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ABSTRACT

SOME EFFECTS OF ROUGHNESS ELEMENTS ON BOUNDARY LAYER GROWTH

GARPINLIOGLU (6ZDING) Melda
M.S. in Mechanical Engineering
Supervisor : Assoc,Prof,Dr.0mer 7, GOKSEL
September 1986, 132 Pages

The effects of an isoclated and a row of roughness elements on
boundary layer transition, recovery length of turbulent boundary layer,
and wake development were investigated by using the available experi-

mental results in the literature.

The present correlations are analysed, by making several comments

about them,
The effect of upstream flow history on the transition character—

igstics of roughness elements 'are: stud_ied; and correlations which con-
sider this effect are obtained,
Correlations are proposed also for recovery lengths, and simple

expressions which describe the critical dimensions of a spherical

roughness element are obtained,

Correlations are proposed for the turbulent wake growth behind an

isolated spherical roughness element ,

Key Words : boundary layer, transition, roughness element,
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SINIR TABAKAST GELISIMINDE PURUZLULUK ELEMANLARININ BAZI ETKILERI

GARPINLIOGLU (OZDING) Melda
Yiksek Lisans Tezi, Makina MiithendisliZi B&1iimii
Tez Ytneticisi : Dog.Dr. Umer T. QOKSEL
Eylil 1986, 132 Sayfa

Tek ve bir sira pliriizliiliik elemanlarinin sinir tabakasi gegisi,
tirbiillansli sinir tabakasinin toparlanma mesafesi ve +tiirbiilansli bélge

gelisimine etkileri literatiirdeki mevecut deneysel neticelerin kullanil-

masiyla incelendi,
Meveut egiligkilerin analizi, ¢egitli yorumlarla yapildi,

Akim gegmisinin piirlizliiliikk elemanlarinin gegis karekterleri iize-
rindeki etkisi incelendi ve bu etkiyi dikkate alan egiligkiler elde edil-
di, Ayrica toparlanma mesafeleri igin de egiligkiler Snerildi ve kiire-
sel bir pliriizlilikk elemaninin kritik boyutlarini tanimlayan basit ifa-

deler alde edildi,

Tek kiiresel piiriizliilik elemamy arkasindaki tiirbiilansli bdlge

geligimi d¢in egiligkiler ¢nerildi,

Anahtar Kelimeler : Sinir tabakasi, gegig, piliriizliilikk elemani,
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NOMENCLATURE

*

Shape Factor,

Roughness height
Reynolds number

Roughness Reynolds, number based on the free
stream velocity

Critical value of Rk for the start of transition
Critical value of Rk for the end of transition
Roughness Reynclds number based on the velocity at the
roughness height, o, in the undisturbed laminar
boundary layer at the roughness position Eﬁiji-

Critical value of Rkk for the start of transition,

Critical value of Rkk for the end of transition

Reynolds number based on chordwise length x, %;

Roughness position Reymolds number
Start or end of transition Reynol ds number

Critical value of Rx for the start of transition
T

Critical value of Rx for the end of transition
T

Reynolds number based on distance XL

Reynolds number based on turbulent wake starting distance,

X ’
w&

Turbul ent wake width Reynolds number
Displacement thickness Reynolds number
Momentum thickness Reynolds number

Free stream velocity

Velocity of flow in the boundary layer
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Velocity at the roughness height in the undisturbed
laminar boundary layer at the roughness position,
Skin friction velocity,

Free stream velocity at x = X

Chordwise position of the roughness element
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Chordwise position of the end of recovery region
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roughness element, XR - Xk
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Spacing of the elements in the row

Turbulence intensity of free stream
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Displacement thickness of the undisturbed laminar boundary

layer at x = xk
Momentum thicknness of the undisturbed laminar boundary

layer at x =
X ] 02 au
Pohlhausen's pressure gradient parameter, ;P * Ix

£ A =
Value o o at x xk

Dynamic viscosity
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xvii



' CHAPTER 1

INTRODUCTION

Transition from laminar to turbulent flow is the result
of the build up of the disturbances in the boundary layer. In
natural transition, this build up occurs over long distances,
In order to induce transition ahead of its naturally oc -
curring position " tripping " must be done by a roughness element
fixed onto or near the surface, The presence of such a rough -
ness element shortens the surface distance required for distur -
bances to cause transition by changing the flow configuration
completely, Transition of this type is known as forced transi -
tions Two and three dimensional roughness elements can be used

as tripping devices,

In the available literature, measurements of transition
behind the roughness elements have been done under zero, ad-
verse, and favourable pressure gradients., The effects of rough-
ness elements upon the boundary layer development have been inves-
tigated also., Before the data in the available literature were
re - analysed, the experimental set - ups and the instrumentation
of the investigators were also carefully checked so that any error
in their experimental set -~ up or the instrumentation did not affect
their results., Those date collected by investigators who did not
clearly give explanations about their experimental set - up or their
measurement techniques were disregarded, Several different measure-
ment techniques have been used by different investigators to detect
transition. Roughness elements of various shapes and sizes have been
used by various investigators in different nature. The correlations

obtained by these investigators are not generally in good agreement



with each other and furthermore some of them are irfcomplete, All of
the investigators considered in this study did not give emphasis on
the effect of upstream flow history upon the transition and wake

characteristics of roughness elements.

Under the light of the above arguﬁent there seems to be a
necessity in the unification of the correlations made by different
authors. This can be done by using the available data in the liter~
ature and introducing the effect of upstream flow history on transi-
tion characteristics of the roughness elements. In this work new
correlations between the important variables were made which are

simple and applicable to relevant flow conditions.,

Chapter 2 gives a complete review of the previous work on

boundary layer transition with special emphasis on forced transition.

Several comments are made on the available correlations in
chapter 3. New correlations on the transition characteristics of
laminar boundary layer are proposed by using the available data in

the literature,

Boundary layer development behind a roughness element and wake
growth of a spherical roughness element is investigated in chapter 4,

and some new correlations are presented,

Chapter 5 is about the effects of row of spherical roughness

elements upon boundary layer transition,



CHAPTER 2

LITERATURE SURVEY
2e¢les INTRODUCTION

Although a great many experimental as well as theoretical
investigations on transition from laminar to turbulent flow have
been made; the transition problem is not completely solved due
to the reason that phenomena associated with it is rather complex.
In this chapter, both theoretical and experimental studies on

transition conducted upto now will be briefly discussed.,
202+ GENERAL ASPECTS OF TRANSITON

The phenomenon of transition from laminar to turbulent flow
which is fundamental for the science of fluid dynamics was first
investigated in relation to flows through straight pipes and
channels, At the end of the nineteenth century, O. Reynolds was
the first one who investigated systematically the laminar and
turbulent flow patterns., He discovered the law of similarity which
now bears his name and which states that transition from laminar to

turbulent flow always occurs at nearly the same Reynolds number,

The transition in a boundary layer flow was first investigated
much later than the transition in a pipe flow. In 1914, L, Prandtl
succeeded in showing that the flow in the boundary layer undergoes
transition and the problem of calculation of drag is affected by
transition, Theoretical investigations in the process of transition
from laminar to turbulent flow are based on the acceptance of

Reynolds's hypothesis that the latter occurs as a consequence of an



instability developed in the laminar boundary layer,

In the past, a number of investigators attempted to solve
the theoretical problem of the stability of the laminar flow by
determining under what conditions small disturbances in the form
of velocity variations present in flow would increase or decrease
with time,

Much work has been done on the mathematical foundations of
Reynolds's hypothesis first by O, Reynolds himself and later by
L. Rayleigh, These efforts have led to complicated calculations.
About 1930, Tollmien (1) made important advances in the applica-
tion of the mathematical theory and published a theory of stability
which was confirmed later by Schlichting, Tollmien - Schlichting
theory was based on the assumption that small disturbances of any
wavelength lying within a certain region would be amplified;
whereas disturbances of shorter or longer wavelength would be dam-
ved, The amplified disturbances were assumed to grow until they
caused a breakdown of laminar flow, The theory which was based
on the 1linearized perturbation equation of boundary layer was
universally discredited . by scientists and engineers mainly because
no evidence of disturbances had ever been found in boundary layers.
The first experimental verification of this theory has been achieved
by Schubauer - Scramstad (2) in 1940, They discovered sinosoidal
velocity fluctuations which were termed as "™ laminar boundary layer
oscillations "™, to distinguish these fluctuations from the irregular
fluctuations oberved by other investigators in the laminar boundary
layer of a flat plate, Schubauer - Scramstad used a wind tummel
having a turbulence level of much less than 0.1 percent in obser-
ving the laminar boundary layer oscillations, The oscillations were
found to consist of a wave motion in the boundary layer, Amplified,
damped and neuwtral waves were found and these characteristics togeth-
er with wave velocities and type of wave motion were in accordance
with the theory of selective amplification and damping proposed by
Tollmien - Schlichting, The mechanism of transition was later con -
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firmed by the works of Klebanoff - Tidstrom (3), Klebanoff - Tidstrom-
Sargent (4), Tani (5), Tani - Komada (6), Squire (7)e Squire
analytically verified that =~ for small disturbances the two di-
mensional waves are more unstable than oblique waves traveling at

an angle to the main flow, Then it was found that the two - dimen—
sional Tollmien -~ Schlichting wave firsi appears as an indication of

an eventual breakdown of laminar flow into turbulence., As a result

of experiments and theoretical studies on the instability of laminar

boundary layer the following transition mechanism can be assumed}

A Tollmien ~ Schlichting wave may be set up by the selective
amplification of pre - existing small disturbances. As the wave
travels downstream it damps or amplifies in the way predicted by
the linearized stability theory, and at the same time wave is deformed
into a three dimensional configuration. If the wave remains small
in intensity, it does not result in the onset of turbulence, If
the wave intensity exceeds a certain amount, non linear development
takes place, The appearance of non linear development, which is
characterized by the rapid amplification of wave inte neity; rapid
increase in wave three dimensionality, and distortion in mean veloc—
ity profile leads to the breakdown of laminar flow. Breakdown of
laminar flow ocours as a result of three dimensional development

of the wave as a whole,’

Dryden (8) in 1931 and Taylor (9) in 1936 suggested
that transition was caused by incipient or permanent separation of
the boundary layer. But later Liepmann - Fila (10), Tani - Sato
(11), Hama - Long - Hegarty (12) showed that separation of the laminar

boundary layer was not a prerequisite for transition,

Hama - Long - Hegarty investigated the flow on a flat plate
behind a cylindrical trip wire attached transversely to the surface,

Their observations led %o the following conclusions ¢

1- Weak two dimensional vortices remain almost two dimensional,



2- Strong two dimensional vortex lines have a definite
tendency to form three dimensional vortex loops, in shear flows
with a marked transverse wavelength, As swept downstream, the
waviness is intensified as a result of the interaction between the
mean velocity gradient and the induction effect of the deformed
vortex line, Thus a strong vortex line picks up three dimensional

disturbances and intensifies their effect,

3~ The transverse wavelength is dependent on the mean veloc-

ity distribution and it's different in wakes and in boundary layers.

4~ The formation of the three dimensional vortex loop must
occur before a turbulent spot can originate near the top of the

vortex loop.
5~ The mechanism of final breakdown is not clear,

6~ Local seperation does not necessarily lead to immediate

transition,

In sunmary of the results they suggested that the cause of
transition on a smooth plate may be due to the formation of vortex
loops. Later Hama - Nutant (13) showed that warped vorticity
field acts to set up a high shear layer within the boundary layer
which then breaks down to form a loop of concentrated vortex

filaments,.

Meanwhile a different approach to the problem of transition
has been provided by Emmons (14) through his water table experi-
ments, He showed that at random times and at random places tiny spots
of turbulence appeared, He observed that spots grow as they move
downstream in a wedge shaped region and the locus of the succesgsive
spot positions appear straight and at the same angle as the contin-
uous turbulence from a wake, The turbulence in transition was seen
to be essentially intermittent and final breakdown of laminar flow
was observed when these spots took over the entire boundary layer

flow field, In short, Emmons concluded that a transition region was



a region of formation and growth of turbulent spots., Schubauer -
Klebanoff (15) later investigated the propagation of a turbulent
spot by means of a spark technique developed by Mitchner and they
verified the PEmmons'spot theory, Schubauer -~ Klebanoff concluded
that a transition region may be roughly divided into two parts,
namely s

1- An initial stage where initial breakdowns occur and spots

form and hegin +to grow.

2- A final stage consisting of spot growth with new

breakdowns prohibited.

Thawan - Narasimha (16) proposed a universal intermittency
distribution for boundary layers on a flat plate and predicted the
skin friction and the velocity profiles in thetran&?ﬁon region by
utilizing Emmons'spot theory, Nagel (17) extended this theory
to hypersonic flows., Chen - Thyson (18) used spot theory for
boundary layers on flat plates or cones to include those of blunt
bodies and they found that spot formation rate depends on local

Maoh number as well as transition Reynolds number,

Morkovin (19) described the transition process in a differ-
ent way and analyzed it as an electrical system, He considered
the boundary layer as a filter amplifier of a highly non - linear
character and external disturbances such as noise, vibration and
free stream turbulence were taken as inputs-.Parameters like pres-
sure gradient, surface roughness, heat transfer were considered to
be operation modifiersj but due to non -~ linearity of the system
it wae not possible to see the effects of modifiers separately.
Morkovin has drawn attention to the fact that the sequence of events
leading to transition is not universal and process of instability

remains unknown.

The effects of turbulence 1level of free stream, pressure

gradient, flow history, heat transfer on transition of a laminar
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boundary layer were investigated also at different times.,

Schubauer - Scramstad (2) investigated the influence of
turbulence intensity, T, of the free stream on transition of
boundary layer on a flat plate under zero streamwise pressure
gradient., They observed that a decrease in turbulence intensity
up to a value of 0,0008; causes an increase in the transition

U
Reynolds number, Rx = _fg 3 where U is the free stream

n ¥
velocity, X@ is the length from the leading edge of the plate to

the observed transition position, For values of T lower than
0,0008, decrease in T does not cause any change in the
transition Reynolds number which is known as the critical transi-

tion Reynolds number, This effect is shown in Figure 2.1.

Turbulence intensity also influences the distance between
the points of instability and transition., P.S. Granville (20)
correlated the results of Hall - Hislop (21), Schubauer -
Scramstad (2) , and Drydem (22), This is shown in Figure 2,2 by

plotting AR, = R, =R versus T; where RO is ﬁ
[} G Q. T v

and Rbi is EEE ? Reyn;lds numbers based on momentum thickness
of the boundary layer at the transition and instability positions
respectively., It was seen that the points of instability and
transition become closer to each other as turbulence intensity in-

creases,

The rate of amplification of unstable disturbances also
influences the above mentioned distance. This rate of amplification
is sirongly dependent on the streamwise pressure gradient., R.

Michel (23) discovered a simple empirical relation on this manner
and A,M,0 Smith (24) succeeded in confirming this relation on

the basis of the stability theory. His resulis can be seen in

Figure 2.3,



P.S. Granville (20) studied on the influence of the
streamwise pressure gradients., His results were plotted together
with the results of several different invesitigators, As is seen

in Figure 2.4 all of these results arrange themselves on a single

curve in a plot of ARy = RQT - B, Versus K =
i

1 XT Kdx where K is the Pohlhausen parameter,

XT -— Xi X.
2 1
e . dUu and x rl\a.nd. xi are the chordwise positions of

K,—-—-.

v dx
transition and instability, From Figure 2,4 it is seen that the

distance between the instability and transition points is greater
for favourable pressure gradients ( K>o0 ) than for adverse

pressure gradients ( K< 0 ).

It was also found that at a certain turbulence level the effect
of adverse pressure gradient in promoting transition was greater
than the effect of favourable pressure gradient in retarding it. It
was seen that the effect of pressure gradient as a whole becomes less

significant as the level of turbuience increases,

2.3 THE INFLUENCE OF ROUGHNESS ON TRANSITION

It has been known since the thirties that a dirt particle or
similar isolated roughness on the surface in the region of laminar
flow may induce transition at a point shead of its naturally
occurring position.

The existence of roughness elements gives rise to additional
disturbances in the laminar stream which have to be added to those
generated by turbulence that are already present in the boundary layer,
If the disturbances created by the roughness element are bigger than
those due to turbulence , it must be expected that a lower degree of
amplification will be sufficient to affect transition, On the other
hand if the disturbances of the roughness element are small as campared

with the existing ones, the presence of the roughness element would be
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expected to have no effect on transitione

The very extensive experimental data collected upto date
includes information on the effect of two dimensional, three dimen-
sional, ithree dimensional and distributed roughness elements on
transition from laminar to turbulent flow. Many of the investi-
gations include data on the influence of pressure gradients, tur-
bulence intensity and compressibility together with the roughness

effects,

2+43+1 Transition Characteristics of Spherical Roughness

Elements

Transition characteristics of spherical roughness elements
have been investigated by Schubauer - Klebanoff - Tidstrom (25),
Gregory - Walker (26), Weske (27), Peterson - Horton (28), Tani
(29), HMochizuki (30), Hall (31), G&ksel (32), Fraser ~ Milne
(33), Yegen (34), Albayrak (35).

Klebanoff et al (25) investigated tranaition behind a row of
roughness elements on a flat plate under zero pressure gradient. They
measured the start of transition, They found that as the wind speed
is increased transition point moved almost instantaneously towsards the
row of elements, They also concluded that the critical condition
for transition is affected by the stability  limit of the boundary
layer,

They accepted the critical condition as the transition oc -
curring at the roughness location and defined the critical roughness

u
Reynolds number as Rkk = K.~ wheres U is the velocity at

the height of the roughness :lement, k i: the height of the ele-
ment, above the surface’v is the kinematic viscosity of the fluid,
The critical roughness Reynolds numbers Rkk were found to be in the
range of 490 - 578, Peterson - Horton (28) investigated the mo~

vement of start of transition behind a spherical roughness element

10



. under favourable pressure gradient, Due to the strong favourable
pressure gradient they applied, they found greater critical
roughness Reynolds number values than Klebanoff et al's ones, They
showed that the end of transition moved much more slowly towards
the element than did the start, but they didn't measure particular

values for the end of transition.

Mochizuki (30) performed experiments on a flat plate by using
heaxing balls of various diameters as spherical roughness elements,’
The resulting flow patterns were examined by smoke emitted from
various heights and positions relative to the sphere;; The end of
transition point was defined as the apex of the turbulent wedge be-
hind the roughness element., She concluded that in the transition
process, flow pattern passes through the vortical state until finally
developing into turbulence., She found critical roughness Reynolds

U :
number Rkk = gk‘. values for the end of transition varying between
%

600 - 1000,

Hall (31) made experiments under zero, favourable and adverse
pressure gradients, For the =zero pressure gradient case, he found
the critical roughness Reynolds numbers Rkk = 533 for the start of
transition, and the value between 750 - 800 for the the end of
transition, He concluded that both favourable and adverse pressure
gradients cause an increase in the critical roughness Reynolds numbers
Rkk for the start and the end of transition. He also pointed that

the end of transition never reaches the roughness position,

G¢ksel (32) has investigated transition behind isolated and
a row of spherical roughness elements upon a flat plate under zero
pressure gradient., He has correlated the critical roughness Reynolds
numbers Rk = ‘%% with roughness location Reynolds numbers

R = v k for the start and the end of transition , For a row of
Xk v
spherical roughness elements he showed that the effect of spacing

between the roughness elements is more pronounced at smaller rough-
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ness location Reynolds numbers R e He also observed that both
the start and the end of transition moved rapidly towards the
element with increasing unit Reynolds numbers, ( g )e The point of
the end of transition was found to move slowly tbwards the element
when it was compared with the movement of the start of transition.,
In his studys; he also correlated the minimum roughness Reynolds
numbers which can't move the positions of the start and the end
of transition towards the roughness element from the naturally

occurring position with roughness location Reynolds numbers, (ka).

Yezen (34) investigated the movement of transition under zero,
adverse and favourable pressure gradients but he gave special
emphasis on the case with an _adverse pressure gradient. He cor-
related the critical rnghnes.s Reynolds numbers, (Rk) s for the start
and the end of transition with the Reynolds number based on the
displacement thickness of the bourndary layer at the roughness location,
Ré"ﬁ o« He obtained the same relationship  between above mentioned
dimensionless parameters for zero, adverse and favourable pressure
gradients, His findings indicated that R end Rg¥ is indepenient
of the pressure gradiemt for a certain range of AQ, He has concluded
that there is no systematic effect of )\0 on the critical roughness
Reynolds numbers for the start and the end of transition for
- 0,052 < pY € + 0,053, He also found that under adverse pressure
gradients the critical roughness Reynolds numbers for the start and _
the end of transition behind a row of roughness elements of §/k > 2
are the same as the correspomiing roughness Reynolds numbers for a
single roughness element;'

AMbayrak (35) performed experiments on a flat plate to investi-
gate the effects of favourable pressure gradient on the transition
characteristics of spherical roughness elements, He concluded that
in zero and favourable pressure gradients the start of transition
appeared to move instantaneously from its naturally occurring

pesition to a position very close to the element as was investigated

12



by many of the previous observers. While the end of transition app-
roaches to the element more gradually as it comes near to the element
and stops at a finite distance from it, Albayrak also proposed
correlations for the start and the end of transitioh, between the
critical roughness Reynolds numbers and corresponding critical
roughness position Reynolds numbers., He concluded that the proposed
correlations are applicable for zero, adverse and favourable pres-
sure gradients for the range of - 0,052 Ao < + 0,055, Where
. &2  gu
A8, is the shape factor defined as A6, = XK. , & e In his
ko k Y dx
work he succeeded in showing the relationships between the critiecal
roughness Reynolds numbers based on the velocity at the height of
the roughness element for the start and the end of transition and
the roughness Reynolds number which is based on the displacement
thickness of the boundary layer at the roughness position. But due
to the scatter of his experimental results he couldn't obtain exact
; 5 - - A
relationships between Rkkcs Iléfk and Rkkcé R g x Where
Rkkcs and Rkkce are the critical roughness Reynolds numbers based
on the velocity at the roughness height for the start and the end of
transition respectively., He noticed that the critical roughness
Reynelds number values decrease when Rén% value increases, It was
also found that Rkk and Rkk values obtained for favourable
cs ce
pressure gradients are higher than the values obtained for zero pres-

sure gradient; and the effect of the shape factoz'XOk is more pro-

nounced on the values of Rkkce . than on the values of Rkkcs'

243.2 Transition Characteristics of Other Forms of Roughness

Elements

Von Doenhoff-Horton (36) performed experiments on an airfoil
with distributed carborandum particles which were attached on the

nose of the airfoil in the favourable pressure gradient region,

They observed the effect of stagnation point on the distance

between the start and the end of transition, They showed that

13



when the roughness elements were located away from the stagnation
point, distance between the start and the end of transition was long,
but as the elements were moved towards the stagnation point the tran-
sition length was decreased and even approached to zero, Gdksel's
experiments behind spherical roughness elements upon a flat plate
under zero pressure gradient confirmed the same effect of transition
length,

Holstein (37) made experiments on a flat wooden plate upon
which an emery paper was attached, He indicated that the effect of
distributed roughness in reducing the transition Reynolds number is
much greate® than the effect of a single roughness element, But
mfortunately his results were considered not to be exact since the
thickness of the emery paper was not included in the roughness height

calculation,

Braslow (38) indicated that in supersonic flows the length
of transition behind the roughness elements was long while in incom-
pressible ilows this length was short even with the turbulent wedge

close to0 the element,

Gregory - Walker (26) observed the movement of the turbulent
wedge behind cylindrical, and canical roughness elements., The move-
ment of the turbulent wedge to the element was found to be instantane—
ous in accelarating flows, Their observations are thus in agreement
with those of Von Doenhoff - Horton, and Mochizuki, Since they
couldn't measure the movement of the start of transition they didn't

determine the relative movement of the start and the end of transition.

BeHo Carmichael (39 - 40) measured transition behind upright
cylindrical roughness elements on a flat plate., He investigated tran-
sition characteristics of multiple elements as well as single cylindrical
elements, He developed an improved method for the prediction of the criti-
cal roughness size sufficient to trip the laminar boundary layer to

turbulent state, He proposed a correlation between roughness Reynolds
Uk 2k kK

2
number, Rk = ;— s and quantity aks- . ( g;z = gk * 3 H E :
k k
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roughness fineness ratio, %— : roughness relative height),
k
He used audio stethoscope technique for transition detection,

and he considered the generation of bursts in the flow at a certain
frequency as an indication of the start of transition . For cylinders
of equal height and diameter the average critical roughness Reynolds
number Rkk = :%é was found to be about 700 for the start of
transitions He concluded that for a pair of similar elements placed
one diameter away from each other, the critical Reynolds number which
is based on dimater of the roughness R = %g— will decrease about
50% from that of a single element, while in a field of elements
which is composed of a large element with a number of smaller ones
with three dimater spacing,no effect of small elements upon tran-
gition is seen., He also investigated the spanwise and streamwise

spacing effects on transition.

Tani et al (41) investigated the transition characteristics
of cylindrical elements in a zero pressure gradient. They defined
the transition point by 50% intermittency factor,thus their
criterion actually determines the flow midway between the start and
the end of transition points. They said that transition point moved
gradually towards the roughness element with increasing unit Reymolds
number and stopped at a finite distance from the element. They
have also proposed a correlation between ’Rkk , roughness Reynolds
number based on the velocity at theheight of the roughness element
and, ka, roughness position Reynolds number, by using the results of
their measurements along with those of Klebanoft et al's and Mochizuki's

results,

Fage (42) made measurements on roughness elements of various
shapes under favourable pressure gradient, Fage's data were the first
to show that a roughness element could move transition forward without

necessarily bringing it to the element,

Stiiper (43) investigated cylindrical roughness elements on a

rlate with and without pressure gradient; he drew the tollowing con-
15



clusion ¢ The sensitivity of the laminar boundary layer to irreg-
ularities on an otherwise smooth surtace was not greatly altered by
a favourable pressure gradient in the range of Reynolds numbers
covered by the experiments and with the amount of turbulence

present in the tunnel,

Hall - Gibbings (44) developed a cfiterion tor the tolerab-
le roughness in a laminar boundary layer. They investigated both
the effects of two and three dimensional roughness elements. They
provided a correlatlon between the Reynolds numbers Rk = %; and

ka xk for the tolerable roughness size of two and three
V

dimensional roughness—elements;' They considered the simplest case

of a boundary layer on a flat plate under zero pressure gradient,

24343 Flow Structure Behind Three Dimensional Roughness

Elements

The visual observations of Mochizuki (30) and Gregory -
Walker (26) showed that there are two sets of streamwise vortices
in the wake of a three dimensional roughness element at the

roughness Reynolds numbers below its critical values

1 - Horse shoe shaped vortex encircling the front of the

roughness element,

2 - Pair of closely spaced vortex filaments originating from
the spiral filaments which rise vertically from the points on the
plate behind the roughness element., These filaments are at about
the level of the top of the element, While horseshoe vortex is

located close to the plate,

The sense of rotation is such that momentum is to be
transported downward towards the plate by means of a horseshoe vortex
and upwards by means of a closely spaced vortex filaments., The

effect of these vortices is seen to redistribute momentum so that
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distortion in the mean velocity field appear in the boundary layer

downstream of the roughness element.

Tani et al (41) concluded that three dimensional deformation
of the mean velocity field was considered to account for critical beha-
viour of transition movement, The wake of a three dimensional roughness

element is wedge shaped, It is composed of fully turbulent and in-
termittent regions., The spread angles which show lateral growth of

these wedge shaped regions by different observers are inconsistent
with each other, Schubauer - Klebanoff (15) found a half included
vertax angle of 6.4° and 10.6° for fully turbulent and intermittent

regions respectively, The edges of the wedges were found to be straight,

Mochizuki (30) observed that upto and including critical
Reynolds numbers the sides of the wedge were composed of straight
lines which were linked at a certain position downstream of the
element, The wedge angle changed from 50 to lOo near the
roughness element and 10° to 11o away from the element, At
supercritical Reynolds number the boundary of 4the wedge could be
represented by a single straight line and a wedge angle of 2.5o to
5% |

Fraser - Milne (33) gave half included vertex angles of
flly turbulent and transition wedges as 4.6° and 9.10.

Goksel (32) with his experiments under zero pressure gradient
behind single spherical roughness elements has investigated the mean
flow quantities, He said that wedge angle behind spherical roughness
element increases in downstream direction., He also concluded that
the width of the intermittent wake could be expresseéd ags a func-
tion of flow conditions at the roughness position and distance from
the roughness element., For a row of spherical roughness elements he
also proposed correlations between width of turbulent and intermitient

wedges with conditions at the roughness position and distance from the

roughness elements,
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Goksel also investigated the turbulent boundary layer develop-
ment behind a roughness element and he defined the region behind the
roughness element through which the perturbations due to the roughness
decay as the recovery region, He proposed a correlation between the
dimensionless recovery length and dimensionless parameter of
R "51;;': o Where 5’;; is the displacement thickness of the
boundary layer at the roughness location,

Yegen (34) later investigated the boundary layer development
behind a roughness element on a flat plate under adverse pressure
gradients, .He generalized the criterion for the recovery length
concept proposed GSkgel and concluded that the dimensionless

is a function of Rk ( ﬁ-— )n
k

= -1
*

recovery length ;
Albayrak (35) also studied this problems and ‘he used a

favourable pressure gradient, He obtained a good correlation of data

of his experiments with the resuﬁts o£ Gokesel and YeZen by defining

a correlation parameter, b = k.o kos « He found that there

ce = KCS
exists a roughness Reynolds number for which recovery length may be

minimume IMinimum recovery length was found to occur at aboutd = 21,

He also concluded that there exists a relationship between parameters
k

A ang Rk -~ o Albayrak,as a result said that it.is not poséible
{0 trip a la,min;a.lx(E boundary layer for the values of Bk 'g'ij‘ 5103.

k

2.3.4 Flow Structure Behind Two Dimensional Roughness Elements

Tani et al (51) investigated the transition behind a cylindrical
two dimensional roughness element on & flat plate under zero pressure
gradient. They concluded that transition does not take place right
behind the element, rather the change is gradual, and the roughness
element effect transition far downstream., They also obtained a good

correlation of data by plotting the transition Reynolds number
Ux
T

( Rx = T ) against the ratio of the roughness height to the

T
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displacement thickness of the boundary layer at the roughness location,
().
k

Tani - Sato (11) 1later performed experiments again with
cylindrical roughness elements, They concluded that for a zero
pressure gradisnt case, transition behind a two dimensional element
depends only on the ratio of the roughness height to the boundary -
layer thickness at the roughness position ( 155-). They observed
that if this ratio is small the boundary layer k flow separates at
the element but reattachnes to the plate at some distance producing
scarcely any disturbance. Transition ococurs in the reattached
boundary layer, ard a sinosoidal velocity fluctuation is observed
at & distanceldownstream from the roughness element, They also said
that when the ratio of 15- is large transition occurs in the
separated layer before it k reattaches to the plate, They also
suggested that for a given roughness element at a given position on

the plazf,transition moves forward and the transition Reynolds number,
Ry = gvm , where b " is the boundary layer thickness at the

trgnsition position, continues to decrease as the free siream velocity
is increased, At a certain wvelue of 1%' transition reaches the
element and transition Reynolds number begins to increase as

the free stream velocity is further increased, However ihe available
data in their published work does not strictly support their above
argument, In their study they defined the {ransition point as the
location at which the intermittency factor of velocity fluctuation
attains the value 0,5, Tani - Sato with their work achieved to
decompose the complex phenomenon of transition due to roughness into
simpler types;transition of laminar boundary layer type,and transition

of laminar - separated layer type.

Liepmann - Fila (10) investigated the flow characteristics in
the wake of large two dimensional roughness elements, They observed
the effects of these elements both in laminar and turbulent boundary
layers. The results of their studies in the wake of roughness
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elements show that the existence of a separation profile does not
necessarily lead to transition, meanwhile they also noticed that a
laminar boundary layer can separate and reattach itself without
transition taking place, If transition occurs in the detached layer,
the velocity profile in the reattached boundary layer will approach
the normal turbulent boundary 1layer profile very rapidly. They
also showed that separation bubbles behind the element varied in
length depending upon the condition of the boundary layer at the
reattachments The bubble became shorter as the element's size
relative {0 that of boundary layer increased and the reattachment
changed from laminar to turbulent,

24345 Roughness Effects on Airfoils

For boundary layer flow upon an airfoil the Tollmien-Schlichting
theory shows that the stability of the flow is greatly dependent on the
pressure gradient and hence on the chordwise position., The Reynolds
number at which amplification of small disturbances occurs may vary
with chordwise position by several powers of 10, The movement of
transition with the height of a single roughness element is dependent
on airfoil pressure distribution and hence on airfoil shape. In the
absence of sufficient data it can be concluded that over certain ranges
of airfoil cherd Reynolds number,the +transition Reynolds number of
the boundary layer flow is a function of free stream turbulence,

pressure gradient,and surface roughness,

The papers of Fage (42), Tani et al (45) contain some data

on roughness effects on transition in the boundary layers of airfoils.

There are other experiments conducted on the effects of roughness
elements on flow over airfoils; one of them are those of Loftin (46)
in which only the critical Reynolds number of the airfoil for drag rise

was determined from wake survey measurements, He concluded that s
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1 - The Reynolds number at which one row of spanwise
projections causes premature tramnsition is primarily a function of
the projection geometiry and the Reynolds number based on the height
of the projection and the velocity at the tip of the projection, provided
the height of the projection is small compared with the boundary layer
thickness,

2 - The laminar boundary layer is more sensitive to surface

projections than to surface grooves or sanding scratches,

Liepmann (10) has shown that, on a clean aerofoil , transition
occurs on a convex surface at the same Reynolds number as on a flat one.
Hence it could be posiulated that convex curvature does not influence

transition due ito surface irregularities.

Gregory - Walker (26) discussed the permissible height of an

excresence which affect the boundary layer transition on an aerofoil,

I3
They proposed a relationship between the Reynolds numbers '-EJ‘ and
»

Ub
Vv ]
cylindrical, Here U, is the friction velocity defined as V %;L .

regardless of whether the excrescences were conical or

They found an expression for the critical height of the excrescence

on an aerofoil surface which was confirmed later by Loftin, Gregory -
Walker studied on the vortex structure occurred behind the roughness
and showed that the dominant vortex pattern appears to be a herseshoe °
vortex encircling the front of the excrescence, with twin elements

trailing downstrean,

Cowled (47) made a survey for the existing state of the know
ledge on transition in laminar boundary layers on aerofoil surfaces and
extended the single element criteria to multiple arrangements of

irregularities,
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2.4 CONCLUSIONS

In this chapter, a general literature survey on boundary
layer tramnsition from laminar to turbulent flow was made. Since
the major interest in this study is transition caused by roughness
elements, attention was given to the effect of roughness elements
among several other factors affecting transition, However many
of the investigations conducted up to date include the effects of

other factors and especially of pressure gradient on transition.

Because the phenomena associated with transition is very
complicated to be explained theoretically, the present state of
knowledge on transition is basically achieved as a result of

experimental studies which had started a long time ago.

It was observed that different criteria were used for the
definition of the transition point, this caused a difficulty in
comparing the results of various experiments, Several different

flow observation techniques and various shapes of roughness elements

have also been used,

Available data of the previous experiments were investigated
and attempts were made to obitain new and complete correlations.

These are given in the succeeding chapters,
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CHAPTER 3

TRANSITION CHARACTERISTICS OF ROUGHNESS ELEMENTS

3.1 INTRODUCTION

The results of the previous work on forced transition were
analysed under the light of the present status of the knowledga,
Several comments about them were made, and the available data of

the previous experiments were presented by forming new correlations.

3e2 FORCED TRANSITION

Forced transition is defined as artificially caused tran-
sition by using two dimensional or three dimensional roughness
elements, The commonest two dimensional element is a wire attached
on the surface in spanwise direction., Various shapes of three
dimensional elements were used in the past, but generally the elements
of equal width and height were preferred, Due to their ease in
manufacture and availability, spheres are the most familiar three

dimensional roughness elements of all,

When roughness elements occur whether they are naturally pre-
sent or are used as artificial tripping means; two things must be

known about them,

1 - Critical dimensions of the roughness which are effective

on transition
i)  Minimum height of roughness below which no influence on

transition exists,

ii) Critical height of the roughness element which causes

transition to occur at the element itself,

23



2 - Nature of the flow about the roughness,

The first physical concept about the roughness size was due
to Schiller (48) . He suggested that a trip wire induces tran-
Sition when its Reynolds number reaches a definite value at which
vortices were shed from the apex of the element.,

Schiller determined the value of this minimum roughness
Reynolds number as Rk = EELE = 13, Goldstein (49 ) made a
similar attempt and defined the minimum height by again a constant

Uy k
roughness Reynolds number of Rk = L - Te

\Y

Tani - Hama - Mituisi (45 ) assumed that the critical height
of a trip wire is given by expression Rk = CONSTANT = H;&JE- H
this constant was found to be 15, while Fage - Preston (52)
proposed that this constant was about 20, Later, it was shown
that the expressions of this iype, provide rough estimates on
roughness effects, Instead of these very simple relationships
functional relations between the related variables for every differ-

ent case should be determined,

The effect of a tripping element of given shape placed on a
flat plate in an incompressible fluid stream of constant turbulence
and with a zero streamwise pressure gradient was first investigated

by many authors, &ue to its relative simplicity.,

Tani - Hama -~ Mituisi (51 ), Dryden (53) showed that the
Ux

transition Reynolds number, Rx = T , 18 only a function of
T A"

k . .
-E;- for a trip wire., The experimental results arrange themselves

on k the curve shown in Figure 3.1

: 2 2
R = 2.96(§K) ( —E ;
, ” bk) (3.2)

Equation 3,1 is for the oritical condition of Ty = X, e transition
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occurring at the roughness position.

However in this represantation, there is no evidence of the
position of the start and the end of tramnsition. This plot can be
taken as showing a mean position in the transition region although

the use of a single transition point seems to be meaningless,

Meanwhile Tani - Sato (11 ) proposed somewhat different

correlation for the critical condition as is shown in Figure 3,2

ué, X
(=) ( 5-) = 840 (3.2)
This relation is applicable except at very low values of 7;- "
k
Because :;, is dependent on the roughness location, xk, and the

k
local free stream velocity at roughness location ,Uk ,. 4t is a good

measure of local flow conditions, Therefore equation 3.2 ie expressed

in the following form :

U6 &,
( -\-,-I- ) = 2520( --1;-15 ) (3.3)

In their represantation Tani - Sato specified the transition
point as the point where the intermittency factor attains the value
of 0.5 o+ It is seen that the local flow conditions at the roughness
position are very important on the transition characteristics of laminar
boundary layer, providing that the effect of turbulence intemsity of

the free stream is taken +to be negligible,

Tani - Komoda - Komatsu - Tuchi (41) used upright cylindrical
three ~ dimensiomal elements as tripping devices on & flat plate; they
used again the 50% intermittency factor criteria as the pointof tran-
sition. They proposed the following correlation for the critical con-
dition of Xp = xkg
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x, 4/3 2/3
k -)3-3‘- (3.4)

vhich can also be written as

R - o097 (X (3.5)
Xn k
C

) (),

Goksel (32) studied the effects of spherical roughness ele-
ments on transition, by using surface pitot tubes , and determined
the start and the end of transition points separately, He proposed

the following correlations for the critical condition,

n

0.1882 log,, R, + 1.9609 (3+6)
T

cs

0.2314 log , R + 1.7579 (3e7)

1085 Free "Tce

10815 Bres

Where chs ’ Pkce are defined as the roughness Reynolds numbers
at which start and end of transition would have occurred at the ele-

ment respectively,

Similarly Yegen (34 ), Albayrak (35 ) and Hall (31) used
surface pitot tubes and determined the start and the end of transition
seperately; and they reject the correlations based on 50% intermittency

factor concept,

However, when the correlation proposed by Tani et al (41) for
upright cylindrical elements which is given in equation3,5 ; was used
for the experimental results of Gioksel (32), Hall (31), Yegen (34)
and Albayrak (35) for spherical roughness elements, it was found that
the results deviate in an acceptable range from the actual ones.
This fact is seen in table 3,1, Furthermore Figure 3.3 and Figure
344 show the relationship between correlations proposed by Tani et al gnd
Goksel for the start and the end of tramsition respectively,
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Inspection of table 3,1 and of Figures 3,3 and 3.4
results that the using of 504 intermittency factor criteria for
transition point determination is not so far from the reality,

contrary to the previously accepted fact., Since the criteria

defines somewhat a midpoint in the transition region, correlation
given by Equation 3,5, which describes a single point in the transi-
tion zone is seen to be applicable for the entire zone, Therefore
as shown in Figures 3,3 am3.4, Tani et al's correlation must be valid

for the start and the end points of +transition,.

Tt can be concluded that the previous rejection of taking of
a single point in transition region is not realistic, although

determination of the start and the end points of this region is more useful.

It can also be said that the shape of a2 three dimensional
element does not seem to be an effective factor on its transition
characteristics;y providing that k< 5k. Instead the height of
the element above the surface must be +taken into consideration in

determining its effect, -

As a last study on the transition characteristics of spherical
roughness elements, Albayrak (35 ) proposed correlations for
the start and the end of transition which determine the critical
condition and which can be applicable for zero, adverse and

favourable pressure gradients for a range of - 0,052< ngs +0,053,

His correlations are as follows ¢

188, R, = 0.18031og, R + 2,002 (3.8)

cs

log,o R, = 041979 log, , RxTce + 149481 (3.9)

which were in a similar form of the correlations proposed by Giksel
with modified constants arising from the effect of streamwise pres—~

sure gradients,
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Since in the given range of xok same correlations for the
start and the end of transition can be used; it can be concluded
that presence of a streamwise pressure gradient does not alter the
effect of roughness on boundary layer transition. In other words

pressure gradient effect seems to be of secondary importance,

3.3 COMMENTS ON PREVIOUS ANALYSIS

The effect of two and three dimensional roughness elements on
transition and on flow structure behind them are different from each

other as was stated previously by several investigators.

A separation bubble occurs behind a trip wire and the boundary
layer both over the bubble and over the reattachment region is very
unstable. Disturbances can therefore build up very quickly and
cause transition., Two ~ dimensional tripping devices can therefore
produce turbulent flow over their whole width., Three - dimensional
devices only produce a trailing wedge of turbulence behind them;
thus they generate trailing vorticity which distorts the boundary
layer profile reducing its stability. Thus a two - dimensional

element seems to be more dangerous than a three - dimensional one,

Hall - Gibbings (44 ) concluded that a laminar boundary layer
can't be tripped by a three - dimensional element near the limit of
stability of the laminar boundary layer while a two - dimensional

element can,

Goksel (32) suggested that the transition length behind a
spherical roughness element vanishes when roughness position
Reynolds number /R, is less than 5.85 x 104. Since the known
stability limit of the laminar boundary layer was Rgf = 420
which approwimately corresponds to Rx = 5,85 x 104 3 he concluded
that a laminar boundary layer can't be tripped at or below its stabi-

lity limit by a three - dimensional element,
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We know that the stability limit of a laminar boundary layer
under zero streamwise pressure gradient was modified as

R = 520 (54) which is considerably greater than the previously

5%
accepted value,
It will be interesting thus, to evaluate the results of the

previous experiments on this new basis,.

The experimental results of Hall ( 31), Giksel ( 32), Yegen
(34), Albayrak (35) were used in order to show the variation of

the critical transition Reynolds number, RX s with the critical
T
roughness Reynolds number, Rk , for the stgrt and the end of
c
transition . As can be seen from Figure 3.5, contary to the

previous statement, it seems,it is possible to trip the laminar
boundary layer by a spherical roughness element below the modified

stability limit; i.e, RB‘ = 520 corresponding to Rx = 0,14 x 104.

The difference between the given limits of stability of lami-
nar boundary layer and the physical reason behind the above men -

tioned phenomenon can be explained as follows @

It is known that transition of laminar boundary layer to tur-
bulent one occurs through a region called as the transition region,
For this reason instead of a single transition point use, the start
and the end points of the transition region must be determined.
Similarly it seems that it is better to define an " instability
region " than the use of a single limit for instability. Probably
there is an instability region whose upper limit is the known theo-

retical limit of instability which corresponds to R = 9.14x104.

iy
The lower limit of this region can be taken as Rx =6 x 10 4.
i
This agrees well with the experimental results, It éeems that when
the roughness loeation Reynolds number, R , is between these two

limits; ie, 6 x 10455 ing 9.14 x 104; it is possible to trip the

boundary layer from laminar to turbulent flow by even a three — dimen-
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sional roughness element, The lower 1limit of the instability region
corresponds to the Reynolds number below which all individual os -
cillations decay. Throughout the instability region at least some
of these oscillations. are amplified and at the upper limit the
oscillations are strengthened enough to cause transition fram laminar
to turbulent flow. It can be concluded that; although the tripping
of laminar boundary layer by a three -~ dimensional element seems

to be possible below the upper limit of instability region, it seems
that below the lower limit of this region it is impossible to trip

the boundary layer by a three - dimensional roughness element.

3¢4 NEW CORRELATION ATTEMPTS ON TRANSITION CHARACTERISTICS OF ROUGHNESS
ELEMENTS «

It is interesting to note that there is no attempt in the avail-
able literature +to consider the effect of the flow history upstream
of the tripping element on the transition of boundary layer from
laminar to turbulent flow, As transition is the result of the build
up of disturbances in the boundary layer, transition following a
roughness element will be the result of the effect of the roughness
and the degree of disturbance pre - existing in the boundary layer
ahead of the roughness, Since the examination of the experimental
results is facilitated by the use of dimensional analysis; it will

be convenient to start with it,

It has been shown that (50 ) in the absence of a streamwise
pressure gradient the variation of any property * P " of the flow
resulting from the effect of a tripping device of height , k¥ , above

the surface can be described in terms of two non - dimensional

groups as

P=f( k,U Vv ,b) (3.10)
If P 1is a velocity or length
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and

P=f( k Ull,p,d) (3.11)
If P 1is a force ,

The values of all independent variables of above functional

relations are the local values at the position of the trip.

In both cases two non - dimensiomal groups will describe the
variations in ™" P " , There are two convenient arrangements of

the two governing non - dimensional groups :

1 - Two Reynolds numbers, one for the trip and one for the

boundary layer,

2 - One Reynolds number of either for trip or for boumdary

layer,and the ratio of trip height to boundary layer thickness,usually

k
o~
k

In a zero streamwise pressure gradient case, the boundary layer's
Reynolds number at the trip location completely describes the boundary

layer's upstream history and therefore its degree of disturbance,

Boundary layer's Reynolds number may be takem as one of the
following @

6—*
U X o U@k o Ukk
qyi Vv ! 2 Y ’ X Y

In this study, among the above mentioned parameters,
U&*k
Bgv = is preferred due to @
X v

. *
l - In a zero pressure gradient case, 64k is directly related

to the other boundary layer parameters and to xk through the
Blasius boundary layer relations, ‘

2 - Ease in calculation of Rg*, for the available data of
the previous experiments when compared with the calculation required
for other non - dimensional groups,
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3e4s1 Two - Dimensional Roughness Elements

For a cylindrical trip wire in the absence of a streamwise
pressure gradient; the experimental results of Tani et al (51)
are available . In order to obtain a new correlation following

functional relationship can be proposed as was discussed above.
R = f( Rg* ) (3-12)

As is shown in Figure 3.6.a when the critical transition

Reymolds number, Rx , is plotted against the displacement thickness
T

Reynolds number , c Rb*k y for the results of Tani et al (51);

a good correlation of the results is observed.

Figure 3,6.,b represents the least square line fitted to the

used experimental results, whose equation was found as

6 4

0
1-5—-» = 0.4381 ;1-%-- ~ 1.5889 (3.13)
x’l‘c Ok

The scatter of the experimental results from the line given above is
within + 108,
As can be seen from these figures, increase in Rs*k will

cause an increase in RxT indicating the influence of the upstream
c

flow history on the transition characteristics of the trip wire.

The correlation given in equation 3.13 is better than the one

proposed by Tani et al 3 since

a) It takes the upstream flow effect which was not considered
specifically by Tani et al

b) Tt is a universal relation; due to the reason that the

effect of “E- which was seen directly in the correlation of Tani et

al 3 is confined in RG* $ producing relative simplicity in
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utilization,

The relative location of the roughness to the upper limit of
the instabity region may alsc be an important factor on the wup -
stream flow history. In order to show this effect on transition
characteristics of the roughness element a parameter, ¢ » may
be defined as § = Rg* - Rsfiu.. The parameter seems to be a con-
venient one because it = also gives an indication of the

closeness of the element to the instability region.

In order to see the effect of § on the critical transition
Reynolds number, Rx y Figure 3,7.a and Figure 3,7.b were
formed by using theTc experimental results of Tani et al for a

trip wire againe.

As can be seen from these figures there is a direct relation-

ship between Rx and ¢ 3 and it is obtained as
Te

6 104 .
10 = 0.1825 &= _ 0,4384 (3+14)

R 14
e
by the least sguare line fitting method,

The scatter of the experimental results from the line whose
equation is given above is within + 6%,

The experimental results of Tani et al used, don't specify
the start and the end points of iransition, The correlations given
in equations 3.13 and 3.14 can be applicable for the transition

point, defined by Tani et al,Emse, 3.13 and 3.14 indicate the importance

of the upstream flow history on transition characteristics of a trip

wire.
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3e4+2 Three Dimensional Roughness Elements

It was known that three - dimensional roughness elements

exhibit the characteristic of abrupt transition motion. As was dis-

cussed previously, their effect was usually represented by the func-

tional relationship between Rx and Rk .
T

Since there is still a possibility of representing the exper-
imental data by considering the local flow conditions at the roughness
position, it will be worthwhile to see whether there is a funciional

relationship between R and -%&- or note.
T7e b k

It will &lso be possible to compare the effects of two - dimens

gional and three - dimensional elements on & common base with the use

of these parameters; namely Rx and EE:
Te k
In order to determine the functional relationship between

R and '%%r 3 the available data sets of Hall (31) Goksel
k

x
Te
(32) , Yegen (34), Albayrak (35 ) were used for a spherical roughness

element under zero streamwise pressure gradient,

As can be seen from Figure 3.8.2 a good correlation of these
data which showed that there exists a functional relationship between
k.
Rx and T} ’
Te k
From Figure 3.8,a2 it is seen that,as -é&r increases the

was obt alned .

critical transition Reynolds numbers for the startkand the end of
transitiom decrease; and then approach to each other, Finally, the

curves representing the start and the end of transition coincide when
R = R = 6 x 104 which is the lower limit of the instability
Te

region,
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The exact form of the functional relationship between

Rx and ;; was found by the use of a log - log plot of
Te k '
Rx versus ==, as was shown in Figure 3.8.be The following

relationships were found by the least square line fitting method,

k
log,, R =-3,1228 log, (6* )+ 5.5348 (3,15)
Tes k
k ‘
log,, R = ~3,3378 loglo ( = ) + 5.6638 (3.16)
Toe k

The scatter of experimental results from the relations represented

by equations 3,15,3.16 was found to + 10% and + 5% respectively.

The plots of Rx versus ~i%- seem to be better than the
Te k
previously used R versus R_ plots, by Gdksel (32) Yegen
Te Y

(34) and Albayrak (35 ). In order to represent the transition
k
characteristics of three — dimensional roughness elements; o
k
parameter is preferred to Rk because it in- k
5 k

dicates the effect of local flow conditions at the roughness position

is used,

upon the transition directly. In order 1o see the difference of the
effect of two and three dimensional roughness elements on boundary

layer transition Figure 3.9 was formed., This figure shows the plot

X
of Rx versus s for trip wire and spherical roughness resultis,
Te k

It seems that for +the same local flow conditions the movement
of the transition towards the roughness element is more slow for a

sphere than for a trip wire,.

As is seen from Figure 3,10,a and Figure 3,10,b for a spherical
roughness the critical itransition Reymolds numbers for the start and
the end of transition can be represented as a function of Rsn

Figures 3,1l,2 and 3,11,b are log - log plots of
Figures 3.10.a ~ 3.,10.,b., The following relationships can be obtained
by fitting lines to the experimental data shown in Figure 3.11.,a and
Figure 3.11.b, 35



log,, R = 1.9415 log Rg* - 0.314 (3.17)
Tcs k

log , R = 2,0109 log), Rg* = 0,500 (3.18)
Tce k

The scatter of the experimental results from given relations was found
to be + 6% and ¥ 3% for the start and the end of transition
respectively., These relationships indicate the influence of upstream
flow history upon the tramsition characteristics of spherical rough-

ness elements,

As can be noticed from Figures 3¢l ,341b,it is impossible to
trip the laminar boundary layer by a spherical roughness element when

R.x <420, This fact was discussed in section 3.3,

%

Figure 3.12.,a and Pigure 3.12.b were plotted to see the
relationship between the critical transition Reynolds numbers and ¢
for the start and the end of transition respectively,

From these figures the effect of the closeness of the roughness
element to the instability region on the transition characteristics of

the element can be seen, As is also seen from figures 3,12.,2 and

6
3.12.b; when ¢ =0, R_ = 0.09 x 10° and R, =01x10,

Tos Tee

This means that at the upper limit of the instability region, critical

transition length is given as {Rx -R_ )=1lx 10%,

Tce Tes

Figure 3.13 shows the variation of critical transition Reynolds

numbers with 'ﬁ%‘* for the start and the end of transition behind a

spherical roughnegs element for zero and adverse pressure gradients. It
is seen that the relationships proposed previcusly between Rx and
];%:' for a zero pressure gradient case can also be applicable Te for

a range of Agk of - o.oszskgk < - 0,02,

Thus it can be concluded that the presence of an adverse streamwise

pressure gradient between'uuzkok values mentioned above does not
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change the dependency of the transition characteristics of the
roughness element upon the local flow conditions at the roughness
location,

Figures 3.,14.2 and 3.14.,b indicate the variation of critical
transition Reynolds numbers with Ré*j; in the presence of an
adverse streamwise pressure gradient for a spherical roughness
element, for the start and the end of transition respectively,
Inspection of these figures indicates that the relationships between
Rx and Rgw given in equations 3,7 and 3,18 for )\Ok =0 case
cagcalso be k applicable for xek-;é -0,02_.Aslgk assumes
values less then - 0,02 such as - 0,04 and - 0,052 experimental

results show great deviation from the relationshir expressed by

equations3,17 and 3,18.

Thus it can be concluded that for weak adverse pressure gradients
the same relationships between Rx and RG*' as was given for zero

. k
pressure gradient case can be useg? with an~ acceptable error,

This may due to the reason that : For stronger pressure gradients
the effect of Kc; must also be taken into account along with the

effect of RG* k.

3.5 CONCLUSIONS

1 ~ Contrary to the fact of using a single limit of stability ;
an instability region concept was introduced, The upper limit of this
region corresponds to the theoretical limit of stability ie.

Rg¥ = 520 5 and the lower limit was defined as ng = 420, In
iy 'L
this region it is possible to trip a laminar boundary layer with a

three ~ dimensional reoughness element, but below the lower the

limit of this region tripping seems to be impossible.
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2 - It was shown that correlations based on 504 intermittency
factor definition for transition point determination give results similar
to the ones obtained with the use of surface pitot tubes. This was
concluded as, the determination way of the transition region does

not influence the transition characteristics of the boundary layer.

3 - It seems that shape of a three - dimensional element is an

unimportant factor to be considered providing that , k<g§ ,
k

4 -~ It was shown that upstream flow history has a strong effect
on transition characteristics of roughness elements. Correlations
considering this effect were proposed for trip wires and spherical
roughness elements in the form of relationships between Rx and
RG* . Te

5 - The result of previous experiments of Hall (31 ) , Goksel
(32), " Albayrak (35), Yezen (34 ) were represented by deriving a
new form of correlation indicating the importance of local flow con-

ditions at the roughness position, These correlations in the form of

were given in equations 3,15

relation ships between R and %
X )
Te k
and 3.16,
6 - The variation of the critical transition Reynolds numbers

for the start and the end of transition with parameter,
P = Rs* -~ RG* were investigated, for trip wire and spherical
k iu ‘
roughness element,
7 -~ The correlations proposed for zero streamwise pressure
gradient behind a spherical roughness element between Rx and

—%L' were found to be applicable for adverse pressure Te gradi-

6x
ents for the range of _)\Gk of - 0,052 KOkS- 0,02,
8 - The correlations between Rx and Rg* proposed for
e k

zero pressure gradient case were found to be applicable for only weak

adverse pressure gradients,
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CHAPTER 4

EFFECTS OF SURFACE ROUGHNESS UPON BOUNDARY LAYER GROWTH

4,1 INTRODUCTION

In this chapter, attention will be given mainly on the recov-
ery length of turbulent boundary layer obtained by tripping a laminar
boundary layer with a roughness element; and wake development behind
an isolated spherical roughness element placed on a flat plate under

zero streamwise pressure gradient,

4,2 BOUNDARY LAYER DEVELOPMENT BEHIND AN ISOLATED ROUGHNESS ELEMENT

Roughness elements have two basic effects on the boundary layer

development :

1 -~ They induce additional disturbances in the boundary layer

which may cause transition from laminar to turbulent flow.

2 - Increase in the momentum thickness of the boundary layer

occur due to the drag of the roughness elements,

The perturbations induced by roughness elements either decay
rapidly or continue to persist even in the developed turbulent boun —
dary layer behind the element, The chordwise length measured from the
leading edge, of the flat plate at which all of the observable
perturbations caused by the roughness element were decayed was defined
as the " recovery length "™ of the turbulent boundary layer by Goksel
(32)s Thus it is appropriate to consider the boundary layer flow behind

the roughness element as composed of two basic regions, namely :

1 - Recovery region in which boundary layer recovers from the

roughness - induced perturbations,
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2 - Perturbation - free region where the boundary layer

grows turbulently free from the roughness -~ induced perturbations,

The disturbances decay asymptotically in the streamwise direc-
tion by creating irregularities in the velocity profiles, and also
an irregular variation of the integral quantities of the boundary
layer is observed in the recovery region., The end of the recovery
region is determined as the point where the integral properties of

the boundary layer satisfy the following relationship,

Rgt= AR + B (4.1)
or
H=A+§’-
o
where H = IS ’ A=1.35 and
¢ .
B= 83.4 (32), 103.4  (35)

Through the recovery region, relationship between Iiﬁ* and Rg is
irregular showing that the perturbations of the roughness element
have not already decayed, After the recovery region, turbulent bo-

undary layer develops regularly. (32 ) (35),

42,1 Recovery Length of the Turbulent Boundary Layer Behind
Roughness Elements

Gtksel (32 ) has proposed a correlation for the recovery length
of boundary layer behind isolated spherical roughness elements in the

following form

XR xk -1 ( Rk s ) (4.2)

The exact form of this functional relationship was found later by
Gtksel (50 ) as
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R %

k

k
5k

= = 1,2 x 1073 log R + 32 (443)
The above equation was found to be applicable for two and three
dimensional roughness elements under zero, adverse and favourable
pressure gradients provided that Rk -g%:h;§8 b 103 for spheres
k

k o . ,
and R P Z2x lO3 for trip wires. Gdksel (50 ) also has found

k

that there is a limiting value of Rk below which a spherical

6"
roughness element cantt trip a laminar boundary layer; this limit
was found to bhe Hk _f =1x 103.
6k

He has also concluded that recovery length of turbulent

boundary layer behind a cylindrical trip wire is less than that of

behind a sphere for the same Rk value, This indicates that

6% _
perturbation - free fully turbulent %egion is closer to the trip wire

when it is compared with a spherical roughness element.,

Similarly, Yefen (24 ) generalized the approach of Giksel for
correlating the recovery length of turbulent boundary layer behind
an isolated sphere. He obtained the following relationship -

Xp - & 5

T = 1.04 x 10 ( R

k -1

T -595 ) " +20 (444)
6%
He also noticed that presence of streamwise pressure gradient does
not alter the above relationship. This shows the independency of the

recovery length on pressure gradient.

Albayrak (35) proposed a different way for correlating the
recovery length behind an isolated spherical roughness element, under
variable pressure gradients, He first indicated that the recovery
length is decreased with an increase in the roughness Reynolds number,
Rk’ upto a critical value of it, Above this limiting value,

increase in Rk will cause also an increase in the recovery length,
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He observed that the flow conditions at the roughness element location
and the roughness height compared with the local boundary layer

thickness determine the recovery length behind the element., He
Ry Rkés

che' chs

incorporate the effect of the transition characteristics of the

defined a correlation parameter A, as A = {0

roughness element on the recovery length,

He obatined the following correlation s:

'~ % 1
E—t. (a9 + £ (4.5)

He found that within a particular range of )“Ok of - 0,052<5 XGESS
+ 0,053 sthere is no parameiric effect of streamwise pressure

gradient on the recovery length of turbulent boundary layer.
Albayrak also concluded that A = 21 is the critical value above which reco-

very; length increases with an increase in A and observable minimum reco-

XR - Xk = 32.5.

very leungth corresponding to this limit is .._Er..‘

Under the light of the above menitioned studies on the recovery

lengths following results can be deriveds

1 - The recovery length seems to be independent of streamwise

pressure gradient.

2 - Since critieal transition Reynolds numbers Rx are
To
functions of 65 , the non - dimensional recovery length
k
2 k
seems to be a function of Rk " onlye.
k 5
k
3 - fThe main factors influencing the recovery length of turbu-

lent boundary layer seem to be

i) type and dimensions of the rougﬁness element,
ii) transition characteristics of the roughness element,

jii) 1local flow conditions at the roughness position .
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4 - BSince determination of recovery lengths behind a roughness
element is not very accurate, experimentally found recovery lengths

show a large scatter from the proposed correlations,

44242 New Attempts for Correlating Recovery Length of Turbu-~
lent Boundary Layer

Since Rbﬁg represents the upstream flow history effect in
the absence of a streamwise pressure gradient; it will be worthwhile
to see its effect which has not been done by other investigators on

the recovery length,

The recovery length of a turbulent boundary layer behind a

roughness element can be represented in a functional relationship

as follows
XR=f(Xk,U,V, k’lgk) (4-6)
The above relation may also be expressed as
X 4.7
Fx'i':f(kaaRkyxgk) ( )
U
where R Uk
R and B o= 5
In reference ( 50) it was shown that
Rex =f (Rx , Rk, Aoy ) (4.8)
k
and for Ao =0
k
R5,§{=f(RJi{, Rk)
thus
XR
X, =2 (Rg' (4.9)
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Figure 4.1 8hows the variation of == yith Rg*k behind a
spherical roughness element under zero pressure gradient. As is

seen from this figure there is a direct relationship between it

Rg* 3 as Rge increases ﬁ decreases,
k k

Figure 4,2 shows the same plot of ER vez{s‘us Rg* by taking
. k

the variable pressure gradient data into account, Since 7“Ok does
not have a parametric effect on the recovery length, the functional
relationship given above as equation4 can be used in - o.mogxek <
+ 0,053 range_. As can be seen from Figure 4,2; when Rb*k

increases , I decreases upto Rs*k becomes 1200, When this

limit is k exceeded, further ingrease in Ro*k does not
affect o Thus minimum value of == seems to be about 1,15,
k

It is also interesting to note that when Rb* tends to RG* =4203

5 k ig

Xk approaches to ©0 indicating the impossibility of tripping the
laminar boundary layer below the lower limit of the instability

region, If the errors in determination of the recovery length are
taken into account, the scatter of the experimental reéults from

the drawn line in figure 4.2 is meaningful.

The plots of EE versus RG‘;C are better than the ones of

R_&

k

versus F]c -6-*—- » since &
k

1- % is simpler than XH; and provides direct

information about the relative position of the fully turbulent region

behind the roughness element .

2 - RG* represents the flow history effect
k
The recovery length of a turbulent boundary layer can be non -
dimensionalized in a somewhat different way than it is presented in
Reference (32 ) , The distance behind the element in which pertur-
bations were decayed can be given in a Reynolds number defined as
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R = H_S_:g;:_f!) 3 XL = XR - xk

L

It may be given as

R = f( k« ) 4,10
x R T‘k (4.10)

Figures 4.3, 4.4, 4.5 were formed to see the variation of R, with
L

Rk bli y Inr spherical roughness elements and trip wires, As can

k

be seen from these figures the limiting values of Rk -'6]%';' are

8 x 103 and 2 x ].03 for spheres and trip wires respectivkely. Upto

these limits, increase in %{ causes a decrease in Rx .

¥
. 5 k L
Decrease .in indicates faster decay of perturbation behind

roughness elements, It seems also that the minimum values are
about 0.45 x 105 and 0.50 x 105 for trip wires and spherical
roughness elements respectively. Inspection of Figure 4.3 and

Figure 4.5 indicates that +the relationship between R and

Ry ::, is independent of the pressure gradient for the range of

)\ok X oof - o.oszs)\ok < + 0,045,

Since the local flow conditions at the roughness element deter-
mine the recovery length behind the element (50), the following
functional relationship can be proposed 3

Rz, = v = ( =~g=) (4.11)
k
Figure 4,6 shows the variastion of RXL with -gk;- behind a spherical

roughness element without a pressure gradient while in Figure 4.7 it
is seen that lok does not have a signifieant effect on Rx .
L

As can be seen from these figures -%;— mey be taken as a

correlation parameter for the recovery 1ength.k Figare 4.7 shows

' k
that Rx decreases with an increase in % e It is seen that
L k
when _t-’:k:- =1 &R tends tu infinity and when -—lc-; = 3,5 RXL
X
k L k
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. .. P A - A : )
takes its minimum value for Gk range of 0,04 < Qkfs + 0,045,

The minimunm value of Rx indicates that fully turbulent region

can't start at the roughn%ss element, Thus ;i = 3,5 seems to
k

represent the critical roughness height which causes 3 MRL, minimum
recovery distance behind the element, Similarly tolerable roughness

size to trip a laminar boundary layer is seen to be given with the

condition i = 1 at which Rt tends to infinity,
k “L
Therefore following relationships were proposed,

(‘3‘5" ) = 3.5 (4.12)
X
MR,
( —= y.1.0 (4.13)

6*
k tolerable

These relationships can also be given as

kMRL = 6,02 ?5253375 (4.14)
M (4.15)
Kiolerable  ~ T*1° (%%)1/2

Schiller (48 ) had defined the critical roughness size for a trip
wlre as u X

Ro= =— =170 (4.16)

Equation 4,16 may also be written as

6 X )
Foritical = 2% T34 (427
(ka )

Equation 4,17 is similar to the form proposed for a spherical

roughness element given in equation 4.14.

Thus, similar to the criteria developed by Schiller for trip

wires, roughness height giving minimum recovery length, and the
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tolerable roughness height, for a spherical roughness element in the
AOk range of - 0, 04\<A9g+ 04045 can now be determined from

equations 4,14 and 4.15,

4,3 WAKXE DEVELOPMENT

Gregory - Walker (26) suggested that the angle of spread
of the wake behind an isolated cylindrical element incresases

downstream of +the elemente.

Gtksel ( 32) observed the same wake growth pattern behind
an isolated spherical roughness element as Gregory - Walker did
previously. He has shown that only if the roughness element is large
or the flow velocity is high enough, straight edgea of the wakes can
be seen with a constant spread angle; otherwise spread ahgle of the

wake increases downstream of the element and edges are curved.,

Goksel defined the turbulent wake width Reynolds number ag

U
R, =-;;-'2- where w, is the width of the turbulent wake, He

prégosed that growth of R behind an isolated sphere can be given

as a function of momentum %hlckness Reynolds number behind the

center - line of the roughness element, Ry, = %g» e As can

be seen from Figure 4,8; Rw seems to be a function of Rg and
T

% Tfor Ry << 2000, and only of RQCL for Ry > 2000, Unfortu-

nately, Gdksel was not able to obtain a sound correlation.due to the

great scaiter of experimental data, He also correlated the tran—

1/2

sitional wake growth Reynolds number R = Uwi with (R - ka
and concluded that R seems to be a functfan of (Rx - ka) and

Rk The tran51t10naf wake width was seen 1o increase with Rk for a

gmvenA(R. - R ) for R & 1.5 x 105 3 and +the dependency of R
Wy

W
on Rk was seen to vanlsh for values of R > ls5 x 105 Xt
s W -
T %

The dimensionless starting distance of the turbulent wake X

was found to decrease with increasing roughness Reynolds number, Rk’
Goksel has also shown that this distance is dependent on xk. Thus
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X -
a single exact form of the relationship to determine WT xk
k

couldntt be determined,

4e341 Correlations of the Wake Development Behind an
Isolated Spherical Roughness Element Under Zero

Streamwise Pressure Gradient

The approach of Gcksel for cerrelating the wake development
behind an isolated spherical element was the only one in the avail-
able literature. As was suggested by Gtksel ( 32) +the turbulent
wake width Reynolds number, Rw s 1is strongly dependent on the
variation of the momentum thickness Reynolds number, RO, , behind

the centerline of the element,

A functional relationship as

WT

may be taken .

However, it is known that

R = ( By R s Bo A0 ) (4.19)

and for J\Qk =0

Re=f( R, B ? B ) (4.20)
The functional relationship given by equation4,20 shows that the flow
conditions over the solid boundary are taken into account if RS is

used as a dependent variable.

In order to find the exact form of the above relationship between
R and RO H Rv ig plotted against maq_ 3 and this is shown

W
inTFigure 4.9, As can be seen from this figure experimental results

W

fall in a band indicating the dependency of R on Rg<l o Turbulent
. R T .
wake width increases as Req_ increases, It's seen that the greatest

deviation from the mean of the experimental results belongs to the
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an isolated spherical roughness element, There seems to be no
dependency of ( Rx -R ) on EF for the proposed relationship,
Wi

A8 can be seen from Figure 4.12 when Rk -ﬁ%: increases, turbulent
wake moves towards the roughness element, but there is always a
finite distance behind the element and the apex of the turbulent
wedge.

If the straight portion of the curve shown in Figure 4,12 is

extrapolated by the dashed lines, the hypothetical condition of
R =R is obtained when R_ ~E _ 5 x 10°, This finding is
Xw 6 k

T
in accordance with Goksel's (32 ) results, In other words for both

two and three dimensional roughness elements short transition and

recovery lengths can be obtained for R, -g§;'§ 2 x 103.

k
Also from Figure 4,12 for the covered range of experimental results

the minimum possible distance behind the element to the apex of the

turbulent wake is seen to be(R:x - R )= 0.25 x 105. Furthermore

W
increasge in Rk -—E; does not change the distance behind the element

k 3

to the apex of the %ﬁrbulent wake providing that Rk =9 x 107,
k

In order to obtain a unique relationship between the previously
XWq}" Xy

used parameter by Goksel (32), and Rk’ the effect of

local flow conditions at the roughness position must again be con-
yWT - .
sidered, This can be done by plotting ” against Rk "S;z' R
k

As can be seen from Figure 4,13, the minimum possible value for

X, -
_th..:ES is found to be 10, and the limiting value for Rk

k
is gseen to be 9 x 103 as was previously observed,

As is shown in Figure 4.14 the relationship between

k

and Rk 7;;- 1s plotted on a log ~ log scale and a least square line
D e

whose equation is given below may be fitted to the experimental results.

%

T
1 =
oglo m 1.3846 1log O(ch

Y4+6,613 (4.23)
&k
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case of k.= 1/32 ™ y X o= 24 ", In order to eliminate this

deviation and to narrow this band RW versus (qu_ - ROk) plot
T
was formed as shown in Figure 4.10. The choice of this new parameter,

namely (qu_ - ng-) is reasonable; since the momentum thickness at
the roughness location represents the upstream flow effects and

strongly influence the downstream momentum thickness development,

As is seen from Figure 4,10 the experimental results fall in
a smaller band than they were in the previous plot. As is seen in
Figure 4.11 when Figure 4,10 is plotted on a log - log scale, a
least square line now can be fitted to the experimental results,
giving the following relationship between RwT and (ROGL - ng )

log, RWT = 1.2414 log , (e - RO, ) + 1.2449 (4+21)

As was shown in Reference X 32 , +the use of non - dimensional
Wn - X
turbulent wake starting distance, T k

showed dependency on %?

which makes impossible to obtain a unique correlation for

fﬁﬁ___fzi Thus a somewhat different non ~ dimensional group can be
k *
determined for correlation purposes. For this reason, Reynolds mumber
U e,
for the turbulent wake starting distance was defined as R = .;fgl. 3
’ Y
and the distance behind the roughness element upto the turbulent wake
starting position may be given as the difference (R -R_ Je Im
R %

order to obtain a sound cerrelailin for (R:,_.wrIl - ka) , because as was
pointed out earlier Rk and - is a good measure of the
perturbations fed into the flow bykthe roughness element; the following

functional relationship may be proposed :

k
_ = ., 4,22)
R, R £ (R, =~z (4.

W % k

T
As can be seen from Figure 4.12, there exists a relationship between,
(R -R_ ) and Rk ‘z%: for the turbulent wake observed behind

X

W *x k
T 49



Since for a zero pressure gradient case RG* represents the
. k
upstream flow effects; it will be interesting to see the variation
of R with Rb* o AB 18 seen in Figure 4.,15 as R5¥- increases
X
k
Rx wT increases also. When a least square line is fitted to the
Wé
experimental results shown in Figure 4,16, the following relationship
is obtained,
= . 06 2
log, o R 1.6906 log, Ré-x-k + 0,6137 (4424)
WT

Thus, it is also possible to find the distance to the apex of the

turbulent wedge from the leading edge of the plate,

4.4 CONCLUSIONS

1 - The recovery length behind an isolated spherical element
can be represented in a form which shows the upstream flow effects ig

variable streamwise pressure gradients - 0.04 <. )‘Ok < + 0,053

2-~ It was found that when R_,&# attains the value of 12003

Yk X
further increase in RG"" does not change ';(- e Minimum value of
X k k
_13. was found to be 1,15,
X

3~ The distance behind the roughness element to the fully tur-~

bulent region was defined as RX = U(XR - %

v ., Minimum R
L 4
values were determined for spheres and trip wires using the plots
k
of R versus .
*
X ey
4~ It was found that the relationship between R and
k R
Rk " is indeperdentof the pressure gradient for the range of
6 x
- A
5= A correlation between RXL a.nd "6"1%"' was proposed for
k
Mo range of - 0,04 Mo <+ 0.045. Two relationships which define

the critical dimensions of +the spherical roughness elements were
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proposed , These relationships were given in equations 4,14 and

4015

6~ Turbulent wake growth behind a spherical roughness element
was investigated, A correlation between RW and ( R, - ROk )

was proposed., This correlation was given in equation 4.21.

= 2x103

k
6—*

7- It was found that R = R when Rk
k

LS
8- It was found that turbulent wake starts at a fixed dig—-
tance behind the spherical roughness element., This minimum possible
distance can be given either as RX - Rsk = 025 x 105 3 or as
X - Xk W

Tk - 10,

9~ Correlation given in equation4.24 also describes the
starting distance of the turbulent wake, considering the upstream
flow effectass
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CHAPTER 5

TRANSITION CHARACTERISTICS, AND BOUNDARY LAYER DEVELOPMENT BEHIND A ROW
OF SPHERTAL ROUCHNESS ELEMENTS ON A FLAT PLATE UNDER ZERO STREAMWISE
PRESSURE GRADIENT

5.1 INTRODUCTION

In practice, not only single isolated roughness elements but
also multiple roughness elements occur on real surfaces such as wings,
blades of turbomachinery e,t.c. It is thus vital to investigate the
effects of multiple roughness elements on boundary layer transition

and on the growth of boundary layer behind the elements.

The results of previous investigations about the effects of
row of spherical roughness elements were reviewed, New and different
representations were formed for row of spherical roughness elements

as was done in Chapters 3 and 4 for an isolated element.,

The study is confined to flow with a zero streamwise pressure
gradient due to the reason that available data in the literature

belongs to the zero pressure gradient case.

5.2 BRIEF REVIEW OF THE PREVIOUSWORK ON TRANSITION CHARACTERISTICS
OF A SPANWISE ROW OF SPHERICAL ROUGHNESS ELEMENTS

As was shown in Reference 32 , the position of transition ’
xT s behind the centerline of a row of roughness elements under zero

streamwise pressure gradient may be given as

xT = £ (Uv, k, x, S, n )

or

L[4}

Ry = f( R ka ’ y » ) (5.1)

T

and n above functional relationship takes a similar
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form as for the single element case,

Goksel (32 ) has observed that the relationship between

1 .
-Egz- and fﬂl for a spanwise row of spanwise row of spherical

roughness elements is similar to that of an isolated element., He
has also noticed that the variation of RxTc with ch for the
start and the end of +transition shows the same behaviour as was
seen for a single element case, Contrary to the single element
case, he noticed that it is possible to trip the laminar boundary
layer at the position corresponding to the lower limit of the
instability region with a spanwise row of spherical elements,

This is showm in Figure 5.1, He has also studied the effect of
spanwise spacing of the elements in the row on the critical
roughness Reynolds numbers forﬁhoH%::art and the end of transition.

He concluded +that the ratio of oW

is reduced for

§<2’ and for §>2 the rati?‘csingle of R](CI‘OW

ch single
attains approximately the value of unity. This is shown in Figure

5020 Carmichael (39 ) suggested a E‘ value of 4; and Tani et
al ( 41 ) suggested a value of 6 for cylindrical elements for the

same criterion,

The second effective parameter, n, number of the elements in

the row, was also considered in his study. He showed that the ratio

of WSSIOH . decreases with increasing n for a constant 5
ch single Rk
—CIOW .. increases and at the con-

upto n =9, When n>=9,
ch gingle
dition of n = 11, this ratio takes +the same value for the start

and the end of transition, This can be seen in Figure 5.3.

Under the light of these observations following results can be
deduced.

1~ The effect of a row of spherical roughness elements upon
boundary layer transition is similar to that of an isolated sphere.

Since the correlations between RxT and Rk 3 and those between
°© c
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X
1
e and = were almost identical for the row of spherical

R

elements and an isolated element case,

2- It seems that it is possible to trip a laminar boundary
layer by a row of spherical elements at even the lower limit of the
instability region. As was understood from resulis of Goksel, 1f
the spacing of the elements in the row is decreased; in the limit
8 =0 or at least s =k, the row of spherical elements behaves as
a two - dimensional trip wire for which there is no dependency on

the instability region,

3- It was also unterstood that increasing the mumber of elements
in the row or decreasing the spacing between the elements produces

almost the same effect,

53 NEW CORRELATION ATTEMPIS ABOUT THE TRANSITION CHARACTERISTICS OF
A ROW OF SPHERICAL ELEMENTS

The same approach as was given for an isolated spherical roughness
element mentioned in chapter 3 can also be used for a row of spheres
to obtain new forms of correlations. So that the upstream flow history

is incorporated in the correlations.

Figure 5.,4.a and Figure 5,5.,2 indicates that R%P for a

e
spanwise row of spherical roughness elements can be correlated with
k

the ratio of “'33:‘ .
k
Figure 5.4,b and Figure 5.,5.b are the log - log plots of
Rx versus ,%,
Te X

As can be seen from these logarithmic plots least square lines can be

for the corresponding figures, 5.4.a, 5,5.a.

fitted to the experimental results producing the following relationships.

log R = - 3,7402 log k,‘ + 503434 (542)
10 67

10 “res
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k
log == 3799 log 5+ 5.4432 (5.3)

10 "Tce k
1l w
for 8 = 30
and
k
log = - 3,3568 log =% + 5.4385 54
10 *Tos 10 5% G4)
log = - 3,5064 1log —= + 545211 (5.5)
10 “Tce ’ 0 6% 77 )
I
for 8 = 32

The comparison of the above equations with corresponding ones
for an isolated spherical roughness element shows that when
8§ =k = fﬁ? "™ the correlations proposed for row deviate a lot from
those of a single element case for the start and the end of transi-
tion,while as the spacing between the elements is increased from
'32'5 * 1o '325 '"" the correlations given for an isolated element can
also be used for the row as well., These results indicate that
Vhen the spacing of the elements in the row attains the value of
s = 5k the row acts as an isolated element, When s =k, on the

other hand row behaves as a two - dimensional trip wire as was men-

tioned previously in this chapter,

Figure 5.6.a and Figure 5,7.a indicate the variation of
Ry with Iid*k for a spanwise row of spherical roughness elements
Te
with s = k and s=5k respectively., The following relationships were

obtained in log - log plots of Rx Vs RD* by fitting least square

lines to the experimental results, k
log R = 1.9984 log Ry % - 0.4669 (546)
10 *pgg 10
log R = 1,9561 log Rg* - 0,3488 (547)
10 Xgo, 5070
fOI‘ 8 = .—l— "
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and

Log RxTcs = 1.9983 1ogmné,ic ~ 0.4668 (5.8)

loglo%c

oo = 2¢0118 logloRB.,;: - 0.5091 (549)

— -2-0'
for s = 32

These are given in Figure 5.6,b and Figure 5.,7.b

The comparison of the above relationships with those obtained
for a single element case indicates that the effect of upstream flow
history on the critical transition Reynolds numbers for the start and
the end of transition can be represented by the same relationships for
isolated and row of spherical roughness elements, irrespective of the

spacing of the elements in the row.

5+4 CORRELATION OF THE RECOVERY LENGTH OF TURBULENT BOUNDARY LAYER
BEHIND A ROW OF SPHERICAL ROUGHNESS ELEMENTS

Gcksel (32 ) has shown that the recovery length behind a row
s - -5- — -—J-'- - =
of spherical roughness elements ( s = o Pk = e ", n=11%=3 ")
can be correlated as was done previously for an isolated element, The
recovery length behind a row of spheres is also a function of roughness

v =
Reynolds number, Rk s and the same correlation between -ILE;--

and Rk ;i‘ given in chapter 4 can also be used for the row

k
of spheres, Gtksel also noted that the difference in the behaviour

of recovery length behind the row measured at the centerline of the
row and along a line midway between two elements may be due to the

presence of horseshoe vortices and the sense of their retation,

In order to represent the recovery length behind a row of
spheres in a form where the upstream flow history is considered,the
approach taken in chapter 4, must be used, Figure 5.8,a and

*R
Figure 5.8,b shows the variation of == against Ré*k behind
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a row of spherical roughness elements at Z =0" and 2 = - %g' "
respectively, Inspection of Figure 5.8.a, ~ 5.8.b indicates
that due to the ahove mentioned difference in the horseshoe vortices

X
behind the row; for 2 = -i ® case _R decreases suddenly at

32
" e Ty .
Rg#= 460 while for Z = 0 , decrease in o~ covers a wide
k
range. The critical Rb-x value upon which no influence of it on
k

the recovery length is seen, was found to be about 600 which was
lower than the value of le2 x 103, given for an isolated eélement

X
previously. The minimum R value was seen to be about 1.35 s
while it was found to be 1,15 for a single element.

Figure 5.9.a, Figure 5.9.b indicates the variation of
R xR xk) with Rk-é-l-‘:;— for % = O" and

XL

Z = -32 i rgspectively.As is seen from these figures, [ R ﬁ‘:

Xk
decreases with an increase in Rk 6* 5 upto a limit of

R 6k* above which either U( j&“7) increases
X
or stays approximately constant with an increase in R({ 6* .
k

It was seen from these figures that,the 1limiting value of Rk -5-;-
k
was about 2500 As it is seen from Figure 5.9,a the minimum

Rx value is found to be 0.4 x lO5 behind the centerline of the

L
row, This value is similar to that of an isolated element case,
Thus it is again apparent that when s = 5k, row acts as an isclated

roughness element,

As can be seen from Figure 5.10,a and Figure 5.10.Db, Rx can

behind a row of spherical elements%

be correlated with poy

id C k ,
It is also seen that Rx ! tends to infinity as -5.-;;- attains

approximately a value ofL 1,70, This is found by extelﬁding the

k
straight portion of the Rx versus "-6";;- curve to the abcissa .
k
It is also seen that minim%m Rx value k is obtained when 5
attains the value of 2.1. Thus L 6k* = 2,1 seemsg to repre- k

sent the critical condition which causes, MRL, minimum recovery
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distance behind the row. Similarly tolerable roughness size to trip

the laminar boundary layer is seen to be given with the condition,
k

-E;:- = 1,70 at which Rx tends to infinity. Therefore following

relé%ionships are proposed,

(— ) =21 (5.10)
k MRL
(=== ) =17 (5.11)

54@
k tolerable

5.5 WAKE DEVELOPMENT BEHIND A ROW OF ROUGHNESS ELEMENTS

It was known that every element in the row forms its own wake
and these wakes are separated from each other by the horseshoe var-
tices, The wakes start to. interact with each other,and form a turbulent
wake at increasing roughness Reynolds numbers at a certain distance
behind the roughness,or at a constant roughness Reynolds number with
increasing distance from the row. G&ksel has observed this fact, and
concluded that wake interaction length is completely dependent on

the roughness Reynolds number,

He also investigated the growth of turbulent wake behind a row

of spheres ( k = 3% " 8= gz ", n=11, x_=3 *) and found that

Rw ig a function of ROq « However yhe couldn't obtain an exact
T . . .

form of the relationship between ROq_ and Rw , but he noticed

that when Rg >,2000 Rw is a function of qu. only as

he had observed preViouslnyor an isolated roughness element.

In order to find a better correlation for turbulent wake growth
behind row of spherical roughness elements ’Rw was plotted against

(Ro - R. ) and is shown in Figure 5,11, As can be seen from this

O

figure, the dependency of RW upon Rk can be neglected for a

certain band of resulis. Tge greatest deviation is seen to be due

to the resultshbelonging to Rk = 848 and Rk = 759, because at these
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Rk values the interaction of the individual wakes have not been

completed,

The comparisom of the result obtained for an isolated
sphere with this one, showed that the correlation between Rw and
(ROQ. - ROk) proposed for an isolated sphere can't be used gor the
row of spheres, This is due to the reason that the wake formation
behind an isolated element is completely different from that of the

wake formation behind the row roughness elements,

5,6 CONCLUSIONS

1 - For s < k, Laminar boundary layer can be tripped by a
row of spherical roughness elements at even the lower limit of the

instability region; since row behaves as a two - dimensional element.

2 - Increasing the number of the elements in the row or

decreasing the spacing between them produces almost the same effect.

3 - For s = 5k the correlations given for an isoclated element,

and -Tfﬁ—-, can be used for the row of spherical

between Rx
k

elements asT%ello
4 - The spacing of the elements is ineffective on the correlations

between Rx and Rg* .
Te k
5 - Two relationships decribing MRL and t9lerable roughness

height to trip the laminar boundary layer with a row of spherical
roughness elements for s = 5k were given in equations (5.10) and
(5.11).
6 - Turbulent wake development behind a row of roughness elements
was seen to be different from that of an isolated element case contrary

to the previously proposed fact in Reference 32,
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CHAPTER 6

SUGGESTIONS FOR FURTHER WORK

The effects of isolated and row of roughness elements upon
boundary layer transition and boundary layer development were inves—

tigated,

New correlations were formed to represent the upstream flow
history effect upon transition characteristics of roughness ele-
ments and boundary layer development, with the special emphasis on

recovery length of turbulent boundary layer.

Simple relationships which define the critical dimensions of

a spherical roughness element were proposed in terms of e
k

Wake growth characteristics of single and row of roughness ele-
ments were analyzed. A correlation describing the turbulent wake
development behind an isolated spherical roughness element was

proposed.

Thus it seems that the picture which describes the effects of
roughness upon boundary layer development on a flat plate is almost

completed,

Wake development behind a row of roughness elements and +transi-

tion characteristics of roughness elements of distributed nature

needs further experimentel investigation.
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Table 3.1 Comparison of the

Correlations Proposed by Gtksel and Tani

et al.
-5 -5 -5 -5
R 10 R 10 R 10 R 10 Xk ;
X xT XT XT v Experiment
cs ce cs ce
(1) () (2) (2)
9.837 11.35 10.52 11.320 7997
6.475 7.281 6,46 74260 576
4.091 4.494 4.077 44479 384 Goksel
l.432 1.520 1.426 1.514 159.9
0,591 0.615 0.589 0,612 79.
6.584 74546 6.575 Te52 576
3,972 4,456 44340 4e44 384 Hall
l.742 1.886 1.73 1.875 191
0,707 0,793 0.708 0.794 96
0,588 0.640 0.582 0.634 80
5037 6.202 5;35 6918 504 Y3é'en
1.87 2,038 1.86 2403 210 Albayrak

(1) Experimental results which correspond to correlations

of Goksel given by Equations 3.6,

3e7e

(2) Tani et al correlation results given by Equation 3.5

Based on experimental data of Gtksel -~ Hall ~ YeZen - Albayrak,

obtained behind a spherical roughness ~ element on a flat plate with

Ae =0,
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Table 3.2 Reduced Data Set for the Experimental Results of Tani et al (51)

Xk k R % - R M - R.¥ R 10-6
— - | . 6 ;.
S, T ko Py wy
956 0.562 897 1596 1076 0.944
319 0.903 771 853 333 0.27
498 0.754 847 1123 603 0.447
699 0,744  1158.1 1556 1036 0.833
922 0.580 918 1582 1062 0.880
1162 0.559 1073 1919 1399 1,289
478 1.015 1461 1439 919 0.719
747 0.692 1067 1541 1021 0.825
1048 0.653 1292 1978 1458 1,415
1211 0,548 1084 1923 1403 1.345
1383 0,490 984 2008 1488 . 1,415
655 0,673 877 1303 783 - 0,610
1023 0.546 914 1673 1153 04992
1292 0,503 980 1948 1428 1,305
1659 0.483 927 1919 1399 1.557

Table 3,3 Calculation results for

-51'37- behind a spherical roughness element,
k S

-5 k -5 k Xic

k x R 10 - R 10 S .

mm mm ‘ cs b k xkce 5 k X Efnpe?;;l
0,794 635 9.837 0,72 11.356 0.77  799.7
0.794 457 6.475 0,81 7.281 0,86 576
0,794 305 4,091 0.96 4.494 1,01 384 Goksel
0.794 127 1,432 1.37 1,520 1.41  159.9
0.794 457 6.584 0.819 70546 0.877 576
0.794 305 3,972 0.953 4,456 1,010 384
0,794 152 1,742 1.267 1.886 1,318 191 Hall
1.59 152 0,707 1,61 0.793 1.71 96
0.794 64 0,588 1.74 0.640 1.82 80
1.19 600 5370 0.84 6,202 0.908 504 Yegen
1.19 250 1,87 1.19 2,038 1.24 210  Albayrak
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Table 3,4 Calculation results for parameters

6 x

* —be

behind & spherical roughness element¥ e

X ' R k. R ;

6; chs Y 5fk &* che 5ﬁk v Experiment
START StRT  Hbp - END

0,72 1320 1313 1833 0.77 1420 1844 1324

0,81 1125 868 1388 0.86 1265 1470 950

0,96 1065 589 1109 1,01 1170 1158 638 Goksel
1,37 895 133 653 1,41 950 673.7 153

1.78 745 -=101.5 418.5 1.81 775 428 -92

0.82 1145 876 1396 0,877 1310 1493,7 973

0,95 1135 674 1194 1,01 1160 1148.5 628

1.267 910 198 718 1.32 985 746 226 Hall

1,61 740 =61 459 1.71 830 485 ~34

1.74 730 -100.5 419.5 1.82 795 436,8 -83

0.84 1065 747 1267 0,908 1230 1354 834 Yegen
1.19 890 227 747 1.24 970 782 262 Albayrak

Table 3.5 Reduced data set for the Experimental results obtained Under
Varible Pressure Gradients Behind a Spherical Roughness Element

X -
Rag® £ 2o T kg1, "E%en, -5% T, R’ég‘ |
*res k 8t end, ce
4,015 377 -0,02 1100 1155 0.96 1,021 4.448
2.532 252 -0,02 875 890 1,14 1,168 2,6208
1.,61687 188 -0,02 700 725 1,22 1,365 1.8612
2.4521 251,5 -0,04 915 1005 1.065 1,134 2.,8671
1.4196 168 -0,04 700 770 1.207 1.32 1.71361
3.6156, 314,4 =0,052 1220 1305 0.942 1,015 4,1658
2,079 210 -0,052 910 965 1,087 1,139 2,3100
4,074 420 40,027 895 925 1.083 1.124 4,3680
2.8574 314  +0.027 750 780 1.213 1,262  3,0929
1.8488 213  +0,026 606 976 1.43
4.1025 426,9 +0.0525 800 1090 1.201
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Table 4.1 Reduced data Set for the Experimental Results of Gdksel and
Yegen for the Recovery Length Behind a Spherical Roughness

Element,
A0 f& _23 fﬂ Rgx Experiment
k k Rﬁ xk k
0 768 0.74 1,37 1745
0.65 1.16 1865
0.59 1.24 1884 Goksel
0.51 1,20 2095
0.45 1.12 2223
0 94.4 1.17 2.69 487
0.83 1.50 585
0 63 1,09 2435 417
0e77 1.84 495
0.54 1.33 594
0.85 2.0 466
0 32 1.66 699
0 32 0.546 1,66 583
2,35 418
1,73 493
-0,02 377 0084 1.5 1113 YeZen
-0,02 252 0.80 1.66 938
0.56 1.33 1119
-0,02 188 0.94 1.67 746
0.60 1.34 938
0.42 1.16 1114
-0,04 252 0.95 1,75 955
0,61 1.25 1196
0.43 1.18 1425
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Table 4.2 Reduced Data Set for the Experimental Result of Albayrak for
the Recovery Length Behind a Spherical Roughness Element,

.]EF. l?.i .J.r.li Rf,"k
¥ kR X
+0,030 105 0.94 1.99 474
0.66 1.39 566
0.49 1.36 652
0.39 1.38 730
0.33 1.42 812
0.30 1.47 839
+0,053 252 0.44 1,198 961
0.35 1,158 1072
0,32 1,150 1127
0429 1.150 1178
0.27 1,119 1225
40,030 157 1,03 2459 550
0.74 1.59 653
0459 1.40 731
0.49 1.25 808
0445 1.32 837
40,045 252  0.83 1,32 657
0.47 1.17 970
+0,030 210 0,88 2459 695
0.79 1.60 733
0.72 1.48 769
0,66 1.40 799
0.61 1.32 839
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Table 4,3 Calculation Results for RX for the Experimental Data of Albayrak

L
R U(X, = X -
5% _LAF_JQ_ 1675
474 1.1109
566 0.634
652 0.765
730 1,007
812 1.329
839 1,636
550 2,40
653 1.26
731 1.059
808 0.808
837 1.093
657 0.967
910 1.152
970 0.93
695 3.79
733 1.57
769 1.385
799 1.268
839 1.096
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Table 4.4 Calculation Results for RX for the Experimental Data of
GCksel and 'L Yegen

R _» U( Xp = X ) 10—5 Xk
6k —
v k
1113 2.23 377
938 2,096 252
1119 1,485
746 1,33 188
938 1.045
1114 0.744
955 1,98
1196 1,032 252
1425 1,091
1745 348448 768
1865 1.9532
1884 3,2072
2095 2,9675
2223 2.1216
417 0,78
"1 495 0.68 : 64
594 0.39
701 0.55
800 0.71
417 C.T7
493 0,602 32
583 0.78141
699.3 1,104
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Table 4,5 Reduced Data Set for the Jake Development Behind a Spherical
Roughness Element with A, = O Based on the Results of Goksel (32)

- ol
oo 10
R > X U Xy, - k (R, - R_)
v k -k T

W71 14.64x10° 192 1865.5 1248.3 2.93
12,96 15.12x10§ 128 1883,9 1512.4 2,15
14.79 17.26x18 128 2094.5 1772.8 2.47
16.97  19.8x10 128 2223,3 2196.7 2.83
0.814 2,71x10° 224 4973 1475.5 1.895
1,170  2.3x1 96 585.3 2460 1,147
0.82368 1,36x102 42 495.0 3346,2 0.54
1.,17056 1.57x1 22 593,83 563343 0,40
1.65632 1.91x10° 10 701,35 9549.7 0.26
2.1504  2.48x10° 10 800,0 1411.2 04330




Table 4,6 Deduced Data Set From the Experimental Results of GCkael,
Which Were Taken From Figure 4.74 of Réference 32,

. 5
k , 10 Symbol
—— k R 22 ym
5*1; (inch) }éfnoh) Re ° RWT
440 13.5
530 5.6
-614- 3 3366 190 2.8 0
1300 1.0
1680 0.5
3020 043
454 10
3 €40 4
3.69 s 3 2588 1170 0.85 X
4 2460 0.40
2980 0425
370 12.8
3 3 . 500 8 A
2330 0.4
390 14.5
3 870 2.4
2.6 64 1287 4260 1 +
1720 0.6
650 5¢7
2,19 -é}- 3 914 930 P I3
4 1300 1.3
380 6
510 3,6
Ted 560 2.2
335 35175 880 1.5
1340 0.85 L
1800 0.5
2660 0.25
3220 0.20
400 6.4
480 4.2
6.2 710 2.5
7 3% 3 3660 1040 1.2 A
1380 0.8
1970 0.5
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Table 4.6 Conte

k R !£fi Symbol
w K % & ° R, e
k  (inch) (inch) T
400 6.4
480 4,2
6.27 é% 3 3660 710 2.5 A
1040 1.2
1380 0.8
1970 0.5
350 10,3
340 6
520 3.6
3 800 2.4 =
221 32 3 2310 1040 1.8
1410 0.8
1770 0.5
380 8.5
3 600 4.3
4.38 3 30 180 Lo, 1.35 VY
1300 1
440 12,8
510 12,75
680 3.1
1 1020 1.65 @
205 32 3 1200 1330 1.2
1820 0.8
2260 0.5
700 Te2
1 960 306 \7/
1.74 T 3 848 1300 0.8
1620 0.6
1 1250 3.4
0.994 ¥ 24 2210 1580 1.4 U
1920 0.55
‘ 1120 4
0.92 é% 24 1927 1360 1.6 n
1700 0.9
1 , 1000 9.1
0.8.69 35 24 1688 1320 2 H
: 1520 1.4
1140 2.5
0.818 %5 24 1526 1320 7.5 v
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Table 4,7 Calculation Results for (R, =~ R_ ), for the Experimental results
O,
of Gdkeel (32

-5 -5 -5
R.-R 10 Symbol | R. - R 10 Symbol| R. ~ R. |R_ 10 7 |Symbol
o, ck Rwr o, ok Rﬂr Og‘ gk LA
172,65 0.156 384.9 0429 , 488,73 0.175
252,65 0,238 714.9 | 0.71 u 768,73 | 0,175 | O
482,65 0.4 X 1054.9 1.81 1138,73 0.76
812,65 0.83
1152,65 1.25 312,1 0.25 109.3 0,166
1742,65 2 552,1 | 0.625 | N 239.3 0.27 .S
159.54 0.097 892,1 1.11 289,3 0.454
149.54 0,16 383.9 0.4 609.3 0.666
329.54 0427 563.9 | 0.66 V. |1069.3 1.17
609,54 0.416 a - 280.,9 0,109 1529.3 2.0
1219.54 1.25 800.9 0,71 2949.3 5.0
1579.54 2 132,07 0.074
219.24 0,117 222,07 | 0.17
439.24 0.23 v 482,07 | 0,35 o
878.24 0.74 992,07 | 1.0
1139.24 1 1372,07 { 2.0
214.44 0.078 2712,07 | 3.3
284,44 0.078 183,25 [ 0,1
454.44 0.32 o 369.25 | 0425
794,44 0.606 899.25 | 1,17 | X
1104.44 0.83 2189,25 | 2.5
1594.44 1.25 2709.25 | 4
2034.,44 2 142,77 | ©0.078
510,54 0.138 272,77 | 0.125 A
770454 0.27 . 662,77 | 04555
1110,54 1.25 r 2102.77 | 2.5
1430.54 1.66 199,01 | 0,068
679,01 | 0.416 +
069.01 | 1
529,01 | 1.6
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Table 5.1 Calculation Results of Rx ’ R and LS fOf‘ & Bow o
Spherical Roughness ,, Tcs Trce Elementsk (k= == ¥ 5T
ns=1l, x =12 )
k
k R
R ¢ X
8 X Tce
STAF%&’ Tes El\b
0,781 S5e 993{10S 0.816 6.543:10;
0.723 9e 14x10§ 0,755 9.97::105
1.112 1,35x10 5 1.149 .443{105
1.585 0.685x1 1.626 O.’{2x105
0,938 3.84x1 0,971 4,12x10
Table 5,2 Calculation Results of Rx ’ Rx and -'g;:- f‘or Row .
: k tr
of Spherical Roughness Tos TceI*Jlemeni:sa (k= 32 8
fr
= 11, X =12 )
k k R
&% e T Tpce
ST‘&T Tes ENlﬁ
1.438 o, 564xlo§ 1,492 0.607x10
l.121 1.37 xlO5 1,154 1, 454*:1%)
0.914 3.65 x10 5 0,962 4, Ol.lxlO5
0.747 5.48 x10 5 0.785 6, O6x105
0,706 8,72 x10 0,719 9,84x10
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and

tgs*

Teble 5,3 Calculation Results of RX ’ Rx forlRoy of g
Spherical Roughness, Tes Tce ElementsX (k= '3‘5 y 8 = :’E ’
R RxT i be Rx
START cs ENDk Tce
1333.7 5.99X102 1392.5 6.54x10§
1646.5 9.14x10 1720.1 9.97x105
633.2 1.35::1055 65,3 1.44x10°,
"450.6 O.685x1g 56244 O.721x1g
1066 3.84x107 1107.3  4.12x10
Table 5,4 Calculation Results of R s R and Rp¥ for a Row
*neg Trce 1 ke 1"
of Spherical Roughness Elements (k= % 8T

15
n=11,xk=12 )

Ry R Rt R
srdfr Tos e Toe
409,0 0.56435105 424,1 O.507xlog
6371 1,371x1 65645 lo454x}.9
1041.9 3.6SXl05 1064.1 4.04}{105
127408 5.48x105 1340.8 6.06x105
1609.4 8072110 178300 9.84x10
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Table 5.5 Reduced Data Set for the Results of Gdksel taken from Table
5.1 of Reference

(32)

L

™ " 5 n
kﬂ";"—é’%{g} ,8832,21:11, 7z = 0
%) %
Y k
291456 1244.76
108544 1475.52
38400 2460,0
54016 4118,72
92820 6188.0
r
_ -1— w _ " B i 114 _ }i
k-—32,Xk—3 ,5—32 n‘=11, Z-—-32
432630 1244.76
101760 1475.52
61785.6 2460,0
70004,.73 4118,72
66300 €188,0
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Table 5.6 Reduced Data Set for the Results of Goksel Taken From Figure
532 of Reference 32 for the Turbulent Wake Develogment Behmd a Row
of Spherical Roughness Elements

Rk = 2210 Rk = 1688
-5 -5
R -R R 10 R -R R_. 10
S, ok Mr QQ. gk ?2
128,84 0.8475 100 0.7246
308,84 ° 1,000 230 0.7576
638,84 0.9434 490 0.7576
1388,84 1.4286 1090 1.0417
2688,84 2.6316 1590 1.5152
3278.84 2.500 2140 1,9231
3878.84 4,1667 2970 2.,2727
3930 2,500
Rk = 1200 Rk = 848
-5 -5
R - R R 10 R. - R R_ 10
qk ok WT q%_ ek wT
177,28 043906 510,048 0.2075
377.28 0,5814 820,048 0.4132
837.28 0.8929 1180,048 0.8333
1607,.28 1.5625 1500.048 1,250
1977.28 1.5152 1670,048 1,111
Rk = 759
RO - Rg Rw 100
< k T
590, 2688 0,1852
910,2688 0.6098
1170,2688 0.6250
1370,2688 0,8621
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