covers the most significant séales.

The effects of threshold level on the intermittency function
were investigated by processing the same sets of records at various
threshold levels. As suggested, in section 4.4, the choice of threshold
level must depend as much on the accurate form of ID(t) and its ability to
determine the position of flow features as upon its time mean value, the
intermittency factor. The physical matching between computed intermittency
factor and the 'drawn' intermittency is described below, the numerical
results are detailed in section 4.8, It is expected that a visual impression
of the flow, such as the drawn intermit%ency, will give the large scale
flow features only, so that comparison should be made with the wholesale
intermittency, Results are shown for high Reynolds number-(Re = 4750) at
a position near the outer edge (:]/8': 0.2) in Pigs. (4.7.15 5 L4e7.16 ;
h.7.17). These show the effects of increasing the pair of threshold level
factors from 0,22 ; 0,28 to 0,28 ; 0,30 and should be compared with Fig.
(4.7.1) which shows the same data with factors 0.30 ; 0.35. Figs. (4.7.18 ;
4.7.19) show the effects of a low threshold factor, 0.25 ; 0,32 at two
positions, (j/g = 0.7 ; 0.9) at low Reynolds number (Rg= 900) and
should be comparzg with Migs. (4.7.6 ; 4%.7.7) which show the same data with
factor 2.30 ; 0.35.

In general the result obtained by the digigraphics analysis is
confirmed: bursts do not increase significantly in number as threshold
level decrsases, but become wider. This suprests that fronts and backs of

bursts do not contain a sudden increase in criterion function value but



58

rather a gradual increase so that, as threshold level changes, turbulence
is first.detected, and is cut off, at different positions, The effect of
this is to make the choice.of threshold level factor from visual analysis
very difficult, because it now becomes a question of deciaing at which
position on gently increasing slopes the turbulent bursts begin and end,

Comparison between Fig, (4.7 7) (high.factor) and Fig, (k. 7.19)
(low factor) illustrate the difficulty of making a choice of factor at
positions of relatively high intermittency: irrotational regions are
so narrow.that they are very difficult to detect visually. The detection
of the turbulent bursts within a principally irrotational epviroment,
Pigs. (4.7.6 ; 4.7.18), is far more simple.

The results of a visual analysis must be qualified by the
above. A comparison of Figs. (4.7.15 ; Le7e16 5 4.7.17) and Fig. (4.7.1)
suggests that the burst lengths drawn are best reproduced by the latter,
where the threshold facfors are 0,30 ; 0,35, Similarly Fig. (4.7.6) looks
better than 7ig, (4.7.18). Thus from the visual analysis, threshold level
factor should be 0,30 ;5 0.35.

An alternative criterion parameter, \f23 was suggested and
Figs. (4.7.20 ; 4.7.21 ; 4,7.22) show the use of this parameter with the
same intermittency scheme and threshold level factor as finally chosen for
UV criterion parameter. These results should be compared respectively
with Figs. (4e7et ; 4e7.2 5 4o7.3). In the '\f’zresults the second trace
from the bottom shows 1}3(t:), which has a deceptively hipgh contrast
between regions of low and high activity, The'lp%criterion parameter gives
wider bursts near the edge of the layer and narrower bursts close to the
wall so that scaling threshold level factors would not produce an
égfeement between intermittency factor from \fg(ti) and from UV (L ).

The numerical reasons for preference towards llkf(t:) are given in

<
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section 4.8,

| The vispal analysis of intermittency using the choseﬁ scheme
with threshold level factor 0,307 0,35 is shown for several values of/j,@;
in ¥igs. (h.7.1 to 4.7.5) at high Reynolds number and Figs. (4.7.6 to 7
%.7.8) at low Reynolds number, The remarks made and values given below
relate to the full 10-record trace produced by the Calcom plotter, of
which the 3 record extract reproduced is representative,

At high Iteynolds number, agréement between drawn and computed
wholesale intermittency is good throughout the layer, Very close to the
wall, atﬂﬂ,ﬁ; = 0.1 { Fig. (4.7.5)), the wholesale scheme scems to
overestimate 1nt°rm1ttency, probably because the small separation between
bursts brings any retail, {small scale) turbulence comparatively closer to
the bursts, At tﬁis position other experimenters from Carrsig‘and Fistler
(1955) onwards, predict 0 = 1. In the present results the criterion
-parameter VLV ( t) is clearly intermittent - at /9‘/ 9 0.1, and it is
sugpested that the closeness of bursts has caused otﬂE; experimenters
to overestimate intermittency factor close to the wall,

At low intermittency, e.g. y/S‘ = 0,9 (Fig, (4.7.1)), the
dravn intermittency factor;’ja;, the comouted retail intermittency factor,
—75 ; and Klebanoff's (1954) intermittency factor_jﬁiiagree well together
being respectively 0.350 ; 0.355 and 0,368, but ‘ZF*, the computed
wholesale intermittency is high, Q.41, He9ce, although the wholesale
intermittency function has the better visual comparison, the fine balance
of small scales in the computed retail intermittency factor brings the
latter closer to drawn intermittency in value..«yj}/S‘ = 0,7 (Pig. (4.7.2)),
however;QYYﬁ (= 0.81) aﬂé‘Yy (=2,82) arewin better agreement with the

aramn intermittency Wy (= 0.78) than the retail intermittency, J (= 0.73).

At low Reynolds number the agreement between dravn and
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computed intermittency is not quite as close, mainly because the increased
activity of]ilf(t:) in nominally irrotational regions makes the production
of an accurate drawm intermittency more difficult, At/y‘/5;5= 0.7, Fig,
(4.7.7) anaj /g = 0.5, Fig, (4.7.8), the drem intemittency function
contains more bé?sts than the computed wholesale intermittency function,
mainly as the computed large bursts are subdivided in the visual analysis,
This implies that irrotational regions of very small size can be detected,
in fact the wvisual analysis at high intermittency factor relies heavily
upon recognition of some burst pattern, (detailed in 4.2 below) so that
bursts can be separately identified even if very close together.

Fig. (4.7.23) and Fige (4.7.24) show the effects of the noise
clip at the outer edge of the 1aye1'Ji,4S = 1.,1. The conventional scheme
overestimates intermittency Fig. (4.7.24), but the noise clip, with a low

value of Perc = 0.2 (see A.S) enables the separation of noise and signal

Fig. (L4.7.23).

4.8 Computed Intermittency Results,

This section describes the behaviour of the computed
intermittencies, the effects of changes in sampling system, criterion
parameter and threshold level factor., The final scheme is detailed and the
intermittency results for the range of experimental Reynolds number are
given,

¥1ebanoff (195}) measured intermittency in a high Reynolds
number, zero pressure nrradient boundary layer, using visual analysis of
vorticity and u-component fluctuating velocity traces together with the

flafness factor intermittency of Towmsend (194,8):
- 3/

7, /(:;z |

%) -
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Klebanoffs results were found to approximate closely to a

Gaussian integral curve civen by

Tallmeds) o 95 (F-07)

‘principally on .the basis of m(y/g), Fig._ (4.8.4). This curve is used
as a standard for the present intermittency wvalues because it has been
very important historically: rhost other experimenters have fitted their
intermittency schemes to it.

The sampling systems tested, detailed in section (/4.6) and
evaluated visually in section (4.7) give very similar values of .intermittency
factor, Fig. (4.8.1). Thus taking more samples or con;}h:iering smaller scales
giveé very little advantage, and for economy in processing time the A=-point
/ 0.060" - scale system was chosen,

The results of the use of U‘z’as criterion parameter are shown
in Fig. (4.8.2). It can be seen that Vz'giVes a higher (J at the edge and a
lower O near the surface and , in agreement with the visual analysis, scaling
threshold level factor does not improve overall agreement withYK(y/ 5 ).

It must therefore, be concluded that '\f’l{ E) is less well behaved as a
criterion parameter than'wf': t). It is also interesting that valuesof ]
from'\fk(t) should be so much lower than those obtained fromu,U'( t) near
the wall, sinceUV{E) is known to be intermittent in the sub-layer and has
a high flatness factor in the log-law region.

The effects of threshold level on intemmittency factor are
shom in Pig, (4.8.3), from which it is evident that no clear 'best fit'
threshold level factor can be selected, Although low factors giveb’closer
to unity near the wall, they greatly overestimate intermittency factor in
the-- outer part of the boundary layer. The values of factor finally chosen,

0.30 and 0,35, give a good overall fit to ZSK.\j/S) -.vith}*slightly high
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and b’ slightly low except at extreme values 'of intermittenc& factor where
botm and'—E*are low, This latter may be due at lov.r—b/KtO uncertainty
in Klebanoff's boundary layer thickness. The vaiues ofm’*close to the
wall confirm the findings of visual analysis, that intermittency reaches
down to the wall: even Ytends towards a value less than unity, typically
0,95. There is, in fact, no direct experimental evidence that-b/ does reachA
unity close to the wall, except for flatness factor intermittencies which
are forced to do so. Experimental values of intemmittency factor close to
the wall are rare: “ovaszmay et al (1970) give § = 0.96 at Y/ = 0.4,
Hedley and Xeffer (1974), d = 0.95 at }/g = O.4; the closest to unity
‘given by Corrsin and Yistler (1955) is 0,88 and Klebanoff (1951‘,) finds
'U = 0,92 based on film analysis, Analogue intermittency meters may produce
intermittency factors greater than unity, but such data would in the normal
course of events be disregarded as physically unacceptable and would not
be reporte;i.

The sensitivity of conditional averages to threshold level
was investigated and -the results are showm in figs, (4.8.7 to #.8.14).

Since the effect of threshold level is seen direetly in intermittency factor,

o
L]

. the results are plotted againstT,—b’:f Both the turbulent zone' average Q_
and the contribution of the turbulent zone to the overall average,—wz
are given, Cver the range of intermittenéy factor considered, which is of
order '-!-'102'5 there is an almost linear relationship between turbulent
zone average and intermittency which is continuous from retail to wholesale
i.e. @M) and S\y(—ﬁ lie nearly on the same straight line, Thus
the wholesale scheme, despite its turbulence bias, makes little numerical
difference to turbulence quantities beyond that expected from the change of
int;;rwdttency.

Roughly, a 10 )¢ increase in intermittency efflects a 7 e
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decrease in u,z', Pig. (1+.8.7),Vﬂ—(br.8.9) andﬁTr(l,_.B.H) and a 10 7
decrease in ﬁk, {(4.8.13). The turbulent zone contribution to overall
average, however, changes by a far smaller amount: 40 ipcrease in
intermittency factor leads to a 3 % increase inzﬁw—‘?’“’and ’b{LT\F and
barely a 1 5% decrease in?ﬁ‘f Jow, ifwz is roughly independant of’b,,
then it is implied that values of,Q__ near the edges of turbulent zones
are very small, so that changes inz make little difference to total
contribution to unconditional averages.

The flatness factor intermittencies, Fig. (4.8.4) show a good
general agreement between the data points of Xlebanoff and the present high-
Reyneclds-number results, except that the iatter are better behaved near the
wall, Close to the wall there is scatter in ¥lebanoff's results and values
-of intermittency factor greater than unity are found, Near to the wall Fu.
does not in fact tend towards 3, the Gaussion flatness factor, but t5 some
slightly lower value, The near-wall value ofHL obtained in the present'
work was, therefore, taken as a basis and Fig, (b,.8.5) shows that a better
collapse onto YYK'(y/S) was obtained, It also proved possible to collapse
high and low Reynolis number results closer topether, so that l-—:(0)/ F
varied with Keynolds numberlessl‘haﬁ/': . U(j)

u(y)

Fig. (4.8.6) shows computed intermittency factors, 3’,7;* and
the flatness factor intermittency factor—B: at hipgh Reynolds number, The
latter collapse better on to the Curve’b/K( 9/5').

Intermittency results at typical high and low Reynolds numbers
are shown in Pig. (4.8.15). Close similarity of (}‘/&’ )W(j/g’) is

%5 %

found throughout the keynolds number ranpge, The position of J* = 0.5,

0.8 S;,

e D
throughout the Reynolds number range, ¥ovasznay et al find X: 0.5 at O.SS

in agreement with Klebanoff 0,78 g—i\ 0,82 %95 is fairly constant

(Re-’_‘:_ 3300) and Hedley and Xeffer at 0.755(36,-4.L 5000), The position of
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—b/*= 0.9, however, moves closer to the wall with increasing Zeynolds

num'ber ~vh115t7 = 0,2 moves away from the wall, Thum}/g) appears
*
to pivot aboum 0.5 with_—— decreasing with increasing Reynolds
L

number, This is also seen, though less dramatically, in 3g//4§“) Higher
295

values omclose to the w'~11 are found at lower Reynolds numbers, ijw

= 0,97 at Ry, = 800 andﬂzzgx.; 0,935 at Ry = 4750,

The intermittency results for all experimental stations are

shovm in Fig, (4.8.16).

4.9 Visual Analysis of Intermittency kesults,

This sc.ction describes in further detail the physical
apoearance of the intermittency function ID(t) and, comparing it with the
criterion parameter,'lﬂf(t) suggests typical burst patterns. Unless
spe_cifically stated, bursts are wholesale turbulent regions, troughs are
wholesale irrotational regions,

Firstly, it must be noted that, as expected, bursts coincide
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vith regions of highlﬂf(t) activity, In addition it seems that trouchs,
defined as Having low]ilf(t;) slope with respect to time generally also
coincide with regions of very smalllﬂﬁ:tj. This latter is particularly
noticeable at high Reynolds number and low intermittency, Fig. (4a7e1)
for example., At low Reynolds numbers there ii\gpre activity of UM (E) in
troughs, but it seems even so that the mean,izjf, is very close to zero,
This is in marked contrast to'theTJ_(t) and U (t) traces which in most
cases show a considerable slope within irrotational regions, This slope
is usually of the duration of the trough and remains fairly steady
throughout.Fig. (4.7.1) shows this particularly clearly for the\f‘(t,)
trace which in general has a negative slope in irrotational regions,
crossing the zero line somewhere about the middle of the regions, Thus on
the backs of bursts the flow is instantaneously away from the wall whilst
near fronts it is towards the wall in agreement with the findings of
¥ovasznay et al (1970), Retail activity in troughs (small scale turbulent

events) is comparatively rare, but there are considerable retail irrotational

events at. leading and trailing edges of bursts,

Thus althouch there are few 'free' small scale bursts there is a considerable

amount of fuzziness around bursts and soms small irrotational patches
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within bursts , the so called 'marble cake' effect clearly seen in fhe
smoke pictures of Pongprudhanon, Fig, {(4.1.1).

As predicted in section k.7, the leading anq trailing edges
of bursts are frequently regions wherelilh:t) slope is gently increasing,
again this is seen in Figs. (4.7.7) and (4.7.6), at lowljy’. These slopes
are often of considerable length, up to 0,5 E; , so that a considerable
v interface position error is possible, At highé;valuesof intermt'd:‘cency,‘5E 0.5,
the slopes are shorter, but the apparent linezr relationship betweenpb/*
and threshold level factor is explained,

The smaller scale bursts seen near the outer edge, e.g.

absolute

at/J;/S;E: 0.5, have a very similargphysical length at high and low Reynolds
numbers, but at high Reynolds number a wider range of scales is seen, up to
1.6" or about 1.0%;: Typical smaller scales are physically about 0,2",
about 0,15 égjatlte = 4750 and 0,89 at Rb = $00,

Towards the wall bursts become longer and more closely.spaced,
but even at the nearest point to the wall (y/ § =0.1 at Ry = 4750)
troughs of consideraﬁle length;{b 0.255;-are foifa.

The behaviour of UV (E ) itself within bursts is very
_ interesting, It is clear thatU|}Mspikes' are larger at low Reynolds number;
as a propertion of {ziinstantaneous values of YU become larger at low
Reynolds number. Spikes are also larger at the outer edge than near thé
wall. The wavelength of W/ fluctuations is very similar at hich and low
Reynolds number, beinp of order 0.15", Near the WalllLU“(tT) is more one-
sided (towards negative UUN).

The typical burst pattern is as follows: an initially gentle
negativel}ﬂércursiom is followed by a larger positive excursion and a

series of alternatively nerative and vositive snives, occuring about once

in a boundary layer thickness, Larger bursts contain on average larger
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spikes and the smaller bursts contain only one spike each., From Fig.

(4.7.6) it appears that, in one spike bursts, the spike is usually

positive, The]i_(tj) andT)‘(tf) traces do not show such a;clear pattern,
but; again a typical behaviour may be seen:lf(ti) at the leading edge is
sharply negative andll,(t:) shows strong positive values; suggesting a
pushing forward and domwards towards the wall; trailing edges are not so
strongly marked, the general‘direction seems to be outwards and at a stream-

wise velocity defect,

4,10 Burst Length Statistics,.

Burst lengths have been qualitatively described in the previous
section, (4.9), and it is now required to quantify their distribution so
that typical "average burst lengths" can be found at various Reynolds
numnbers and boundary layer positions.

The descriptions in meaningful terms of burst length statistics
presents a difficult problem to the experimenter. The measure of disagreement
between average burst lengths presented by different experimenters, sce
- for example Table 5 in Hedley and Keffer (1974), makes it hard to believe that
the values given represent the same property, even given the slightly
different flow conditions,

The present author believes that the burst length problem
arises from a conceptual mistake concerning intermittency. Corrsin and
Kistler (1955} showed the intermittent nature of the tulbuleﬁt shear flow
free stream boundary and suggested that the bursts were well formed
discrete lumps of fluid covered with an interfacial layer, the viscous
suéerlayer, like the skin on an oranse, Since then research workers have

carried such a moiel with them, assumed that the interface has a simple



68

shape and that the turbulent bursts cover a finite range of lengths, thﬁs
giving a simple and meaningful average length. If now the smoke pictures of
Fiedler andeead (1966), Falco (1974) or Pongprudhanon (1974), reproduced
in Fig. (ha1.7), are examined it may dlearly be seen that the interface,
gssuming that it exists as a layer at all, is highly re~entrant, finely
structured and wispy. Even given that smoke pictures do slightly exaggerate
the small scale structure (momentum or vorticity is diffused by viscosity
faster than smoke by brownian motion) the interface appears rather more
like the surface of a cauliflower than the peel of an orange.

Traces of such properties as vorticity (Corrsin and Kistler
1955) or LL\}’(t) e.g. Fige (4.7.1) do seem to present a more ordered
pattern, but the time scale is highly magnified, smallest scales are
removed by filtering and the picture is essentually one-dimensional,
Certainly the present computed intermittency function shows a considerable
amount of fine retail structure around wholesale bursts, which is effectively
fuzziness, Given that in general the popglation of a given burst length
increases with diminishing length, the exclusion of smallest scales would
have a considerable effect upon simple average-burst-length, which would
then become a strong function of the low pass filtering of the turbulence
signal, Assuming the existsnce of a continuous superlayer the statistical
‘problem may be seen as analogous to that of the definition of a coastline.
landelbrot (196ﬂ has indeed used the coastline analogy to explain the
principle of statistical selfe similarity. In a process which obeys this
principle, any small section has the same statistical properties as the
whole »nd thus the coastline, for example, has a length dependent upon the

the segment length used,

L2
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Further the length of coast, L (G) where G is the seément length is given
in Richardson's Formula (quoted by Vandelbrot) as L(G) = HGkD s where
11 is some constant and D is a fractional dimension, This relationship can
operate as a definition of D which then becomes an indicator of the amount
of irregularity. For a straight line D is obviously 1; for the most
irregular known coastline, that of the West of England, D == 1,25, The same
arguments may be used for a surface, where D takes some value between 2 and
3 and, clearly, as G becomes small the area of the surface would become
extremely large. Tn the present context a whole range of properties:
- intermittency; average burst length; crossing frequency; will all depend
upon the sampling rate, the low pass filter setting and, in the cases where
they are used, smoothing and hold time., Thus the real features of the
interfacial properties may be losf by simply summing together all the
turbuleﬁt bursts and irrotational troughs and calculating properties as if
the process were simnly continuous,

In an attempt to give more meaningful statistics, the burst
length probability density has been calculated and is presented as a
Punctionof burst leneth from one samnline period to the largest observed

burst., A difficulty with this system is the length of sample required to
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obtain sufficient occurences of large bursts, a problem also encountered
by Corrsin énd Kistler, These results, shom in Figures (Le1141 3 NLol1.2 ;
and 4,11.3), demonstrate clearly the power of the smallest bursts, which
in all cases have the largest probability density. If nowv the weighted
probability density, pl, where v is the probability density and 1 is the
burst length in sampling points, is calculated and given as a function of 1
Fig. (4.11.5) it iz found thét the highest values pl(l) are found above the
minimum burst length, demonstrating that the prﬁncipal contribution to
intermittency comes from bursts well above the minimum burst length,

The momsnts of these probability distributions would give
more plausivle typical burst lengths and are discussed in the following

section,

Lel1 Burst Lenegth Statistics : MNumerical Results,.

This section describes in detail the burst length prohability
distributions for wholesale and retail bursts at high, medium, and lor
Reynolds numbers and at various boundary layer positions, The first and
. second moments of these distributions are given as a function of boundary
layer position at the chosen Reynolds numbers, The general length unit is
the sampling length, in number of_sampleé. The scaling length used for both
wholesale and retail bursts is 55%5 . Average burst lenpgths obtained by
other workers are included, not so rmuch as a basis for comparison as in an
attempt to intepret them and to define a suitable average burst length for
further work.Tn the free stream one sampling length is ecuivalent to 0,015 ins,

The probability distributions of retail and wholesale burst
le;éth as a function of burst length are shown in TFig, (ho11,1) (Station 2
Ho21100), fig. (h11.2) (Station 6, Rg®= 2200) and Fig. (h.11.3)

(Station 17, Rp = 4790) for different boundary layer positions of hirh
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and low intermittency. As intermittency increases, fcwards the wall,li<§l
decreasing, a wider range of both retail and wholesale burst lengths is
found, and the probability distribution becomes flatter towards the smaller
lengths,

The wholesale burst length probability distribution is
generally the flatter and, as may be expected, extends to a larger burst
length, Although the retail distribution remains very similar at all Reynolds
numbers, the wholesale distribution becomes flatter with increasing Xeynolds
number, The wholesale distributions at large burst length contain
considerable scatter because of the infrequency of their occurence in the
lengths of data processed.

The largest retail bursts found atjé/s; = 0.4, where
intermittency is at its asymptopic highest value ngWE&O.Sj) are of order
60 sampling lengths, equivalent to about 0 S;ﬁi the lowest Reynolds
nurber (Re-’_‘: 1100) and about 0.63; at high Reynolds number (Rg = 4750).
The largest wholesale bursts are of order 200 sampling lengths, weli below
the digital record length,

So that the effects of Reynolds number may be seen more clearly
. these distributions have been replotted in Fig. (4.11.4) on a linear scale,
with burst length scaled writh E;é5 and the probability scaled Wiﬂl}a the
burst length, The main features to emerge from these plots are their
pronounced peaks at lowest burst lengths. Fbr Rg = 4750, atfié;= 1.0,
where’75’= 0,15, the probability of retail burst length 1 appro:ihes very
close to unity, and even close to the wall,ﬁyg;g = 0.1, §J = 0.89, the
probability distribution has a noticeable peak at [ = 1.

The low Reyrolds number burst lengths are certainly
pro;ortionally larger (for a given probability, bursts are 1onger) but this

is less marked towards the wall as the range of burst lengths becomes larger.
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The wholesale distributions show this most clearly, where bursts are
typically twice as large at kg = 1100 and//é; = 1,0 as at Rg = 4750 at
the same position, Thus in general small bur:Zs are more significant in
terms of population at high Reynolds numbers and therefore the 'fuzziness'
around bursts would be greater,as seen in the smoke pictures of Falco (1974).
The values of peak probability of retail bursts are higher
than published results, almost certainly because the bursts considered in
the present exveriment extend to smaller lengths, The peak probability
values for wholesale bursts, however, compare somewhat better at low R,
and low intermittency with Antonia (1972) and at high Reynolds numbers
with Hedley and ¥effer (197.) or Corrsin and Xistler (1955). This seems to
confirm that wholesale intermittency defines the large scale structure
which alone was considered by other experimenters.
The length weighted retaillprobability distributions are
shown in Fig. (4.11.5) at Reynolds numbers Re = 1100, 2200 and 4750, in
the semi log form L.F(L) with f scaled logarithmically. These plots give
the contribution to intermittency of the various burst lengths. The peak
contributions to intermittencyi&Fie)maximum, come from longer bursts nearer
- the wall, as might be expected. It also seems that peaks occur at slightly
longer burst length with increasing Reynolds number, Typically, até?é; .0
the peak is around L sampling lengths and aﬁé&/ = 0,4 around 15 sampllng
lengths, At low Reynolds number near the wall, tne major contribution to
intermittency comes from fairly large bursts, of order O, 55;‘ At high
Reynolds number from bursts of O.1+§i;. Apgain it seems that, proportlonally;
smallerbursts are responsible for intermittency at higher Eeynolds numbers,
The moments of the burst length probability distributions

-

were obtained by two metheds,
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(i) From the computed probability distributions:

7 =<Lpd)
5 pl)

é)@ (L) | 11,2
An= éx:f;(e) h

ll—-‘l‘l‘o‘l

(ii) it was feared that (i) would be sensitive to the large
scatter of P(—Oa‘t high burst length values, the distributions were

-7 /&p(@d j!& |
/:@F(‘e)dﬁ’@ Lell.3
f«ﬁp(«@)c !ﬁ’& hattad
/ L@l |

Additionally the average burst length was obtained from the

simple relationship:
1 = np btt.5
nb

These methods are compared for retail bursts in Fig. (4411,7) the average

—// — *
burst length ,6 (/%tgrees well with ﬁi(%—) and the values obtained for
2
'EL(%) , although slightly low, suggest that the simpler method, given
by /(7; (expression he11.2) is adequate,

Wad
The internretation of these momsnts is open to some doubt,

but roupghly ,8" is an average or typical burst length, whilst EL is the
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typical burst length contributing most significanily to intermittency.
Results are shown in Figures (4e11.8 ; 4e11.9 ; 4.11.10), retail and

wholesale in the general form/ﬁ (‘%),'g (9/8’). The equivalent g values
1 2. 9%

have been given for reference, A

_ Close to the wall }/6‘<O.4 the typical retail moments Luz,
and L&have very similar values tnroughout the Reynolds nurber range
(i.e.EL,ZLp(/, Rg ) ZLR:LL 15 points, about 0.225 ins, The values of
&(,y/(f), &(%‘} fall off uniformly in the:ange OZ]-(H/S’( Oe 55
At the very outer edge of the boundary layer ,ZLR, ,gu_ again achieve
stable values, but in this case [;__ and ZL increase with Reynolds
number, ,e:,from about 4 points at kg = 1100 (the smallest possible scale)
to about 6 points at Rg = 4750,

The wholesale values, Fig. (4.11.9) show, surprisingly, that
near the wall the typical burst length a.ctually decreases with increasing
Reynolds nunber, from about 759_5 to 15-995 in 1100 { Re &£ 4750, At
the outer edge the absolute lenpths increase with Reynolds number, from
0,225 ins, to 0.6 ins, in the same range. This is a decrease from about
0. 78 to about 0.k O, .

%"

Fig. (4.11.10) compares /eA.W (g/a‘) vith scaled intermittency
function —‘b’ (/gj at high Reynolds number kg = 4750, Although the curves
are similar in shape, average burst length falls off with 9/81 (at about
j/g‘ = 0,4) before intermittency (at aboutyA" = 0.7). In fact, quite
gen?rally, the average burst length begins to ?ecrease closer to the wall
than intermittency factor. To maintain intermittency factor in a region
where burst length is decreasing it is necessary to pack the bursts closer
toggther, and Fig, {4.11,13) and Fig, (4.11.14) shov burst spacing calculated

simply oy total nusber of veints in record

number of turbulent bursts
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In the outer regions of the 1ayer,9/8995> 0.8, there is a considerable
general increase in spacing, which, talen torether with the fairly constant
average burst length in this region suggests that intermittency decreases

by successively thinning out the number of bursts found at a particular%

wa ’ o \/

BursT Stacivg
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In the region 04.< H/S £ 0.7 the spé,cing decreases, implying that —Z

is, in fact, maintained by a closirg up of the bursts, or that on averapge
bursts sub-divide, The comparatively large change in spacing at low LKeynolds
numbers would indicate that a sub-dividing process would be stronger there.
This suggests a burst pattern as showm in Fip., (4.11.15).

Average burst lengths are shown, normalised with 59;5

a function of Rg in Fig, (4e11.11) for a series of boundary layer positions,

s as

These plots show the. relatively larger size of typical bursts at low
Reynolds number, particularly nzar the wall. 7holesale averages can be szen
to be considerably larger, by an order of magnitude,.

Other worksrs who quote average burst lengths include:
Corrsin and Kistler (1955) who obtainedE = QX at 9/8' = 0,72 and 0.£9
aty/g‘z 0.98 in a boundary lsyer at kg = 8000; “ovasznay et al (1970)

rona £, = 0.163151‘;%': 1.0 and 044 O at y/g’ 0.7 at Rg = 3000;

Sherman (1972) measured}/ for the range 700 L I\‘o<_,‘l'30;) in channzl {low
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Just down stream from natural transition, resulting in f/ = 125‘ - 1OOS+;
Falco quotes._ 'typical eddy sizes' from analysis of his smoke pictures,

= g’at Rg = 600, 0,4 () at Ry, = 2000 and O.1S/at Ry = 6000, The
results are difficult to interpret: Sherman's must be too large and
probably show the effects of a low high-pass-filter setting; Falco. finds

an increase in eddy size at low Reynolds numbers, and, in fact, his typicai
eddies have scales similar to Athe present retail averages ,61& with the
latter close to the wall; the values of Corrsin and Kistler also seem large,
particularly considering the comparatively high Reynolds number,

Fige (4.11.12) summarises these data, It may be seen that the results of
Kovasznay et al closely compare with the present Ry = 4750 data,

The overall conclusions azbout intermittency are that, although
the intermittency functions () (y/ﬁ ,’B”*(ﬁ'/g) show little change with
Reynolds number, bursts are larger at low Reynolds number, and more small
scale activity (fuzziness) is found at high Reynolds number, Bursts at high
.Reynolds number tend, in agreement with Kovasznay et al,to be solitary, but
at low Reynolds number successively sub-divide in their progress from wall
to outer edge. The present intermittency scheme reproduces both the
expected form of the intermittency function obtained by visual analysis of
criterion parameter u\]'(t), and the intermittency factor,?f(ﬂ/a‘)obtairied
by other workers, Thel wholesale intemitténcy gives the large scale flow
features and agrees well with other data, particularly impressive is the
close agreeﬁ:ent betwesn average wholesale burst length ZW%) and the
data of Fovasznay et al, The retail intermittency, however, contains the .
small scale features which give rise to fuzziness around bursts.,

It is found that irrotational regions of considersble length,
up t'é 18' occur close to the wall, so that intermittency exists closer to

the wall than hitherto envisaged.
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Chapter Five.

Properties of the Turbulence,

In this chapter the results of the digital analysisAof hot-
wire data are discussed and, where possible, comparison is made with other
workers' data, The presentatibn of these results is designed to highlight
Reynolds-number-dependent changes in the sfructure of the turbulence and
particularly in the mechanisms governing shear stress. In order to do this
it has occasionally been necesééxy to calculate quantities , the physical
interpretation of which is uncertain,(for example, conditional averages of

moments of fluctuating velocity probability distributions) out which, it
is argued, illustrate these changes at least qualitatively.

The fluctuating velocities, both conditionally and conventionally
arranged, are calculated with respect to a 'total' baseline - the conventional
mean velocity -~ and not to regional baselines as, for example, in Hedley
and “effer (1574), see Fig. (5.1)

Thus, using the notation detailed in Fig. (5.1),
N ——

%=Q‘Q;@=ﬁ;%{/=ﬁbfl 71

Hence: ?1'/= )’f;[; + (1*5/)7/ 7%

~ ~
wherefxﬂ/ s is the contribution from the 'turbulent' regions, and (1—'5)7/
that from the 'irrbtational' regions, to the overall average. In this .
analysis, only the turbulent zone averages have besn directly calculated;
irrotational zone avereges, where given, have been obtained from (5.2).

The advantages of usins a conventional averare baseline is

the simplicity of the relationship (5.2) and of other relations between
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conditional and conventional averages which engineers wish to predict.

Fundamentaliy, perhaps the most meaningful baseline for turbulent zone

averages 1s the local mean velocity in the irrotational rqgioné into which
the eddies are spreading., Tvaluation of turbulent zone averages with.respect
to the turbulent zone mean velocity ignores the fundamental component of
the edﬁy motion,

To separate Reyndlds—number effects in the turbulence from
the changes which occur in surface shear stress, the velocity scale 1L77
the local 'friction velocity' has tesn used in producing non-dimensional
velocity parameters, except where changes in the shear stress profile
shape are expected to contribute, in which case a velocity scale is defined
based upon the local turbulent shear stress,{zik

The conditional averaging schemes used have been discussed in
Chepter Four, vhere it was concluded that, although 'wholesale' intermittency
schemes give the envelope of the turbulence they miss the fine structure
which, it is conjectured, plays an important part in Reynolds number
dependence, Consequenfly retail conditional averages are used in this

chapter to represent the propsrties within turbulent or irrotational zones.

5¢1 Conditonally Samwled Mean Velocities,

Conventional averages of the streamvise component of meen
velocity obtained from hot wire data are shown in Fig. (5.1.1) compared
with pitot tube results for the highest experimental Reynolds number,
Rg = 4750 and Hedley and Xeffer's (1974) data, A close agreement exists
between the hot wire and pitot tube results at Station 17 Gie = 4750)
excebt close to the wall, j£/$;; 0.3, where hot wire readings are low,

)
by about 2 ;s at JZ/%; = 0,2, probably duc to shear displacement effects
995
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on the hot wire probe., At low Reynolds number the profile is fuller,
i.e., there is a higher shape faétor. Hedley and ¥effer took their measurements
in an artificially thickened becundary lsyer with a wake component much below
its asymptotic value. Thus their profile is fuller than either the Keynolds
number, Rg = 9700 or the shape factor, H = 1,3, would sugecest and the
associated Clauser paramester, G = 6,23, lies at the low 7'{ end o G(q]l)
calculated from Tieghard's data and shown in Fig. (3.4.2).

¥ovasznay et al (1970) and Hedley and Keffer (1974) measured
zone averages of streamnwise and normal components of mean velocity. They
note that in the outer layer ( ;ié} ;> O.h) the irrotational regions have
higher and the turbulent regions 15222, streamwise mean velocity than the
conventional average and that in turbulent regions the mean normal velocity
is directed away from the wall whereas in irrotational regions it is
directed towards the wall., The results of ovasznay et al and Hedley and
¥effer are in good agreement despite the Keynolds number difference betwesn
them, “ovasznay et al Ry = 3000, Hedley and Feffer Ry = 9700, although it
apoears tqit the former's streamwise velocity results give higher values
for (ij"[] ),/(jb by about 50 % over the range of ;i/g; measured.,

The present results for streamwise mean velocit;?jFig. (5.1.2),
and normal mean velocity, Fig. (5.1.3), show marked differences from
Hedley and Keffer's data, These results are shown in te:rms of differences
between zone and conventional averages and it appears that Hedley and ¥effer's
irrotational zone averares do not tend to the conventicnal averages towards
the wall ( as Qb’tends towards unity) as do the present data,.

In general the pattern of zone averages agrees with that of
Kovasznay et al and Hedley and Keffer, but with the additional interesting
regult that whereas the turbulent-zone-velocity-3difference is a mavimn at

the outer edge of the boundary layer, j¢<§‘ 4 1,0 —\?Tib 0.12, the
i 995 S
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irrotational zone finds its maximum difference at Ji/éé&sﬁﬁ 0.7, close to
the’fzy.= 0;5 position, This implies that irrotational fluid accelerates
towards the wall only as far astéiﬂéi = 0,7 after which point it slows
down to reach the bottom of the 'trofzi' at a small relative velocity.
Turbulent fluid, hovever, thrusts out energestically to the edge of the
boundary layer before slowing dowm.

The values of velocity-difference found in the present results
~are considerably less than those found by Kovasznay et al or Hedley and
Keffer, particularly for positions close to the wall,

Changes occurring with Reynolds numberwere investigated by
plotting zone velocity difference against streamwise position and it may
be seen that both the streamvise differences, Fig, (5.1.&), and the normel
differences, fig. (5.1.6), increase as Rg increases, although the irrotational
zone—differences'at the extremes, close to the wail and at the edge of the
layer, are somewhat ambiguous in their behaviour, “hen these results are
replotted, normalised_by‘Linnstead of [L this trend is emphasised
Fig. (5.1.5).

Bradshew (1566b)suggested that an 'energy flux velocity'
tgU+dqurpip ,
543
.L p—
z 9

could be a physically plausible definition of streamvise component

given by:

convection velocity, and that a good approximation to (5.3) isi

w3
U° ) U MY | 5.k

Hedley and Yefler (197&) I=fine l L s
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s

— or

U=0U~+ :—'—:% , 5.6
C
These parameters were estimated using Hedley and Keffer's assumptions that:

- 2@ .

and also, bassd on Lawn (1970),
S -t : T 508
CL?“LL = 2 (u‘lﬁ—f—u’)

The values of [Zpaloulated from 5.), 5.5 aﬂd 5.6 are compared
in Pig. (5.1.7) at Station 17, (Re ‘= 4750) which also shows the mean
velocity profile,

Xovasznay et al (1970). calculated an overall convection
velocity for turbulent 'bulpes' of order O, le[l; s and Hedley and Keffer
found that C] calculated from the relations 5.5 ani 5.6 agreed well
together and lay about 0,02 below [L/tl

The present data also show® convection velocities below the
turbulent-zone-mean-velocity and by a similer guantity, Agreement between‘[l;
calculated according to 5.4, 5.5 and 5.6 Ts good for ;iés' 4:;0.5,
but above this value [}; calculated from zone average intensi£ies falls
below 5.4 and, at high %i/@;’ both 5.5 and 5.6 give values well below
Bradshaw's mean-convection-velocity, 5.4, actuwally decreasing with increase
in éi/ﬁ;’ . A decrease of convection velocity with inecrease in gbé;‘ at the

995 . 5
outer edge of the layer seems inplausible, unless bulges of turbulent {luid
are benling back on themselwves which swo%e picturss tend to deny, and

Bradshaw's relationship 5.} therefore v»roves the most well behaved at
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targe Y /&9 .

Convection velocity in the form:

= (7, & : 5.9
U-(U+ &)
is shovm in Pig, (5.1.8) plotted for both low and high Reynolds number
stations: the data of Hedley and Keffer are also shom, and give much lower
values in the middle of the profiles,aboutli/é; = 0,8, A direct comparison
of these and later results is not possible becafgg of baseline differences,
These results are shown plottedvagainst streamvise distance
in Fig. (5.1.9). The convection-velocity-difference (5.9) décreases with
Reynolds number in general, even normalised with respect to‘ilqr(5.1.9b).
The concept of a lateral bulk convection velocity, representing

the transport of turbulent energy by the large eddies, introduced by
Bradshaw (1966b) has been extended by Hedley and Feffer in the form:
— P~ —
Uf cjﬁl}' ~ 5,10
v gt
Alternatively the lateral bulk convection velocity can be defined by

shear stress:

Voo W 51
T o~

these, together with equivalent mean convection velocities:
z
— C[/J“ 5,12
9
and v W 5¢13
L3 v~

are shomn in Figures (5.1,10 ; 5.1.11),

=

The arrsement between conventionally averaced relationsiips

and their equivalent conditionally averaged parameters is-closer in the
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case of \/f'andl\jf than \jr;nl i; s, probabily because of inaccuracies

in the derivation of' c{/ﬂ]/- and q/ U"

In general is larpger than by a factor of about ‘3, but
T

approaches zero more rapidly near the wall. \/L a /@? = 1,0 is to a good
#
d'(g 8 ) whnn =

o~
Keffer's 1line for Lﬁ; is shown in I 1g. (5.1.10), but has a much shallower

approximation the same value as . Hedley and
slope than the present data,

The streamvise variation of lateral convectlon ve1001ty,
represented by i]v//AiL s Fig, (5.1.12), shows a very similar trend to
streamvise convection velocity difference, a slight decrease with increasing
Reynolds number, of order 10 ;5 over the range of expéfimental Reynolds

numbers (Re = 800 - 4750),

5.2 Turbulence Intensities,

The turbulence intensities in the three coordinate directions [
V- an2y), were measured by Klebanoff (1954) and presented as the root
mean squares of fluctuating velocity normalised with the free stream velocity,
~ Klebanoff's data, for which He = 8000, are taken as the asymptopic
standard for the zero pressure gradient boundary layer and form the basis’
for comparison with present data.
The comparison between present data and Xlebanoff's results
u* wr N
re-calculated in the form =, and ==, 1is made in Fig. (5.2.1). The
Wy Wy
present results are taken from the highest experimental keynolds number
}{9 = 4750, and in general apreement with Klebanoff is excellent, except
near the outer edge of the layer where our intensities are higher, both for

T,L and \/P. At the outer edee where intensities are of small megnitude, a

high degree of accuracy cannot be exvected,
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Figures (5.2.2 to 5.2.4) show the root mean square, second
and fourth moments of [ and'L}for typical low and high Reynolds numbers,
RB = 800 and Ro = 4750, Conventional and conditional averages, both retail
and wholesale, are given: the scatter of these results is well within 5 %

——
fod ‘ s
on W', even at the lover Reynolds number. The hipghest mean square values

— |
recorded were of order 0,01 %%L » but even within turbulent zones an
e
intensity greater than 0,07 ggi.was not found, so that these points should
U

all lie within the 1limits of a conventional hot wire system without the use
of analogue linearisers,

Turbulent zone conditional averages are shovm as their
contribution to the conventionel average, that is} a3'75(ij%)?etail//tjza

=~ - ¢
5 *(ﬂl/ - [72' etc, The difference between the conventional

‘holesale e
and conditional averages, then, will be the contribution from the irrotational
regions. In fact, the conditional averages lie very close to the conventional
averages (closer in the case of wholesale averages, probably due to- the
biasing of the wholesale intermittency scheme) so that there is only a very
small contribution from ircotational zones, of order 5 - of li or \f‘.
The fourth moments of L[ component intensity do, however, show a considerable

T (%

excess of llfov&rli,at the outermost edge zi/égwfh 1.0 which occurs
later in this chapter as a very large turbulent-zone UL—component flatness
factor,

Turbulence intensity profiles for LL and 1f"components,
Fig, (5.2.5),sh0w that the profile shape is rouchly preservei throuch the
lteynolds range but that at low Reynolds numbers intensities are higher by
about 17 i of UL orU* r.m.s. intensity when normalised with free stream
velocity.,

o, UR
The intensitvy ratio , V7 as boen ealeulated Tor the dnta

of Klebanoff (1954) and the present data, The results, Fig. (5.2.6),show
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that considerable changes take place with Reynolds numbeir, At high Reynolds

mumbers, Staticns 17 and 11, for example, gool agreement with Klebaneff
T

is obtained, but at low Reynolds numbers W is muech lower near the wall

by a factor as small as % at Station 1 %‘ 0.4, In the outer part of the

layar j/g >O 8 acreement between stations becomes close.

Intensities normalised with LL-C w.dj([ﬂ}') are compared with values
computed from Klebanoff's data in Figures (5,2.7 ; 5.2.8)., It may be seen
that the shapes of u/U' (%‘) and IV (y/g) are quite different from
the profiles normalised with ua. showing that U.,U" changes more rapidly
than uk or '-.'rith %‘ . Agreement between Xlebanoff and the present

© in Fig, (5.2.8).,
Station 17 data is again remarkably c]_-ose/ except at the outer edge where
———-i —'-’i‘
differences in U and U' have been noted. The data are cross-plotted against
2L in Figures (52,9 3 5.2,10 ; 5.2.11), which show considerable catter
but nevertheless clearly indicate the trends with 2T (or R ) ). Both /.L

and %wmcreaoe with Ice , particularly noticeably nesar the wall, at

- 2 0.5 U U” e b 0% th Reynold
== ¢35, /L P increase by about 3 rough the Reynolds
ot e W T VL
number range. The picture f'or A;— and /LL'U' is not so clear, but
anparently b/u:'éf does not showr a remarkable chance, except at the outer

' )
edge, where an incrzase with X g may be seen; v/u‘ v-‘ seems to decrease from
RQ = 800 - 1500 and there after to increase to an asymptopic level similar
to its value at Station 1,

These overall averages, for which the major contributions

come from the turbulent zones, show that the normal veleocity fluctuations are
proporticnally more sirnifi cant at low than high Reynolds numbers and that ,‘
for a pgiven shear stress,the lateral turbulent intensity remains roughly

constant with R 5 whilst lower streamvise component intensity is secn at

lor Ry than at hish Rg .
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5.3 Turbulent Shear Stress,

Turbulent shear stress contrdls the .develppmeﬁt . of the
boundary layer and its prediction has been the focus of considerable
attention, These experiments have been carried out largely in order to
improve understanding of the mechanisms governing shear stress, particularly
at low Reynolds number,

The results of the present experiments, normalised by the
wall shear stress, are compared at high Reynolds number (Re = ,750) with
the measurements of Klebanoff, (Ry = £000) and the profiles calculated
by Green (1971) at By & 590 and Ry == 10,000 in Pigs (5.3.1). "reen's
calculations predict a considerable change in profile shape with Reynolds
number and the present results lie roughly between the computed profiles,
#lebanoff's results, however, agfee quite closely with Green's high Reynolds
number profile, except towards the boundary layer edge where disagreement
is probably due to uncertainty in Klebanoff's g: . Neglecfing an obviously
erroneous voint at Ji//g; = 0.3 the scatter in the present results is
within 10 ¥, Fig, (5.3.;§§shows conventional and conditional averages
of shear stress %‘.{_ at typical low (Ry = 800) and high (ke = 4750)
Reynolds numbers, ng small difference between conventional and turbulent

- zonekconditional averages is an indication of the very low level of shear
stress outside the turbulence and,.;ince turbulent~zone conditional averages
are less than conventional averages, it may be assumed that the 'irrotational
regions' shear stress has the same 'direction' 2s that within turbulent
zones, -

In Fig, (5.3.3) shear stress proffies are shown in the form

WY /) - s Lo hdded; -
Ttif 2%: for each measurement station with the point 7:; =7 Cp added;

{
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Ty ) |
the growth of L£1_= (éﬁ/) with R, may be seen clearly.

- ’C/'Z‘w profilss are shown in Fig, (5.3.4). The data lie
between Green's calculated profiles in roughly the expected station order,
with low Xy profiles, Stations 1 ~ 2 for example, clecse to Creen's

R e = 500 profile.

S wr
The correlation coefficient ‘%é‘t;. %gwas calculated for
| JE[*
each station and is shown in Fig, (5.3.5). The shear stress correlation
was given‘the value 0,44 by Corrsin (194,9), but ¥lebanoff found that 0,495
proved to be a better fit to his data, The present data are in closer
apgreement with the former estimate and in Pig, (5.3.6) have been plotted
against streamrise distance with 0,4\ as a basis., Close to the wall
,Ei/é; 4(: J.6 shear correlation coefficient remains fairly close to the
995

value 0,44 throughout the Reynolds number range, but a slight decrease in

value with Ry increase is detected, particularly towards the outer edge

y/g’%j> 2.9.

5.4 Tripnle Products of Fluctuating Velocity.

Triple proiuct measurements have a great practical importance
in themselves, since the development of 'second order closure'
methods of boundary layer prediction require a good knowledge of their
behaviour: they dominate diffusion terms in the turbulent energy eguation
and normal transport terms in the shear stress equation.

Physically the triple oroduczt terms involvine \f’ may be

internreted as normal diffusion, in vhich case LL‘) , and Illy vrould
p s

_—
) L ooa UYY e
be the normal transport, respectlvelyofLL, s 1}’ and IL ~rithin

~

tuwrtulznt zZonzs, This ds helintmd btecanss 1L Is noh nossidle to oroducs zonc

averaped diffusion in the turbulent eneresy transport sauation,

-

-
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pespite their importance, satisfactory measurements of

triple PI‘OdiE_t_S in a turbulent boundary layer are rare: Bradshaw {1966
measured ZTL,L%))%- and (iﬁj;% directly and Hedley and Yeffer (1974) made
absolute measurements of all four triple products of u and v s both
conditionally and conventionally averaged. These measurements are compared
with the present data for Station 17 in Figures (5.4.1 ;ho 5.4.5), Fair
- agreement is obtained between the present data and Bradshaw (19566q,

(5.441), except near the outer edge where the present data are higher,
probably because of numerical errors in the manipulation of the very small

valuss of UM, V2 ana UV . A better agreement in 'U/E than in

Y

ap——
Uf’U’ is found, Townsend (1951) supgested that, for considerations of

DV . LS4,
inner law similarity, the transport of turbulent energy, (}/DZ +‘2,:7/ v)&/p)%
mist be a constant near the wall; Bradshaw (19664 supported this suggestion

and in addition proposed that its value should be small, reflected in the
(e

values of f=——m3 and — . Jertsinly the present data show a leveling
wv/z (uxr)%
out near the wall and the values are indeed small,
. P Z.U./
(5ek k) and Fig, (5.4.2) show Ms and wb
Ue Ue 1@

compared with Eedley and Xeffer's (19714.) data, It could be arpued that =_
: j lz-} e
. shows good agreement, except for %40.0, but shows a poor
% Ue
agreement throughout, The Ch of Hedley and Keffer's experiment was 0,00274
compared with 0,002%3 for the present measurement so that, to achieve
NSV . e ppapt
agreement in /3 and /[ Hedley and Feffer's should be below the
W)=~ (v, ~

presenl, data; certainly they would not agree 7with the direct measurements

T Ay
of 1(’(,’___\_'_)' and (‘—u%))i of Bradshaw (1956, At/ = 3,8, %3—? values
for the present experiment, Hedley and “effer and Sradshaw are, respectively
1,43, 1,30, 1.13, These differences could well be due to the different

Reynolds mambers involved, htu' the artifi-sial thickenine used by Hedley

and ¥effer has a considerable effect on the velocity profiles in the outer
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layer and consequently upon shear stress, so that systematic comparison

is not possible, A similarly poor agreement near the wall is found for
w uu*

3 3

IIE IJE

requirement for a constant and small value of diffusion . near the wall it

and , Fig, (5.4.3) and Fig. (5.4.5)..In view of the
is very difficult to believe that Hedley and Keffers data would prove a
reliable basis for comparison with the present experiment, and therefore
evaluation rests upon agreement with Braishaw's (1956a) data,

The conventional and turbulent conditional averages of iZI
and i;3 are shown in Fig. (5.4.5) and Fig. (5.4.7) for stations 1 to 7,
11, 14 and 17. The turbulent zone averages lie very close to, but slightly
above,the conventionsl aversges, The position of maximum {7 seems to
move inwards towards the wall with Ry , from 0.5 at Station 1 (g = 500)
to 0, at Station 17 (Rg = 4750).

The triple cross products , iEq}' and izijjb , Fig. (542.8)
and (5.4.9) show, similarly , a very small contribution to conventional
average from the irrotational zones. It can be seen that the mean lateral
transnort of -W;lﬁ, —1}1 is always towards the edge of the layer and
that this takes nlece almost exclusively, as expected, in the turbulent
bursts.

To examine the effects of Reynolds nurbers upon the turbulent
< =~

(¥ (i,

were “calculated for each triple product and each station, and crossvlotted

: ] q3
zone products the non-dimensional quantities k 4 and
)% ' uﬁé

apainst QL . The signs of the triple products were all considered positive
for convenience of scalar comparison,

Hon-dimensicnalised with W Fig. (5.4.10), the triple
products are, of course, the same general shape as in dimensional form,

g - \ . - . e <4 3 .
but Mie, (5.%.12) shows the chenres which occur with dovmstream distance

effectively (R g )u
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In general, fﬁ& s ﬁ‘ﬁ, m increase, and E’T—FL decreases,
with increasing RPeynolds number throughout the layer. These effects are
more marked close to the wall (taking into account the differences in
scale with y/g;s ) than near the boundary layer edge, A degree of overshoot;
particularly in UTU-’ , may be seen, with maximum (or minimum) at about
Ry = 2500, These longitudinal plots are characterised by a large amount
of scatter (up to & 124 %), but the shape and general trend may easily be
seen, Longitudinal plots of triple products non-dimensionalised *.vithcv(]‘,‘(—v'))%
however, are more ambiguous, Fig. (5.4.13). The scatter is larger because

both the triple products and shear stress contribute to-it, but once

~ i

again a general tlend does emerge: =..3 increases with R ,, throughout
g g £ o i
=5 (3(uv72:

the layer; (W(les roughly constant; uf:[}' is somewhat ambir-uous but

T(w
seems to remain roughly constant or f'flrntly increases and( U)ﬁdecreases
b’i

Z_
with Re s except that near the wall ww shows a definite increase,

S(IE

Thus the change in shape of & :f(%) with Reynolds .
Tw

number makes a significant difference to the observed chances in non-

dimensional triple products with Reynolds number. Considered on the basis

local —_—

of (shear stress, it seems that lateral transport of UV is stronger at low
. . 2 . ) R .

-Reynolds number, diffusion of U% is weaker and that of V remains rouchly

constant through the Reynolds number range, This may be compoared to the

. o . . . F -
behaviour of the turbulence intensities ( L is 12ss at loo Zeynolds

: A . ' \ - .
numbers whilst W is roughly constant throurzhout the feynolds number

range) and is in accordance with the guideline that diffusion of a pronerty
of thegradient

is proportional to the valusfof the promerty. To obtain the relative

T

importirce of thess procosssa the raticeo! —z5 ey U E0haM, end
o — —_———

2 3 - - ! . n s
w U-“U' Sig. (544.15) were calculatad and are shom as 2 Junction

—

et

wu#

wea e

R L o LU

i



of streamwise position; the former giving the turbulent zone comparative

—
)

strenpth of diffusion of ii? compared with erand the latter the relative
strength of kinetic enerpgy and shear streéslzizpal transport, The results
ére quite striking: at lov Reynolds numbers igi? increases rapidly, by
about.GO'ﬁ asiig lgifs from 900 to 2200, at positions in the outer layer,
9/8 )O.LF; L—(:R;%_—:%P increases similarly but by a more modest amourt
about 15 . It i;U;artioularly interesting that these rapid changes take

place in a range similar to that in which wake strength ll (Re ) grows

most rapidly to its aéymptopic value, The above results imply that at low

—
P——

Keynolds number LF*- is compar:ctively more efficiently:diffused and
that the lateral transport of L[} is comparatively more effective than that

of turbulent kinetic energy.

5.5 Statistical Descriovtion of Turbulence,

The third and fourth moments of fluctuating velocity, suitably
non~-dimensionalised, constitute the properties known as skevmess, which
describes the asymmetry of distribution about the mean, and flatness or
-kurtosis, which gives a measure of the width of the distribution or the
influence of the extremes, In a CGaussian procéss the values would be zZero
for skewness and 3 for flatness; turbulence is not quite Caussian because
different scales (ediies) are not entirely indenendent, but values close

to the Gaussian, particulsrly near the wall where the intermittency is almoct

unity may be expected, Towmsend (1947) found that the U-component
of fluctuating velocity in homosencous turbulence gave E%. = 2.9 = 3.0

:Sucx) = 0.0, High values of flatness factor imply that the orobability

(]

~ensity function has 3Fugherpca¥ and broaler skl

R v o Ly g e
ts than a Gaussian functicn

of the sa.e standard deviation, effectively that layge deviations from the
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mean are more significant, A non-zero value of skewness implies that
deviations occur with greater probability on one side of the mean: negative
skewness shows values belor the mean occuring with better then random
prbbability and positive skewness that fluctpations above the mean are
more brobable.

In thederivation of these proserties in ‘turbulent shear flowv,
“lebanoff (1954) sugrests that inaccuracies must be expected particularly
in skewness measurements, because skermess is very sensitive to the wvalue
of the mean of the probability distribution,

The flatness and skevmess factors for UL and U} fluctuating

velocities: —_

——

. . VA
R~ ey R
— w T3
Su (3 \SV' 7‘

are showm in Yigures (5.5.1 ;5 5.5.11 ; 5.5.12) lebanofi' (195&) calculated

S
Fi& for his constant pressure boundary layer, and the above range of

moments were also calculoted by Hedley and ¥effer (1974) The skevmess of

W and YV, Fi“:.(5'5'1> show that near the wall Loth \S&L-and \Eslr

approach zero, that :S is everywhere negative and everywvhere positive
and that ‘fs increases more rapidly than S as the outer edre is aporoached,
w W

by a factor of apprgximately 2, The maximum values are of order :Su‘z - 2.3,
iilr = + 1,5, The flatness factors of U and 1P , Figures (5.5.11 ;
5.5.12) show a value of about 3 closc to the wall, but both rise stesply
9/ Do F‘U’ vising the more sharply, to very high valuesin
the range 20 - 30, '
It mey o2 seen Wi, {53,5,41) that “labanolf's resulis acrrae

well with the present data at the highest efoexlmonbal fteynolds number,



Rg = 4750 (Station 17), except at high flatness factora,y/ > 0.9,
where, some difference might be expected, The flatness factor!leues
given by Hedley and Keffer (1974) are higher throughout the layer, both
for L and \j‘ components, i'ig,. (5.5.1) shows that the skewness factor
values given by them are also sliphtly high, probably because of small
variations in mean value. In general a good agreenent 'with both Klebanoff
and Hedley and Keffer can be claimed, .

The near zero values of :S and.\f; close to the wall are a

w W _

measure of the small intensity gradients there, The strong negative values OfJSu)
according to Klebanoff,reflect the contribution from the irrotaticnal
regions of low ?,L and the comparatively weaker positive;:iu_probably
shows the authority of the fairly large fluctuating lf'found in the
turbulent zones (mean \f‘ is very close to zero so that the fluctuatlons,
. found for example, in strong movements away from the wall, gffzact :S\P
considerably even if they are relatively 1’nfreo'uﬂm:).

Close to the wall F? and FT sheow values very close to the
Gaussian vslue of 3,0, As the flor bacomes more intermittent, however,
the flatness rises.

Some difficulty is associated with the analysis of .conditicnally
sampled data so far as the calc:lation of mezaningful zone avercge probability
distribution momentsis concerned. There is the problem of choice of mean
level and the problem of the formation of an ensemble from intemittent
signals,

Hedley and Yeffer (1974) used the zone averages as the basis
for probability distributions, but Sean (1974) used the overall averace

so that the difference in the turbulence zone with respect to the mean

P
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which are the discrete moments within turbulent zones; but they may be
affected by the intermittency schems which will determine the fluctuation
intensity of the leading and trailing edges of each burst and hence may
create an extra source of below-mean fluctuations,

Dean (1974) suggests alternative zone mean moments; the

contribution of turbulent zones to the overall moments,
—_ = b
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These do not have a simple statistical meaning, but they do give at least

qualitatively the chances in turbulent zones with Reynolds number. BDoth

sets of moments were calculated and are shown in Pigures (5.5.2 ; 5.5.3 ;

——

5.5.4 3 5.5.13 ; 5.5.1% ; 5.5.15 ; 5,5.16). S and 51)‘ , Pigures

— ey

(545.2 and 5.5.3) are very close indeed to \SIL. and ‘—SU“ , \Su’becomes

——

slightly more negative, and \S‘}_’becomes slightly less negative, as the
flow becomes more intermittent, probably due to the influsnce of leading

and trailing edges, It is not understood why, if the negative value of Su.
—~

is due to the presence of irrotational rsgions,.SbL has an almost identical

value,
= =

.F_M. and FU , Fipures (5.5.13 and 5.5.14) show very

— —_—
dififerent tehaviour; (:LL gxceeds F by a factor of up to 2 in the
JArY>

highly intermittent region, whereas h}_ remaing virtually constant
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throughout the layer, hardly varying from its near-wall value, 3. Thus 1L
fluctuations based upon an overall mean are distributed over a wide range
of values in the turbulent zones but \f’ fluctuations are less widely

distributed, The rlatness factors based upon regional avereges obtained by

Hedley and ¥effer (1974) are much more uniform and credible, both Fu. and FU’

being close to 3 througho 1t the layer,
=7
kSlL and 5 , Tig. (5.5.4) show close agreement with Sw

and \S\}— near the wall, as may be expected, but in the outer part of the

—

’ 7
t ake hig! es,
layer, 3/S’> .07, bo h \Sbb and Sv/tﬂi_ higher absolute values
This latter is particularly noticable in 5, where the maximum value of
W .
- 9 is found,
z /

Similarly both FU. and FV,Figures (55415 ; 5.5.16) are
much larger than FLL and F\; in the outer zurt of the layer,

These differences must all be attributed to the non zero
ensemble mean used in the calculations, and make the clear interpretation
of the results difficult, These results were cross plotted against streamise
distance, X_ , to show the effects of Keynolds number., Figures (5.5.5 ;
5.5.6) and (5.5.17 ; 5.5.18) show the overall mean skewness and flatness

3

for and ig. (5,5.18a) shovs = so thzt intermittency effects
< "Z- 3

may be seen, Zoth SUL and Fu, show a strong dependence upon keynolds number

certainly larger than —’% , both reducins by about 257 - 30 /" in the
outer rep'1 ons (9/5' = 3.9}, from '.“{9 = B00 to 3’_9 = 4750, close to the

995 -_
wall FU_ , as may be evpected, remains virtually constant but 5

seem to decrease by about 10 7 over the Keynolds number range, The results
for the U component show a much reduced RKeynolds number dependence:Sv

increases slightly, }'19 500 ~ 1500, and then dscreases to close tb its

—

oririnal waluz, at =g = L72J0; F\,L

. to the wall a gentle decrease is seen first followed by an increase to ‘it‘é

4

shows a similar pattern oxcent that close
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value at Statlnn 17,
The conditionally sampled values \fs R F: \fs anafr
w v
Figures (5.5.7 ; 5,5.8) and {5.5.19 ; 5.5,20) shov the same pattern as
their equival nt conventional moments, the dependence is slightly less,

ekcepf that remains virtually independant of Reynolds number

S TS

throughout the keynolds number range,

Again the same pattern exists for \f; FT \ES and F"

U.—

except that in this case outer layer valves will be distorted by changes
in’zy with & 5 , Figures (5.5.9 3 5.5.10), (5.5.21 ; 5.5.22),

In general, then, the keynolds number dependence of the
probability distribution moments of [ is more pronounced than that of {J;
which changes 1little from low to high Keynolds number., Dependence is
stronger in the outer vart of the flow where intermittency becomes
significant., The effect of intermittency is to increase flatness factor

and to produce more negative skewness,

5.6 Turbulent Enerey Balance,

The equation for the turbulent kinetic energy in a two-

3

dimensional thin shear layer is given by

/“‘:/\«:i%

i V) ug S

which is th2 rate of change of turbulent energy along a mean streamline
in terms of the local guantities on the right hand side of the equation,
These ters nave the [ollowine meanincs: fern 1 ~ives the rate of

transport of turbulent kinetic enerpy along a inean streamline and is
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called the advection ; term 2 represents the local production of energy ;
term 3 gives the loss of enerpgy by diffusion, which occurs through
pressure fluctuationz { 3a ) andthe normal trinsport of energy { 7b)
and term 4 gives the dissinaticn of enerpy through viscosity together

with 5patial transport b)fviscous foreces, the latter being usually
negligible, '

The present measuvements are confin=d to the Ii,—\}'plane and
no attempt has been made to measure tae ka(spanwise) component of velocity.
Consegquently some assumption about the value or W is required in the
estimates of —E( = il?} {}}+i2};) which are necessary for calculation
of advection, The data of ¥lebanoff (195%) suggest that faf__‘; (%’) lies
about half way between J_l—? (y/g ) and [F (y/g) and when the avesrage
position of\/%ji1(gégt) is measured f?Oﬂ these data it is found that

\/17;:’: Z—L,(ffgﬁn) is in fact a very close approximation, This would give

7 - 1 (T P+ 2T

which was used to determine q/z in the present calculations. This method
2 2
does teg the question of variations in Wwr j(u)l)")with feynolds number,
particularly since it has been shown above that X %&’varies with ng.
'U'l

It is probable, however, that these changes will be a less serious source

of error than the graphical methods used to calculate advection., In any
. u* :
case, the calculation of advection where Z= / changes most significantly,
’ U*
that is near the wall, is difficult and inaccurate for other reas:ons,
The experimental results for &/ , the mean normal velocity,
were found to be unreliable, so this property was re-evaluated using the

Vy-[ By

relation



28

obtained from the integrated equation of continuity,

oV, U
°Vy ¥ - 0 |
The streamvise gradient of mean streamwise velocity, B_.- was obtained
graphically at several y - positions and then integr:zg;ed graphically
with respect toy « This process proved inherently élifficult because of
the low values of é_[.] s sow )-.'ras determined by this method for three
» o Y

streamvise positions corresponding to Statiops 1, 7 and 17 and V(y) for
intermediate stations was obtained by scaling on ‘/e: Ue'i—z* . Thus the
varts of the advection term could be obtained separately by. graphical
differentiation of profiles q/&@y) . Unfortunately thé less reliable 2.
derivatives dominate the term and a high degree of scatter was found from
station to station, The calculated a(ivection prpfiles for stations 1, 2,
4, 7 and 17 are showmn in Pig, (5.6.2:,) vhere -the streamwise scatter can be
seen clearly., At each station, however, the profiles are fairly smocth,
liore points are shown where the boundary layer is thicker (station 17,
for example) because calculations were based upon squal increments of y
noty/g. These data are shown plotied in a non-dimensional form normalised by
g;%,?‘:‘_’; and wnilst a good collapse cannct be bclaimei, it is remerkable
that the results for the middle range of stations 2, 3, 4, and 7, lie so
close together, This may point to errors in the estimation ofV(y/g) and iz(y/)
at the extreme ends, stations 1 and 17. 5

The production term oresents little difficulty: the local
Reynolas shear stress was obtained by digital analysis and the mean-
streamrise-velocity gradient was found graphically., The results, shown in
Fig. (5.6.2) pive smooth profiles and, again, remarkable degrec of collapse

3
wnen normalisasl vidh ’Zv 2
wr

¥lebanof? (195)) obtained dissipation by direct measurement
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and diffusion by difference, but Bradshaw (1966) has shown that more

reliable results may be obtained by direct measurement of diffusion, The
term é}Tf , expanded, gives uz\f' + vﬁ ”‘lﬂ‘ the last part of this
expansion and the pressure diffusion tern jii} are unobtainable from the

present measurements, following Lawn (1970), it was assumed that

W’”U”*”- R], VL &u“w and that FTJ‘iLii T&)

95 PV -"-Z(wmv

Both parts of this =xpression were graphically differentiated across the
layer to obtain the diffusion term values, which are shown in Fig. (5.6.3).
The closest to the wall that values could be obtained with any confidence
Was.ébg;' = 0,3, The integral of diffusion over the whole width of the
layer must be zero, and in.fact a condition of Closeantjsymmetry about
JZ/g- =l D.55 may easily be imagined except for the values at Station 2
which are clearly numerically overestimated.

The dissivation term was obtained by difference.

The energy balance is shown for the highest experimental
. Reynolds number, Ry = 4750, in Fig. (5,6.1f) in which the vresent results
" are comparsd with the values given by Sradshaw (1965) with diffusion
celculated directly by Lawn's method. Bradshaw's values are based upon
Klebanofr (1954), and the experimental ﬁeynolds number is approximately
Re = 82030, The balances show a very similar form:'dissipation S
production'near the wall and, at the outer edge'advection £ diffusion:
The values are also similar, except that production is higher in the present
results partly, though not wholly, due to Heynolds number effscts.

It is interesting to consider these balances in the light of

’ ‘-},\‘

Temsenld's (1050

4

ot
l)
\D

)

. . e mt. T4 . LI =
aver rnolel, These rosults shov that vreoduction ani

dissipation are t!e dominant processes over most of the layer, certainly
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out to EL/ = 0.3 where diffusion cxceeds production for the first time,
In addjtio%git is not untilf4<§_= J.55 that energy is gained in control
volume by diffusion, Ths gdvectg%; shows a net loss of energy throucghout,
Thus it is difficult to believe that the outer layer is principally
dependent upon diffusion for its energy; it is only the very edge of the
layer where intermittency factor has a value~75.<< 0.5 which receives its
energy more‘frpm diffusion than from production,

The turbulent energy balances fovr Stations 1, 2, 3, 4, 7 and 17
Fig. (5.6.1) shaws that the general form of the enefgy distribution is
retained throughout the Reynolds number range. It seems however, that at
low Eeynolds number the. production and dissipation near the wall dominate
even more, but that away from the wall,g/g—:> 0.7, diffusion becomess more
significant than at high Reynolds number.gghe point at which diffusion =

production moves towards the wall as Reynolds number decreases, frcmjiéég: 3.0
e

at Rg = 4750 tojé; 0.72 at Ry = 800, The magnitude of diffusion in

this 'outer layer' is”also proportionally larger at low Reynolds number,

whereas advection is weaker leading to a balanceldiffusion = dissipatioﬂ

rather than the high Keynolds number balance‘diffusion:&'advection: The

" weakness of the advection term, if the values given can be believed,

implies that negligible amounts of turbulent kinetic energy are advected

dovmstream at low Reynolds number except at the outer edge of the layer,
Production, diffusion and dissipation are showm as functions

of streamvise distance in Figures (5.6.5), (5.6.8) and (5.6.13) respectively.
At a position relatively close to the walliji€§ = by |

outside the inner logarithmiclayer but where intermittency has reach.d its

.a§ymptopic value ( —B:‘<<j.3), all three terms decresse markedly with

inersasin~ leynolds nurher. Production znd 4iffusicn have about trice

theiriie = 4750 value at Re = ¢00, Dissipation decreases by a smaller
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amount, about 30 $. from Rg = 200 to Rg = 4750, Far from the wall at
the outer edge of the layeryjj ~ 1.0 , production remains virtually
constant with Reynolds nuuber, Dut diffusion and dissipetion behave as
they do atjjé: = 0.4, except of course that diffusion is negative. From
Pig, (5.6.1) it would seem that advection increases with Reynolds number,
throuphout the layer. '

The convergence of these profiles when normalised with 7?”&
has been noted, but when streamvise cross vlots are maie, some tendencies
do emerge. lion dimensiocnel production fig. (5.5. 6)‘increases throughout
the Reynolds number range at all boundary layer 0051t10?s from/éf Ol
to/g = 0.6 at/yg_ 0.k, by 50 7, from iy = 800 to Ky = ;+75o, at
éiﬁ}- = J.8 by a slightly greater amount. Non~-dimensional diffusion
Flg. (5.6.9) apgain falls with increésing Reynolds number but by a lesser
kamount than in its dimensional form ranging from 10 7. aﬁ?ﬁ? = 0.4 to

%
T at¢%§ .3 from Rg = 800 to Rg = 4750, The advection term grows

very I&pLle with Reynolds number, but high scatter makes it difficult
to attach a value to the increase. Hipgh scatter is also found in thé
dissipation results which in general increase near the wall and decrease
" near the outer edge with increasing Reymolds number, An interesting feature
of the dimensionless diffusion, advection and.dissipation is that most of
the streamwise chanee takes place in the early stages, between Re = 0D
and , typically, I'g = 2500, a similer range to that in wn*ch.q_ﬂ g )
the wa%e strength paremster grows most rapidly.

The same ganeral tendencies may be seen when the terms are
normalised with (fﬁ-))%,, Meures (5.6.7), (5.5.10), (5.6.12) and (5.5.14).

If the non—&wmanglonal diffusion term Pig, {(5.6.10) is
DAL 2
3oL 1IN S22, D' ;o

TR (suE |

(5.4413%c) respzctively it may be ssen that the chenges in the diffusion teim

.
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with Leynolds number are much larcver than the changes in the turbulent
—_ —
A . . s
zone normal transport of or ll. » There is no obvious physical
explanation for this; perhaps Lawn's hynothesis upon which the present
diffusion values are based ( and which assumes a constant proportional
relationship between turbulent and pressure diffusion) does not apply at
low Reynolds number, This implies that the ratio of pressure to turbulent
diffusion would have to bs lower at low Reynolds numbers to bring the
diffusion term more in line with its turbulent zone 'components', The other
possibility is that the value of the spanwise fluctuating velocity dces
s T
not hold a constant relationship with 11, anid 1)' at low Reynclds munbers,
oo
A discussion of the turbllent “%inetic energy bolance and of

its relationship to the shear stress halance is contained in the next

section after the presentation of the shear stress balance results.

5«7 Shear Stress Balance.

The equation for the (IJC, U ) planc Keynolis shear stress,;éﬂ[U;

transport is given. by Bradshaw (1972), in the two dimensional thin shear

layer approximation /,——’*——«\ — /———~/«\___\\

vhere term 1 represents the transport of heynolds shesar stress along a

mean streanline {mean-flow-transport), term 2 gives ths generation of

.- N [P, - 1 PR U S R S S e e fa) [P N .
Vayneolils shanr streas, tert 30 the g lTsitriivdtion by ooressure [actuattoons,

J

term 4 and texrm 5 give the transvort by, resnectively, fluctuating
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normal velocity and pressure fluctuations (turbulent - transport) end

“tern _6 shows the destruction of shear stress by viscous forces. Bradshaw

.

suggests that term 6 is negligible and that 5 , which.is much smaller

<o

than 4 may also be neglected.

The pressure

redistribution term 3 , also called the pressurs-strain term remains and

must be determined by difference., The balsnce thenreduces to

2+ mn)= VBU (3, ov) 4 oMV
( e BJ J oy Dx, i Bﬁ

Fach of these terms, except the pressure-strain term,was determined using

graphical procedures similar to those outlined in the oprevious section,
(5.6).

The estimated balances are shown in fie, (5.7,1) and the most
obvious feature is the dominance of the generation term, far more so than
the production term in the turbulent energy balances. For this reason the
generation is shomm both to the same scale as other terms and to a highly
reduced scale so that the whole prof'ile can be seen. The pressure-strain
term is not included because it will behave as the generation term, but
" with opposite siga. Castro (1974) also noted the very large values of the
generation term in a free shear layer. A suitable basis for precise
comparison with these data is not known to the present author, and so thei
accuracy is difficult to assess, In any case high accuracy cannot be
expected in the mean-flov-transport term, which depends upon streamwise
gradients nor in the turbulent-transport term where praphical differentiation
has been used on fairly scattered Lva(%) data, IV is believed,
however, that the values given here preserve the bload featurss of the

Dricassan concarnadl,

&)
(4]

Tt is only at hirh Zeynolds numbersdke:>-3333 that the
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mean-f1ov-transport achieves the same significance as the turbulent-
transport and at the lowest Reynolds nunber (Re = 800), Fig. (5.7.1a)
the former is negligible throughout the layer. At this lowest keynolds
number at the outer edge, ;Lé; 0.8 the turbulent transport is of roughly
the same value as the generatlon term, and of the same sign, so that the
pressure strain term will have twice the value of the:the generation term
making it the most significant term, At high Reynolds numbers, however,
the mean-flow-transport in this outer part of the layer is more nearly
balanced by the turbulent-transport term so that pressure-strain will
be somewhat less, although still larger than generation.

Non-dimensional profiles of generation, turbulent transport
and mean-flow transport are shovn in Fig. (5.7.2), Fige (5.7.3) and
Pig, (5.7.4) respectively. Some collapsec may be seen in the generation
‘and turbulent transport terms, but the mean-flow transport clearly increases
with Reynolds number, ""hen these results are plotted against streamvise
position, the trends emerge as follows: generation,Fig,. (5. 7.71,1ncreasos
throughout the layer with Reynolds number by an average of some 20 i,
lapyer increases occuring in the outer part of the 1ayer,:11§— = 0.8;
* as predicted,mean-{low transport,ri. (5 Te 9) increases, by up to 5 times,
in the Reynolds number range ¢00 < Rg & 4750; the turbulent transport
term,Mig, (5.7.7), has a rather more compiex behaviour. Non-dimensional
turbulent transport (based on.?TZE%) near the wall,)i/gg = 0.4 seems to
increase initially with Reynolds number up to Ry L 2500 and there
after to fall, ending up at kg = 4750 at a value about twice its value
at 19 = 800: at the outer edge, ;LE; = 0,8 a steady decrease with increasing
Aeynolis number is found. These TCSqlta were considered highly ambiguous and
they wers re-annlys . d usine (lil%)a‘ﬁf 2 normalisine function, Fis. (5,7.0)

It may be seen that the outer edge decrease of turbulent transport with



Keynolds number is amplified, but that the behaviour closer to the wall
remains ambiguous. It rust be concluded therefore that there may be non-
meonotonie changes of this term with Reynolds number as has already heen
noted for some triple-product terms (Section (5.5)).

The generation and mean-flow-transport terms non-dimensionalised

. :
vith Lklﬁi are shovn in Fig, (5.7.6) and Fig. (5.7.10) respectively and
2

it may be seen that they behave as when normalised with ,z;d&-

Again, comparing the turbulent transport term, iig, (5.7.8)

Na'
with its turbulent zone 'component', L&:; s , shovm in Fig. (5.4.134)
UG | Bavrx
it can be seen that —Er-— T2 (the turbulent transport term)
uy

changes the more rapidly with Heynolds number, Again, it is not easy to
offera physical evplanation,particularly since shear stress seems to be
proportionally lower than turbulent kinetic energy components in irrotational

t

zones, Perhaps the only ceneclusion that can be dravm on this question is

,-s"’—./'s —— mm—
s Iiztr and ILLf*' do not after all give such

that such terms as '\#
a close approximation to turbulent transport terms.

In general the equivalent terms in the two transport equations
for turbulent kinetic enerpy and Reynolds shear stress behave similarly,
eycept that the low values of transport terms found through most of the
boundary layer in the latter cause the destruction terms to tehave
differently: dissipation of kinetic energy is roughly constant whilst
oressure~strain increases with Reynolds number (both in the non-dimensional

2
form with ’z:a}). Fig. {(5.7.11) shows the ratio of generation of shear
stress to production of turbulent kinetic ensrgy. Over the first six
measuring stations, 8500 Ry 2500 the ratio decreases by about 20 ;.

(or more, depending upon how the scatter of points is interpreted): beyond,
E;a ;> 2520 thare may be a slirht incresss with Heynolds nutker, tut the

data is too unrelichle to confirm this. The behaviour belavl;o
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implies that, at low Reynolds nwrber, the generation of U U is provortionally
larger than the production of turbulent kinetic energy, or that it is more

affected by the changes in turbulence at low Reynolds number .

.

The ratio of turbulent transport of Reynolds shear stress to
diffusion of turbulent kinetic energy,shom in Fig. (5.7.12), contains

a hiph degree of scatter and two conflicting behaviours: at positions where

the transport is moderately positive or negative (;Zég- = O.h,;lﬂg: = 0,8)
$95 995

the ratio increases with Reynolds number, but where the values are low

\
]

4

gati#e values (ﬁJ = 0,5
: 295
the ratio falls rapidly at low Geynolds numbers, Surprisingly only this

near the crossover region between positive and ne

latter behaviour is in agreement with Fig. (5.4.15), wﬁich shows the
turbulent zone kinetic enercy to shear stress ‘transport' ratio, and it
must be concluded that, well away from the wall at least, shear stress is
1655p0werfully transported by turbulence than kinetic enerpgy is diflfused,

particuarly at low Re.

5.8 Conclusions.

In so far as it was possible to make comparisons, the present
. results at high Rejnolis nunber are in goud sgreement with other data,

A particular difficulty in assessing conditionally averaged turbulence
concerns the baseline used in forming averages: in most reported results
regional baselines have been used, bvut for physical reasons total baseline

¢ comparison of zone averages virtually

were used in the vresent work making
impossi
The conditionslly samsled mean flow results are in Dbroad

. .- —-~\ - ” 0
agreament wilh the data of “ovasznay et al (19/0; and Zedley and Veffer

et
(197). Turbuleni zones have a lewer streamwise wmean velocity than the

S g d e 3 e Y e m ey PR I e T FUEN I TR B e PR e .y EA B el Y
LrTOTAvIonnL “2TnTE, O COMOLNh L 2T VellOTa Ly 3s 4irected PSS N S A N I T A
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in turbulent zones, towards the wall in irrotational zones, In addition
the present results show that the turbulent zones move with a velocity

‘closer to that of the irrotational zones at low Reynolds number, but at
high Reynolds number have a higher normal mean velocity,

"It was found that the most well behaved form of streamwise
bulk convection velocity was Bradshaw's (1966) definition based upon
overall average fluctuating velocity parameters which tended in value
towards the mean streamwise velocity at the outer edge, Other definitions
based upon turbulent-zone-averages gave values closef to 0.9.LL? predicted
for irrotational regions, but dropped off sharply at ‘sbg/ :> 0.9. The
difference between turbulent zone streamvise mean veIOCitiﬁznd convection
velocity was found to be significantly larger at low Reynolds numbers,

Unfortunately it was not found possible to obtain good
agreement between normsl convection velécities formed according to various
definitions and although it was possible to show that this property has
higher values at low Reynolds numbers more consideration of the parameter
is required, |

The Y and U~ component turbulence intensities show an
- excellent agreement with Klebanoff's (195&) data, even at the outer edge,
when both sets of results are non-dimensionalised on a basis of 'LLt -
Perhaps the most striking result of these measurements is that the anisotropy
of the turbulence changes radically with Reynolds number: at low Reynolds number
and roughly mid layer positions the ratio {Eiﬁji is smaller than
at high Reynolds numbers by about 25 7%. It is shown that this is a
consequence of change in i:ii , which increases. with Reynolds number, whilst
{;; remains roughly constant in the range 800.< R, &£ 4750,
) As a proportion of wall shear stress 'Z:U , the Reynolds

shear stress UV was found to be higher at high Reynolds nubers in
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agreement with Green's (1971) and McDonald's (1970) predictions,

A fair agreement was obtained between the triple products

2
and - 3 and Bradshaw's 1966 data except at the outer
(LL@L . ( ) p

(u)x i
edge of the layer where small inaccuracies in 1llfcan become significant.,
It was founé that the major contribution to overall averages of turbulence
properties came from the turbulent zone averages. Suitably non-

—_— .
dimensionalised, using (75(LLUd)z?the turbulent zone triple products
behaved as follows, as Reynolds number increases: i]? increases; ijj
remains roughly constant and bothiza}znuiiZ{Fidecrease.

In the statistical analysis of fluctuating velocities good
agreement was found between the present skewness valuég.at moderate Reynolds
and those of Hedley and Keffer (1974), particularly UL compcnent skevmess,
and between the present LL componeht flatness values and the data of
Klebanoff (1954k). An attempt was made to produce some meaningful indication
of probability distribution moments for turbulent zones. In general it was
found that both skevness and flatness fell with inereasing Reynolds number,
but that the \}'component moments fell by a much smaller amount,

Turbulent energy balances were carefully constructed, and a
© good general agreement was found between the present high Reynolds number
data and Bradshaw's (1966) results based on Klebanoff (1954). The balances
of terms in the Reynolds shear stress transport equation were also
determined for various Reynolds numbers, but unfortunately a suitable basis
for comparison was not discovered. A verynoticeable feature of the balances
is that mean flow transport terms, advection in the case of the turbulent
energy balances, increase very rapidly with Reynolds number from a very
low initial value. In general the generation and production texms increase
and the diffusion and turbulent transport terms decrease with increasing

Reynolds number;



The largest part of all these changes takes place in the
Reynolds numﬁer range 800<f£19 <: 2500, in a manner analogous to the
change in TW: (Rg). At the cuter edge of the boundary layer the balance
changes from diffusion == advection to diffusion=t dissipation as
Reynolds number falls from Ry = L500 to Rg = 800,

The behaviour of the diffusion terms sugpgests that Lawm's
(1971) hypothesis of constant proportionality between pressure and turbulence
diffusion breaks down at low Reynolds number, Bradshaw (1966a), however,
obtained the same numerical result as Lawn by assuming that M)lbf Cﬂfﬁ}+U‘)
and that }>U‘ = 0, leading again to

(%\T—l- OPL—V> = (LFU“-#’\?)

In both these hypotheses the real effect of pressure diffusion is concealed,
but no reliable measurements of the term exist at present and it is difficult,

therefore to see how they could be improved,
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Chapter Six.

Calculation of Low Heynolds Number Boundary Layers,

" This chapter describes modifications made to the boundary
layer calculation method of Bradshaw, Ferriss and Atwell (1967) to account
for low Reynolds number effects. The modifications were designed to give
agreement with the present mean flow data., Profiles of mixing length and
eddy viscosity obtained by analysis of the present data are compared with

the results of Green (1971), ¥cDonald (4 970) and Klebanoff (1954.).

6.1 Program Modifications.

The boundary layer caloulation method of Bradshaw et al
converts the turbulent energy equation into an equation for turbulent
shear stress using empirical functions relating energy dissipation,
turbulent intensity and diffusion to the shear stress profile, An hyperbolic
system is then formed with the m=an momentum equation and the continuity
. equation and the set is solved numerically using the method of characteristics.
Three empirical functions are used to close the equations; Cl_i relating
the shear stress profile to the turbulent Kinetic energy profile; g , the
diffusion function and L , the dissipation-length parameter, The shear
stress/turbulent energy profile function is considered to be a constant, ai

5

= 0.15,and the calculations have been found to be insensitive to the

behaviour of g' . The dissipation length parameter

3
LE%)Lé . 6.1
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. may be considered as a generalised mixing length, equal to the mixing

A = (%)i/%] L | 6.2

in the special case of local energy équilibrium, Townsend (1961), or where

length

advection and diffusion balance, L may be expected therefore to affect
the calculations in much the same way as /E/ . Over most of the layer
dissipation is the dominant process: it was decided to base program
modifications upon L(%) . The values of the dissipation length paraméter,
U%), and of the other functions were originally chosen so that the
calculation method would reproduce Klebanoff's (1951;) experimental shear
stress profile when used with Coles' (1962) asymptopic velocity profile.
The program modification introduces another degree of freedom
for L , in 1% , arranged so that th;a velocity profiles’ computed agree
with Coles TC(Ra) derived from Wieghardt's data,
Originally, L(yf) was given by
,% - 0.4(9/5’) 0L J<L01 0,18
Z/g' 0,095 - 0,055 (22 - 1 ) o.18<y/g< 1.1 6.3
L/g’ 0.016 10038 - 1.1) 1.1 < YL

The function modification shifts the profile along the line

L/ = O.l{-j ,» so as to produce larger L in the outer layer at low values
of RB . The positions of transition from linear to parabolic and from

parabolic to exponential, Z 01 and Z,OZR‘resPectively, are then given by:
. .

Zot =018+ Z @ ‘365
Z 2 =701+ 0,92

where Z’D is an input scaling factor, ThenLj.s given by

6.4
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0.l (9/3) 0L %{_2',01
0.k (Rt = 0.18) + 0,095 - 0,055 (2(Y§ -2 1) + 0.18)-1)"

Zz,1 L I zo
(10(7 -Z02))

L o2 49/5"

L
i

L5

(0.16 + 0.4( O1 + 0.18))e

The original form ofL(y/g) is obtained by setting Zo.= O.
Initially computer calculations were made using synthetic starting profiles,
generated by the program from Coles' profile, but it \;ras found that a very
sharp rise in wake strength, Ag} (Rg) , Was obtaine.d., reaching well above
- the asymptotic value before settling @ovm, Fig. (6.1.1:j)‘_'. Redesigned
starting profiles based on a pure log law velocity distribution and an
empirically chosen shear stress distribution were input numerically and
the results were found to be better behaved, Fig., (6.1.2), From these
calculations performed for a range of values of Zo the optimum value,

Z o = 0.05 was obtained.

An alternative form for L(%)given by U
_ W

L ‘,Lo('l_“F]_O/{ké;Q/-UU') oo
_ was also investigated, The results for both methods .and the experimental
points from the present tests together with the data of Wiegh:idt's are showm
in Fig, (6.1.3) in the form A—-g (Rg) It may be seen that a good agreement
exists between the results of therfirst method,(6.5, the present data and
Wieghardt's data but that the second method is unsatisfactory because A’{{(R?)
rises too rapidly at low values of Re . The scatter in the computed ¥
results at loy Reynolds number is due to residual effects of the starting
conditions, but a fair degree of scatter is found cven at high Reynolds
number, reflecting the difficulty in estimating wake strength,

Brederode and Bradshaw (1974) made use of the modified

6.5



béundary layer calculation program to predict the boundar& layer development
in a square duct and found excellent agreement, within 1 % on T_IZ(EEQ,with
their experimental data, TheyAalso used the method of Baker and Launder
(1972), but with half the recommended correction which théy found to agree
less well with their experimental rrIj<RQ> , within 5 %, principally

because the initial rise in i ‘(;19) was too rapid.

6.2 Results ; Boundary Layer Development,

The modified program gave generally good agreement with
experimental data in the range 800 < R, < 4000 using the input starting
profiles, but at Reynolds numbers R£}<(‘800 the results from the calculations
show a large scatter (experimental results in this range also tend to be
unreliable).

The development of skin friction coefficient with Reynolds
nunber is shown in Fig. (6.2.1), and it may be seen that the experimental
results have a larger scatter than the individual points obtained from the
calculations, The uncertainty in Cp at low Reynolds number, about Ry = 500,
_is also apparent but is of fairly small order, about : 2 %.

Shape factor development H(Re) is shown in Fig. (6.2.2)
and again an excellent agreement between calculation and experiment 2xists,
except that at low Reynolds numbers the curve shows a tendency to flatten
and to asymptote to }% £ 1,5, This behaviour was found by Brederode
and Bradshaw (1974) both in the present calculation method and Baker and
Launder's (1972). |

The Clauser equilibrium parameter, Fig. (6.2.3) does not,
ho;ever, evhibit such a simple apreement. There is an initial sharp rise

in €5(%9 up to Hatg'BOO and subsequently a gentle decrease with increcsing g
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Although the general agreement for120;> 800 is fairly good with the
experimental data, there is a steeper slope in fﬂg&g in the calculated
results, Since ll increases with R_e , the calculations predict that g;

decreases as ll increases, which is unexpected,

6.3 Results : Boundary Layer Profiles.

In this section the computed profiles of boundary layer
parameters are compared with the data from the present experiments and
with the results obteined by Green (1971) and McDonald (1970) through their
respective calculation methods, Where necessary the value of 5;9 s
required in scaling for length, has been extracted from the calculated
velocity profiles by graphical methods. Since in most cases exactly
comparable profiles do not exist the closest available in terms of Ry are
compared for typical high and low Reynolds numbers. Green's results are
given for specified values of R , the wall co—ordinate.Reynolds number:

Uy . . . .
= , which was determined for each of the present computed profiles,
L i
. Mean velocity profiles are shown in Fig. (6.3.1). The agreement between
calculated and experimental profiles is good at high Reynolds number, but
at low Reynolds number the computed profiles at the outer edge,;iéi-;> 0.6,
shows an irregular behaviour due to residual effects of the starting
conditions, The calculated low Reynolds number profile (Raik 800) appears
too full at the outer edge, which might be expected to lead to an excessive
value of AQ and in fact A_U (e) , Fig. (6.1.3), is slightly high at
Uy U
(I
The shear stress profiles,TMis. (6.3.2), show a good agreement

between the present experimental dataand the calculaizcns throughout the



layer despite a slight tendency for calculated values to ﬁe low near the
outer edge., The agreement with Green's calculated profiles is, in general,‘
poor although this may in pért be because the profiles are not at exactly
equivalent Rg . It was found that the agreement between Géeen's profiles
and the experimental data, presented in Chapter Five, was better for his
low Reynolds number case and near the wall (see Fig. (5.2.)).

Mixing length values were derived by graphical differentation
of mean velocity profiles, and the results for the calculations and the
present experimental profiles together with those of Klebanoff (1954)
given by Bradshaw (1966) are shown in Fig, (6.3.3). Fair agreement exists
between the present experimental data at high Reynolds number and those of
Klebanoff. The calculation profiles are different in shape from the
experimental profiles whose trends they appear to exaggerate, particularly
the sudden rise 51112 at /é§;>'0.7. At low Reynolds numbers 4@(;%9 is
larger, but by a modest amount?”

Calculation mixing length profiles,laﬁygj are shown in Fig.
(6.3.4) together with the profiles of the empirical dissipation length
parameter, L(%). As expected the inner layer values for Z@%’) and L&Vé‘)
~are very similar, but fox‘2€§>> 0,2 the behaviour of the two functions
is quite different,jZ(%é)increasing rapidly towards the outer edge wherelb
may be expected to be of order S , L(%") tending towards zero at highy/s.
The difference between the values- of Z\/Cyé) at low and at high Reynolds
number is not large, the former being higher by some 20 ¢ beyond the inner
layer. It is noteworthy that such a modest change in 114(5%9 can reproduce
the large changes in mean velocity profile found at low Reynolds number.,

Comparison is made with the mixing length profiles of Green
and of McDonald in Fig, (6.3.5) and (6.3.6) respectively. Outside the inner

layer agreement with the present results from calculated profiles is,
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in both cases, poor. Both Green and McDonald require largé changes in
€%§,(;ﬁ%§) in the outer layer to allow for Reynolds number effects, their
high Reynolds number profilés reach a maximum at about;ié; = 0,4 - 0.6

and then drop off, but in ‘the low Reynolds number profiles, most noticeably
Greenfs’ggéi'rises throughout the layer, These figures suggest that the
present calculation method compares'more favourably with experimental

data than with other calculation methods,

In Fig. (6.3.8) profiles of eddy viscosity, \2T = U’
are showﬁ for the present calculation method, Klebanoff's data and/iggg
present experimental data, The high Reynolds number experimental results
agree fairly well with Klebanoff's except that the latter afe about 10 %
higher throughout the layer, The low Reynolds number results suggest that
eddy viscosity is more affected by Reynolds number than mixing length,
since the former is some 30 % larger throughout the layer at low Reynolds
number, The values obtained from the calculated profiles show a larger
scatter than the experimental values, probably becaﬁse the mean flow profiles
obtained by calculation contain less datum points, making estimation of 7Q£7
more difficult,

The calculation eddy viscosity profiles are compared with
--those obtained by Green and by XcDonald in Fig., (6.3.9) and Fig. (6.3.10)
respectively. Again the profile changes with Reynolds number given by
Green and llcDonald are much larger than those obtained in the present
calculations, which in these figures appear very small indeed ( and
certainly smaller than the changes in the present experimental prqfiles).

All the eddy viscosity profiles have, unlike the mixing length
profiles, the same basic shape, BZI tending towards zero at the outer
edge of the boundary layer, €




6.4 Conclusions,

The low Keynolds number program mod:flcatlon, effectively
increasing 2(JC4)<) at low Reynolds number until a fit between calculated
and experlmental FIEZ ) is obtained, gives results which compare
excellently with the present experimental data both for boundary layer
growth, c.(Rg ), H (Re ), and 9 (R, ) end for profiles of mean velocity
and shear stress., A

The calculation method is shown, however, to be very sensitive
to the starting profiles, Under normal (high Reynolds ngmber) circumstances
the effects of starting profiles will have largely disé?peared, but low
Reynolds number calculations require accuracy even in the first few steps
so that a careful choice of initial velocity and shear stress profiles
is essential,

Mixing length profiles obtained from the calculated mean
velocity profiles are closer in appearance to experimentally obtained
results than to the profiles used in typical 'mixing length' calculation
methods, particularly at the outer edge of the boundary layer,

In geﬁeral,low Reynolds numbers have a slighter effect on
- profiles of mixing length and eddy viscosity in the present calculations
and experiments than in the calculations of Green or McDonald,

In the outer layer both the Green/lcDonald data analysis and
the present calculations predict an increase in IL as Ry decreases, The
agreement of the detailed distributions is not very good, but this is
true throughout the Reynolds numter range. It may be said that the present
modifications reprodgce the eyperimental results for cf,rrC and H
safisfactorily while the predictions of profile shape are within the general

accuracy of the calculation method,
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Chapter Seven,

General Discussion of Results and Conclusions,

- ' The starting point for the investigations described in this
thesis was the remarksble change in mean velocity profile of a turbulent
boundary layer at low Reynolds number: the present work was designed to
describe and if possible to explain the responsible turbulence phenomena,
Inevitably in pursuit of this main objective many new questions have heen
raised, and a whole new range of measurements is required before a full
explanation of the low Reynolds number effect can be advanced., Previous
chapters have presented and discussed results in detail; certain immediate
conclusions were drawn, It is the object of‘this chapter to produce a more
connected account of the main structural features of the boundary layer
and of their response to low Reynolds numbers and to pose some of the new
problems encountered,

The skin-friction law derived from the overlap of the law of
the wall and the velocity-defect law predicts that Co increases as Reynolds
~number decreases, but in fact the increase is larger than predicted, for
- example by Schoenherr (41932) or Spalding and Chi (1958). This is because in
the same range of low Reynolds numbers tﬁe mean velocity profile displays a
sharply reducing wake strength as Reynolds number decreases until at some
finite value ofI%e ,babout 600, the wake disappears altogether. Effectively
this latter phenomena means that over much of the boundary layer outside the‘
wall region there is a lower mean velocity gradient,i%éj- » at low Reynolds
numbers,

The present measurements of shear streszs confirm the lovw

Reynolds nwrber skin friction values obtained by Coles (1.962) from Vieghnrdt's
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results, but also lend support to the findings of Brederode and Bradshaw
(1974) that the log law additive constant C = 5,2 fits available data better
than Coles (1962) value C = 5;0, if Patel's (1965) Preston tube calibration
is believed., The mean veloéity profiles measured show the expected changes in
wake strength, although it was not possible to obtain profiles at the lowest
Reynolds numbers where T—E~+O: the lowest experimental Reynolds mumber, Rg

= 800, gives a wake strength of about half the asymptotic value. Wake strength
values obtained agreed far better with Coles anelysis of (1962) than with

the results obtained in Coles (1968) using a modified fitting procedure,
Actual wake shapes support Bull's (1958) form of the cosine wake function,
but there is apparently a change in shape with Reynolds number, though of
small order,

Measurements of turbulence at low Reynolds number revealed a
remafkable change in the structure of the turbulent field, This is of great
significance since it is the turbulence which is resposible for the shear
stress which itself determines the mean velocity distribution., Turbulence
measurements in these experiments concern only the reglon outside the log law
region, the hot wire probes used could not be taken closer to the wall, It
was found that, at low Reynolds numbers and in an intermediate region

BbQS— < 0.8, (152§;3— was some 25 % less at the lowest Reynolds number and
Ji/ﬁs/ = 0.4 than its asymptotic value of about 2,5 Fig, (5,2,6), Further
analysis showed that this was in effect due to a decrease in 11_ 1L/{L}
Fig. (5.2.9) decreased by about 30 % Whllstli//lvlg. (5.2,10) decreased by
about 8 % only, This change took place principally in the same Reynolds
number range as the increase in wake strength T_E,Glg). That is up to
Il9=£5 2500, or-station 7: this raised the possibility of a direct link
betw;cn the two phenomena, The result of this chanre upon the measured shear

stress profiles was remarkable: in the intermediate region shear stress was
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found to be less for a given wall value by some 20 % Fig. (4.3.4a) at low
Reynolds numbers 039 = 800 compared with Rg= 4750). The profiles of the ratio
of "turbulent kinetic energy" (actually a function of iz?pnd i}i'since iz;i
was not measured) to shear stress, Fig. (5.2.8), wefe also found to be
Reynolds number dependent, Klebanoff (195.) noted that this ratio seemed
fairly constant for 0,2 <:$k§2<p.8 and the present high Reynolds number data
also shows this constancy. At low Reynolds number, however, a steady increase
from ﬁ%gf}O.Q to 0,8 was noted, a further résult of the asymmetry of changes
in the turbulence field at low Keynolds number, Aiso'igg? was seen to go

to zero as/lj—riszmore rapidly at low Reynolds number,:probably an indication
of a stronger irrotational field, s

The reduction in shear stress and the smaller values of mean

velocity gradient at low Reynolds numbers both contribute to a lower

%
72

production of turbulent energy. 4t Eiéf230.6, production normalised'hy(Z:{LL;>.é$
¢

A

is estimated to be 50 % of its Rg = 4750 value at Rg = 800,Fig. (5.6.6).
The turbulent field generates shear stress pricipally through normal
fluctuations, i}jj and the generation of shear stress was found to suffer
less from low Reynolds number effects; proportionally more shear stress than
- turbulent energy is generated at low Reynolds numbers,Fig. (5.7.11).

The redistribution of turbulent energy, produced as i}?ﬂ to'ifi
and ZZFLis of great importance in the understanding of low Reynolds number

effects, The redistribution is carried out by fluctuating pressure in such

terms as;%qDE%%t in equations 1.17, 1.18 and 1,19, At the mowent there are
no reliable measurements of pressure fluctuations, even at high Reynolds |
number so that further work is needed before progress can be made in this
respéct.

' The production qnd veneration terms in the Reynolds stress

equations give the quantities involved, but do not improwve our understanding
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of the mechanisms which are responsible for the injection of new energy and
-shear stress into the flow. Considerable attention has been focused upon the
"bursting” phenomenon as the mechanism of turbulence production, for example
by Kim, Kline and Reynolds (1968), The large~scale turbulent bursts found in
the outer layer have frequently been described in terms of lumps of turbulence,
thrust from the point of their origin far down in the boundary layer towards
the outer edge, and some comparison between the two phenomena seems
inevitable, although a connection has yet to be established., Lin et al (1966)
found that surface roughness eliminated "bursting"; but Antonia and Luxton(????j
noted that the intermittent structure in the outer layér was little affected
by surface roughness, so that the link must be fairly obscure, Supposing,
however, that intermittent production affects the outer layer intermittency,
some inferences about the former may.be drayn from the latter, Present
measurements confirmed that, in agreement, with Xlebanoff (1954) and
Kovasznay et a2l (1970) turbulent bursts moved relatively slower than
irrotational repicns Fig, (5.1.2), at low Reynolds number it was founa that
this difference was less Fig. (5.1.4a) because turbulent bursts moved faster,
It was also found that, unlike high Reynolds number bursts which are solitary
“Fig. (4.11.15) low Reynolds number bursts are more split, like a series of
hands, fingers ontstretched., Burst statistics revealed that low Reynolds
number bursts were lonper, up to the order of the boundary layer thickness
Fig. {(4e11.11) Dbut irrotational regions did not rcach so far into the layer,
This suggests a far less organised structure at low Reynolds number with
bursts of a wider variety of intensities orginating further from the wall
(having a higher "mean velocity"). These rcsults would seem to agree with
Falco's (1974) findings from his smoke picture analysis thot whilst "typical
eddies” wers of order the boundary loyer thicimess in lensth at lowr Zeynolds

number (RB = 600) they were an order of magnitude smaller at high Keynolds
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number (Rg = 6000), Falco's pictures also show a well defined, but complex.
structure af low Reynolds number: at high Reynolds number a more consistent
"turbulent mush" is to be seen, Kovasznay (1970) describes a "reverse
cascade" process of small bursts rolling together to create larger ones;
present measurements of the ragped bursts at low Keynolds number, would lend
support to this, the process being developed with Reynolds number. It would
be interesting, supposing some connection to exist between "bursting" and
outer layer turbulent bursts, to find out whether "bursting" was less regular
at low Reynolds number and less evenly spaced.

The production of Reynolds stresses is balanced by transport
and destruction as described in section 1.3 and Klebanoff has defined three
regions of the boudary layer in which these processes have different
characteristics: a viscous region from the viscous sublayer to.}J+ 2303
the log law region from JJTiFLyO toijj Z+0,2 and the outer layer including
the intermittent repion %%S;;> O.4k, For the present purvoses it will be
convenient to subdivide this latter repion into two: the intermittent region
in which generation and destruction predominate, 0.2 <_Y£/ 0.8, and the
outer layer beyond £j§"=5'0.8 where transport terms become equally significant,
-at high Reynolds number at least,

In the intermediate region, which was found to be narrower at
low Reynolds number, the ratio of producfion to diffusion was estimated to
be lower at low Reynolds number7= 8 at R9= 800, =11 at R = 4750 (%: 0.35)
Fig, (5.6.1), As Lavm's hypothesis was used this is effectively diffusion by
turbulence, and if, as conjectured, pressure fluctuations are more powerful |
at low Reynolds numbers the whole diffusion term would be larger, The
estimated diffusion thus showed larger values in both negative and positive
lokes at low Teynolds number Fie, 5.6°3), with penk values perhans twice

at R ,= 800 what  they were at Ry = 4750, There are {wo consequences of this:

6
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less local dissipationtakes place in the intermediate regions at low.Reynolds
number (proportionally more energy is transferred to the outer region);
secondly, since transfer towards the wall of turbulent energy is by means of
pressure diffusion, Klebanéff (1954.), proportionally more energy will be
transferred to the wall to be dissipated through viscosity.

The second trensport mechanism is mean flow transport or, for
turbulent energy, advection, This term was carefully estimated and showed the
largest Reynolds number dependence Fig, (5.6,11), particularly in the outer
region where its value increased threefold in' the range 800<:;R9<<;y750,'
again principally in Re<:2500. At low Reynolds number this has a considerable
effect on the outer layer: energy diffused there is locally dissipated
rather than advected downstream_as at high Reynolds number. The physical
interpretation of this is not easily seen : if diffusion may be considered
as the movement of large scale bursts cafrying contained energy to the outer
edge, then advection is analogous, perhaps equivalent, to the process by
which bursts bend over downstream and spread their energy along the flow,
Kijayasu (1970) found that, although fronts of bursts were well defined their
downstream edges merged into the free stream, suggesting a rapid transfer of
.energy downstream within bursts, The present findings may show that this
process is less able to operate at low Reynolds number where the contrast
between mean velocities in turbulent and irrotational regions is less marked.,

Transport terms in the shear stress balance contribute far less
than the equivalent terms in the turbulent energy balance, for example, the
ratio of generation to turbulent transport is about 25 (f&ﬁﬂ = 3.5) at
1{9 = 4750 Fig. (5.7.1). The streamvrise transport ofiﬂ}’is, however, so
small at low Reynolds number Fig, (5.7.9) that the shear stress transported
by ;ur%ulence to the outer rezion is chiefly destroyed locally by the

"pressure-strain" term which, apain, must therefore be more powerful at
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low Reynolds number,
The mechanism by which the low Reynolds number boundary layer

. more more
is able to destroy bothAﬁurbulent energy through viscosity andy turbulent

shear stress through "preséure—strain" is not clear, The former}z(%?srsipation,
could however be evidence for a more extensive viscous superlayer region, at
low Reynolds number,

Statistical analysis of the distributions of fluctuating
velocities showed that LI -component fluctuations are strongly negatively
skewed and ) -component fluctuations positively skewed,Fig. (5.5.1). An
interesting conflict appears in the Reynolds number dependence of these
results, The [ -components are more negatively skewed"'a‘t low Reynolds number,
Fig. (5.5.5), suggesting that below-mean values were larger, yet the mean
velocity in turbulent regions was proportionally higher, \)” ~components had
slightly more positive skewness at low Reynolds number, Fig, (5.5.6),but
initially there was en increase with Reynolds number in keeping with the
relatively lower above~-mean fluctuations, These tendencies were seen
particularly in the region of high intermittency, Y§7>0.8,and suggest that
the irrotational regions are far from passive and that considerable stream-
wise and normal velocity fluctuations take place within them, Kovasznay et al
(1970) suggest that the irrotational flow in effect "rides-out" the turbulent
burstsy perhaps the turbulent bursts also shake the irrotational flow to and
fro. The interpretation of these movements of distribution is a hazardous
matter, but it may be conjectured that in respect of Reynolds number effects,
there is more "shaking" and less "riding" at low Reynolds numbers,

An important part of this work has been the development of
suitable modifications for boundary layer calculation methods, both as a
pra;;‘cical application of the low Reynolds number effect and as a guide to

the effect of low Reynolds numbers on the calculation method,



Bradshaw's turbulent-enerpy-equation method is described in
section 1,4 énd the modifications in chapter 6. BEffectively dissipation
length was increased with decreasing Reynolds number, R‘9<;§OOO, and it was
found that a comperatively small increase in dissipation length, of order 18 %,
was sufficient to enable the calculation of accurate velocity profiles dowm
to below experimental Re&nolds numbers (5000;> R5,>>5OO). This is an excellent
illustration of the sensitivity of this method to the dissipation length
parameter, It cannot be claimed that, except in the wall region, agreement
between mixing length and dissipation length was good, indicating the general
inadequacy of local equilibrium assumptions despite the small (relative)
values of transport terms in the intermediate region. |

In sumary, then, at low Reynolds number the turbulence is
weaker as a proportion of surface shear stress but more evenly redistributed.
The result is a lower shear stress in intermediate regions whilst generation
of shear stress is less but turbulent energy production is proportionally
still lower. Although production is smaller diffusion is a more efficient
process carrying turbulent energy to the outer layer where it is dissipated
locally and to the wall where it may be instrumental in maintaining a
proportionally higher skin friction coefficient, Pressure fluctuations play
a major role in this process, but measurements are not available at present,

These are the main conclusiohs, but a large volume of data has
been presented and there must be considerably more information concealed in
it. To facilitate the use of the results, mean velocity profiles are
tabulated in Appendix (ii ).

Two outstanding possibilities exist for extension of this work
which would help to answer some of the unsolved questions, The first is an
anai?sis £ the three dimensional structure of the intermittent region, in

particular to establish whether turbulent bursts are jet-like with a
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spanwise scale of order of their streammise scale, as the "mushroom" shapes
seen for example by Falco (1974) would suggest, or if some spanwise co- |
ordination exists to make bufsts more roll-like. Findings that bursts have
well defined leading edges even if backs are somewhat diffdse encourages the
hope that good point averages might be obtained once intermittency schemes
have been improved, recognising the role of small scale events, Further, the
three dimensional surface shear stress structure discussed in Chapter 2 and
suggesting a regular spanwise waviness in boundary layer thickness
(assuming cp =;f@29 }) may have some role in controling burst dimensions which
would then become larger in the spanwise direction at low Reynolds number as
a proportion of E;.

Secondly & spectral ahalysis of the data would be of great value,
and could reveal the true aspects of the apparently poor large scale
organisation at low Reynolds number as well as providing a further insight

into low Reynolds number dissipation,

v?
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ENTRANCE BT
FlLoOR_ :
B e S e
cms cms cms cms
Jack No, Co-ord Jack No. Co-ord Jack No. Co-ord Jack No. Co-ord
1 3.5 17 4sO 33 lea 55 49 5.16
2 3.5 18 4405 3L ke 60 50 5.10
3 3.6 19 505 35 s 65 51 5.15
4 3465 20 405 36 1470 52 5,20
5 3.65 21 4,05 37 470 53 15,20
6 3,70 22 405 38 475 51, 5420
7 3.70 23 410 39 475
8 3.70 24 415 40 4.80
9 375 25 W25 M 485
10 3.75 26 e 25 12 1e 85
11 3.75 27 e 30 L3 s 5O
12 3.80 28 Lo 4O N ke 95
13 3,85 29 4o li0 L5 5,00
14 3490 30 Lali5 16 5,05
15 3.95 31 50 47 T 5.05
16 3.95 32 h55 LB 5,10 ° g



Table 3.1

adt | H | G | TC |AV4Re
0.5 | 1.9 | 6.9 | 0.257 | 1.25 791
1,0 | 1458 | 6.97 | o0.358 | 1.75 | 1112
1.5 1,433 6.89 0,384 1.88 1368
2.0 1.419 6.85 6.425 2,08 16L0
2.5 | 1.,07 | 6.83 | 0.3 | 2.16 | 1900
3,0 1,401 6.83 0. 1462 2,25 2192
5.5 | 1,397 | 6.89 | o.ue7 | 2.8 | 2387
4,0 | 1,395 | 6.95 | 0.72 | 2.30 | 2620
5.5 1,37 6.84 0.507 2,47 3362
7.0 | 1.356 | 6.72 | owmg2 |20 | u108
8.5 | 1.353 | 6.7 2,50 | 4750




Table 4.1

Rough values of Smoothing Time expressed as

Distance travelled by Fluid in Hold time

(Shear Layer thickness)

Author (s) Smoothing (Equivalent
distance)
Kovasznay et al 1970 0,17
Sumyach 1971 0.03
Antonia 1972 0.06
Hedley and Keffer 1974 0,05
Thomas 1973 0.3
» Dased on half wake width
TRLLE -2 Choices of criterion functions

Corrsin and RKistler (1855)
Sradhury (1964)

Ficdéler and Head (1966)
Xaplan and Laufer (1968)
Hovasznay et al. (1570)
Wypnanskl and Fiedler (1970)
Antonia and Bradshaw (1971)

Suayach (1971)

Antonia (1972)
Thomas (1973)

Castro (1973)

|w_|, smoothed
X

|ou/dt]

|au/3t] + (the same, phase-shifted); smoothed?

(su/at) 2, smoothed
32u/3yat, smoothed
(du/at)2 + (azu/3t2)2; smoothed?

(3u/3t) 2, smoothed

(du/3t)2, bandpass filtered + (the same,

time—-delayed)

(3uv/3t) 2, smoothed

[u‘ orISulat[, both bandpass filtered and smoothed

|auv/at| or |a%uv/ac2|
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FIG4I SMOKE - FILLED BOUNDARY LAYER, FLOW RIGHT TO LEFT THE
REGULARITY IS UNTYPICAL - OTHER PHOTOGRAPHS SHOW MORE
HIGHLY CONTORTED BOUNDARIES.
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FIGURE [4-8.1] INTERMITTENCY FACTOR AT STATION 2.
EFFECTS OF DIGITISATION RATE
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FIGUREL54-14]  RATIO OF TURBULENT ZONE o
TRIPLE PRODUCTS
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FIGURE[5-5.1] SKEWNESS OF W §5V COMPONENT
FLUCTUATING VELOCITIES
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FIGURE [§-5-4] TURBULENT ZONE “SKEWNESS”
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FIGURE [5~5.5] STREAMWLSE DEVELOPMENT OF U COMPONENT

SKEWNESS
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EIGURE(5-5.7] STREAMWISE DEVELOPMENT OF TURBULENT
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FIGURE[5-5.8] STREAMWISE DEVELOPMENT OF TURBULENT
ZONE SKEWNESS(V)
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FIGURE [ 5- 5. 9]STREAMWISE DEVELOPMENT OF TURBULENT ZONE
CONTRIBUTION TO SKEWNESS (1L
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FIGURE[ 5-5.10] STREAMWISE DEVELOPMENT OF TURBULENT ZONE
CONTRIBUTION TO SKEWNESS (V)
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FIGURE[5-5. 1] FLATNESS FACTOR OF Uk COMPONENT FLUCTUATING

VELOCITY
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FIGURE [5-5.12] FLATNESS FACTOR - v COMPONENT
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FIGURE [6_ 6. 2]STREAMWISE DEVELOPMENT OF TURBULENT ENERGY
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109

1000

101

1003

1004

100

104

107
1005

1007

XXX 1L

PAalA RELDUCTION LO&s ~EYNOLDS NOe bale oMk 01
TIVENSION 1CCL40)I0C2a40)1nC240),0 (2400, COLECS0),COMC50),
1000502 s 1TRAVCH) 500 (50X v (W) s avF IS0 s Y- (50 v (S0 ) S
PhLENCH0) 800l (500 »ARVET (S0 » ANV (50X AT (50)
ACCEFT 25 10%sNCODRF, VJ:Xbl:UbL:UIVIJLOVbIJhVUP:Lk
FORVAL (Z214,6F946)
.=0
N=0
J=1
JhR=J+4
ACCFET P 101 ICCKIHSIVIKIHLTR(K) s K=ds J6
FORNMAT C12,17512,401451171,12))
O 1003 ~¥=1,5
rU=rLOATCIG(O))
FR=FLOATC(IN(U) =-A)
VO =EU* (100 x%x01)
=d+l
CONTINUF
CODECL)IY=GON+1D
COMILI=V(N+2)
BUCL)=LON+3)
THAVILI =L (N+4)
RHYCLD) =L (N+Y)
[FCCONECL) «GT«Ge9) GO TO 1004
N=N+5
L=L+1 .
TFCLeFEC«(NA+]ID)) GO 10 1004
GO TO 1000
UONF=CL0i 1 (nUC*USL+UINT) IXCONST
Ulag=CLiii(2.0/7CF))*UJONE
S @ 2 U e
FOAYAT (SAIHY» 10X aHUZUL 2 1OX s SEYPLUSSs 10X, 6HU/ZL 1L
L=1 .
LO 1005 M=15Nnh
RVF(L)Y=SCRTC(RUCLDY /7LUG)D
BT (L)=CRYCLIZTREAV L)) xY LL
aVFPTL) =0 CFCLI DI »CS50rTC2.C/7CE DY)
HYFCLY=UTAUxhT (L) /R NEJ
TYFE 15104,hY (L) sV CL) s by (LY s b T (L)
FORMAT (U(SAsFYe6)) ~
FUNCH TAFE l:lU/:II(L);er(L):nI?(L):hVPI(L)
FORYAT (4(SXsF96))
CONTINUE
L=1
IFCEYP(L) «G150.0) GO 10 1007
L=L+1
GO TO 1005
CONTINUF



1008

1009

102

103

1006

XXX111

NFP=NF -L
HYP(L-1)=50.
RUFT(L=1)=LLLC
RVFC(L=1)=hLLC*(SChT(2+0/CF))/UONE
FF=NF/2.

"hYCL=1)=50¢xhNFU/SGRTC(2«/CF)

1P=NE /78 .
IFCCFP-TIF)«GT«0.0) GO TO .1008

EYPONR+1)=nYFCNP)Y A1 01

BYCNR+1)=RYF(NR+1 ) *hNFEU/ZSCLT(2. /CF)

RUP(NR+1)=1].

NP=\p+1

CONTINUE

M=L +1

L=1

DO 1009 N=M,NP

ARYF(L)=RYFP(M)

ARVEFT(L)=nVIT (M)

ARVF(L)=hUE (M)

hUFM(L)Y=C(1=-aRVEP(L))

FUPN(L) =ARVP (L) *( 1 =ARVE (L))

AKY(L)Y=kY (M)

L=L+1

=M+

CONTINUE

CALL SIVPC(ARY »nUiMsNE»ALEAL)

CALL SIMPF(ALY»hUPN: NP, AQREAR)

TYFE 1,109

FOLVMAT (5X»SHTHFTA, 10A,6HDELTAX)

DELST=8LFA1+50« x(uNFU/UTAU- 5406 % LNEUZ/UONE))
THETASAKFAR+540.6% (hNEL/UONE) 6546 0% (U1AUARNEU/ (UONEX%2.0))
TYFE 1,103, DFLSL>THF LA :
FOLMAT (2(5X,F946))

CONTINUFK

FND

SURROUTIVE SIVMP(X,YsNN»ALEA)

DIMENSION AC(60),YC60),A1C40)

J=1

N=1

61¢1)Y=0.0

N=N+1 :

A1=X(J+]1)=X(J)

A=X(J+2)=-X(J+1)

A3=X(J+2)=X(J) -

Bl=Y(C +1)=-Y(J)

B2=Y(J+2)-Y(J+1)

B3=Y(J+2)=-Y(J) o
Cl=CC(A3%%x2.0))/3.0)*(((E3%A1I=(BLI*A3))/(CAl%xA2)))
C2=((A3%%2.0)/2.0)*x(([3/A3)=(((R3*A1)=C(E1*A3)I/(A1*xAL)))
C3=Y(J)*A3
AI(N)=C1+CP+C3
ATCNI=ATCNI+AT(N-1)
J=J+2
IFCJ=-NN112,1006,1006
ALEA=AT(N)

RETUIN

END .
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C JMP@2 MARK2 COMPUTES LOG LAY PARAMETERS FROM F@il Q/P
DIMNSION RvE(1@g) ,RYP(168) ,RY(1¢¢),RVPT(167) ,
1ARVP(1¢@) ,BRV2(1¢8) :
TYPE 1,150
15¢ FPORMAT(ETYPE Ul,CF,TEHIP,D995,F9.68)
ACCEPT 1,151,U1,CF,TEMP,D995
151 FORMAT (4(F9.6))
TYPE 1,152,U1,CF,TENP,D995 ,
152 FOWMAT (3Ul=%,F9.6,2%,5CF=3,F9,6,2X, TEP=§,F9.6
1,2%,5D995=%,F9.66)
: TYPE 1,153
153 FORMAT (&TYrE RVP(1),RHO,NPE)
ACCEPT 1,154,RVP(1),RHf,NP
154. FORMAT ('9,6,79.6,13)
TYPE 1,155,RV?(1),RHO,NP
155 FOAMAT (SRVP(1)=§,F9.6,2X,3RH0=5,F9.6,2X,51P=5,13)
RNEU=, $0@1% (1, 42+( ,gP96*TEHP) )
UONE=((8.2%UL)**,5)*13, 126
UTAU=UOHE*( (CF/2,)**,5)
M=¢
L=1
RYP(1)=5¢.
RY(1)=(5¢.*R¥EV)/ (UTAU/12.)
RVP(1)=RVP(1)*(UTAU/UOKE)
RVPT(1)=RVP(1)*UOUE/UTAU
TYPEL,11¢ ,
11¢ FORMAT (3U/UTAUS, 6X,5YPLUSE, 7X, 3Y/D995%, 6X, 310G YPLUSE)
T 1¢¢¢ CONTINUE
ACCEPT 2,1¢1,RVP2,RRVP,RRY ,RYD
161 FORMAT (4(2X,F7.4))
M=M+1
RRVPT=RRVP*UONE/UTAU
RRYP=( (RRY)*UTAU) /(RiIEU*12, )
YD-RRY/D995
RYPL=CLOG(RRYP)
TYPE 1,1@6,RRVPT,RRYP,YD,RYPL
16 FORMAT (4(1X,F11.5))
PUNCH TAPE 2,1¢6,RSVPT,RRYP,YD,RYPL
IF(RRYP.GT.5¢.) GO TO 1g@

GO TO 1¢@@



X XXV

1¢@1 CONTINUE
' L=L+1
RYP(L)=1iYP
RVPT(L)=2RVPT
RVP(L)=RRVP
RY(L)=RRY :
IF(IM.EQ.102) GO TO 18@2
TO0 TO 1G0Y
1¢¢2 CONTIHUE
RSEN
L2=L/2
£2=L/2
A3=A2-12
NP=L _
IF (A3.G7.¢.¢) ®O TO 1¢@3
NP=L+1
RVP(KP)=1
RY(NP)=RY(L)*1.01
RVPT (MP) =UCNE/UTAT
TYPE 1,174
1¢4 FORMAT (4HEVEN)
1603 CONTINUL
L=gf
DO 1¢@4 H=1,NP
I=1+1
ARVP(L)=1-RVP(L)
BRVP(L)=RVP(L)*AnvP(L)
- 1@ga cONTTIUR
, CALL SIIP(RY,ARVP,I'P,AREAL)
CALL S1MP(RY,BRVP,NP,ARSA2)
TYPE 1,1¢2
1@2 FORMAT (5X,SHTHETA,1¢X, 6HDELIAX)
DELST=AREAL /12, +( 3¢ ¥RWEU) /UTAU~( 540 . 6¥RNEU ) /UONE .
THETA=ARZA2/12,+( 540, 6#¥RWEU ) /UCHE~ (6546 . ¥UTAU*RNEU ) / (UONE**2, )
TYPE 1,1¢%3,DELST,THETA
1¢3 FORMAT ($DELSTAR=3,F9,6,2X,STHETA=3,F9,6)
TYPE 1,156,UTAU,UONE,RVED
156 FORMAT (3UTAU=3%,%¥9,6,2X,3U0HE=},F9.6,2X,SRHEU=5,F9.6)
RH=DELST/THZTA ‘
RRDE=D995%UTAU/RIZU
RRTH=UOQNE*THETA /RIEU
TYPE 1,1%7,RH ,RRDE,RRTH .
17 FORMAT ($H=3,F6.4,2X,3RED9958,2X,F9,3,2X,3RETHED=5,F9.3)
. CONTIHUE
END
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FIGURE5-1.2] ZONE AVERAGED
STREAMWISE MEAN VELOCITY 8

FIGURE[51.3] ZONE AVERAGED
LATERAL MEAN VELOCITY
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FIGURELS-1.4<] STREAMWISE VARIATION
OF TURBULENT ZONE MEANVELOCITY
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FIGURE[5-1.7] STREAMWISE CONVECTION
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FIGURE[5-1.8] STREAMwISE CONVECTIONVELOCITY
PROFILES AT VARIOUS STREAMWISE PoSITIONS

FIGURE[5-1.90] STREAMWISE. DEVELOPHENT OF
CoNVECTION VELOUTY
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FIGURE(5-1.12] STREAMWISE DEVELOPMENT
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FIGURE[5-2 1] TURBULENCE INTENSITY
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FIGURE[5-2-3a] TURBULENCE TINTENSITY STNI
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FIGURE[5-2.7] DIMENSIONLESS TURPULENCE,

INTENSITY PROFILES
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oL FIGURE [5-2 .11] STREAMWISE DEVELOPHENT OF
NORMALISED TURBULENCE TNTENSTY .
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FIGURE [5-3.2a] TURBULENT SHEAR_STRESS PRoFILE. STN |
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FIGURE [5-3.4] NORMALISED SHEAR.STRESS PROFILES
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FIGURE. [5+4_-1] TRIPLE PRODUCTS: PRESENT

50- RESULTS COHPARED WITH
BRADSHAW (1966)
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Fleu CIGURE [574 4 J TRIPLE PRODUCTS : PRESENT
RESULTS COMPBARED WITH HENEY
S KEFFER_(1974)
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FIGURE[54.8a) MIXED TRIPLE PRODUCT
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FIGURE [5-4.94] MIXED TRIPLE PRODUCT
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FI6URE[5-4, .10a] PROFILES OF DIMENSIONLESS

TRIPLE PRoDUCTS STN 1
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FlGURE [5% 11] DIMENSIONLESS TRIPLE.
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