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Sumnary

The boundaexry lsayer. on a surface with square cavities as
roughness elements was examined in the pregence of mild
-favourable and adverse pressure gradients and surface
heatingo. The range of Reynolds numbers covered extended
to about 2 x iOG9 the reference airspeed being ébout

100 £t/sec snd the plate length 3 fb.

Velocity snd temperature profiles were found similer
for cavity or protrusion type roughness, with their origin
below the crest of roughness elements {or top of

cavities).

The "law of the wall" was generally valid for a
small region of the measured profiles. The presentation
of the profiles was found best defined by the veldcity%-
defect form, with °G' as parameter. ILimited success was
achieved using the method of computing the skin-friction

coefficients from Velocity measurements.

The skin=friction coefficients were strongly
influenced by the pressure gradients, and responded
differently when applying surface heating9 depending on
the sign of pressure gredient present.

 The relation G(JT ) differed from that of the smooth

surface, due to the higher values of H in the present work.
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The temperaturé profiles woreo sffected by roughness

and pressure gradient, and were far from "simllar" to the
velocity profiles. A new pregentation is suggested.

The heat-transfer coerricieﬁts were slightly
influenced by the applied preesure gradients, and strqﬁglﬁ
affected by the wall temperature gradient. The present
 theories for smooth surfaces compared poorly with the -
obtained values of heat-transfer coefficientsfgftéf_a
. stepwise wall-temperature discontinuity was applied.

The measured longitudinel veloeity fluctuations were
higher than those for a smooth surface, and hed a clear
"peak" near the origin of the velocity profiles. The

applied’préésure'gradienta hed small effect on w2

particularly near the surface.

The measured u'v’ (y) show sharp increase near the
‘surface, but T /T,88rees closely with that of a smooth

surface elsewhere.

 The effect of abrupt dhange in surface roughneés was

examined.

Avaeilasble data for different roughness geometries were

cdirelatedo

Finally, heat and friction characteristics of a
rough wall were linked.
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Nomenclature

A Constant appearing in the velocity defect profile
‘relationship,
B Constant; heat-transfer coefficient of the roughness=

dominated region;

¢ Constant,
'Gf Local skin-friction coefficient ( T:w/%QeUea)9
-cp' Specific heat at constant pressure,
ij - Pressure coefficient (= (PaPoz/}geUaref),
D Pitch of roughness elements, )
| 2 yu
.8 (U=T <
G Velocity-defect shape parameter ( “S e d-g#ﬁu )
. . o n&z tu" e

H Boundary-layer shape parameter (= §,/6,),
E.oov 0 w0 (=26 /80),
k Height of roughness elements,
k Iquivalent height of sand roughness,
Length |
 Nusselt number ( QwX/A (Tw - Te) )y
o Nusselt number for a smooth surface,

Static pressure,

Prandtl number (sgs!\ cy /™),

1
Ku
Nu
P
P, Referemce pressure (wall pressure at x = 34 ins),
Br |
Q, Surface heabt-input per unit area,

R

Reynolds number ( UL/A),



Haat transfer coerﬁcient ( 2/ ReVe p(Twsma)9
Absolute temperature (°K),

A'boolute adiabatic-wall temperature,

Abaoltzzte__' temperature of air flow outside the

boundary layer,

Absolute :.’;reference temperature,

‘Absoliite wall temperature,
" Mean velocity in the direction of X,

Valocity ‘defect (= (Ue - U)/u )

Mean velocity in the direction of x in the free streamg

"N n T n " on n u . n 1

at x = 54 insog

Friction velocity (J Tw/R),

’ Fluctuating velocity component in 'bhe direction of X,

Mean velocity in the direction of ¥,
Fluctuating velocity component in the direction of y,
Fluctuating velocity component in the direction of z,

' Distence along the plate in the direction of the main

flow, measured from the beginning of roughness.
Distance oiong the perpendicular to the plate,
Distance slong the plate perpendicular to the
direction of the main flow, j

Thickness of the dynamic boundary iayer 14 § 0099)9

Boundary layer displacement thickness (: S‘o ‘;3 A3)
’ ]
e

" u " ] (._._”'_U ds)



>\_"
L
y
v

g
e
T

Tw Shear stress at the wall ( # @,U,%C

Homex;t@ {:hickness('-'s:. sy (l- y ) .JJ‘)
C R £ a)

"“.Ehergy thickness (-‘- S: %:%‘( ‘({)’:Y ) dy )

e GER- g e
Th.‘_l.ckness: of the thermal boundary layer (A‘gg)g
Thermal - displacement thickness (= \: -%; (I -8) dy )
Enthalpy thickness ( = Sf %ﬁ. (1-8) dy)

Temperature (°C),

- Adisbatic-wall temperature (°C);

Tempei'ature of eir flow 6ut_side the boundary layer;.
Wall temperature,

- Fluctuation component of temperature,

Non-dimensional temperaturev in the, boundary leyer
(=(6.-6) /(8" &)

QOQIf;cient of thermal conductiﬂty for air,

ﬁoiécﬁlar viscosity,

Kinematic viscosity ( = M / £ |

Pressure gradienf parameter ( é._ AP ),

Density of air, W &

Density of air outside the boundary layer,

Shear stress in the boundary layer,

£
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Note:~ In Appendix II only, the following symbols were

used;
Y instead of 1o5°y» (vhere y is in inches),
U n 10%.U/U,, and ,

) " 103, 8
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I. ZINTRODUCTION

Surface roughness has a-ver& importent influence on
the frinetionsl resistance and heat transfer characteristics
of surfaces; 'Becauae most of the materials in engineering
use can hardly be considered as hydraulically smooth;
especially at high Reyholds numbers; the investigation of
such characteristics has many practical uses in seronsutics
and many other rieldsf

Although the study of the effect of roughness has
occupied mény investigators, most studies were based on
results from flow in pipea9 or over flat plates with elther
heat transfer or pressure gradient, but rarelﬁ‘in the

presence of both.

The present study is therefore aimed at better
knowledge on the effect of heat transfer and pressure
gradient, on the characteristics of turbulent bouhdary

layers on rough surfaces.

.. The present work wes carried out using a flat piate
with square cavities, of constant pattern and dimensions,
as roughness elements. Two arbitrary pressure distributions
weré'choaen, one approximately constant, changing to
favourable towards the trailing edge of the 3 ft. long
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-plate, and one adverse changing to constant.

Three cases were studied for each pressure
distribution, the unheated plate, the isothermally heated,
and the caée whers the plate temperature undergoes &
stepwise discontinuity.

Shear-stress profiles were measured for both pressure

distributions. The plate was then unheated.

Some of the éhearwatress profiles were of the boundary

layer experiencing an abrupt change in surface roughness.
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1.2 - Re!; ew_of Relevant Literature:

It is not an easy task to ‘mention &ll the work done
1n connection w:l.th rough eurfaceso Bowever, & brief account

on eome of the work will be g:lveno

J. Nikuradse (1) experimented systemat:.cally on pipes
w:l.th sand roughnesso Vaeriation of pipe ‘di'ameter and sand-
grain sizes, enabled him to schieve a range of r/]xs from
15 . to 500.. Nikuradse identified thbee roughness regimes, '
'!I.‘he.hyd'raulically%emooth (o € ke U-e/y < 5) hes a

resistance coefficient as unigue function of Reynolds

- number., The resistance of the transition regime is

~ function of both Reynolds number and Ks/¢ . The

) resiatanee_ of' the cempletely rough regime ( ,ka' u’g'/y> 70}
18 8 unique function of k,. /f' o Nikuradse slso found that.

the velocityadefect profile for a smooth wall is still

applicable for a rough surface, irrespective of the height

' of roughness elements.

'N..Scholz(1) found that the semi-logerithmic linear
relationship, known as "the law of the wall", is applicable
for rough surfaces, except that the line is shifted
downwards by A U / Ug which depends upon the value
of ks Ue /v

Ho Schlichting' worked on plates having artificual
roughness, for which he determined the equivalent sand-
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roughness height. His experiments covered spheres; cones,
spherical aesmehts, and short angles fixed on a smooth
surface. The heights and spacing for each type were
varied. Schlichting found that c 1s constant for the

same values of x/ ks in the completely rough regime,
:i.rrespectn.ve of the Reynolds number Ry ( Ue. ;%/ y)

Schlichting also plotted the iso-veloeity ecurves
behind a row of spheres, which clearly show that the
velocity behind a roughness element, was much largep than -
that at the same height from the plate, measured in the gap
between the spheres (see Fig.21.15(1)). Schlichting
called this phenomena "the negative wake effect". He stated
that a body placed in a boundary layer, produces an effect
difterent from that caused by a body placed in the free
stream. This effect was explained by the existence of
a secondary flow as calculated by F. Schultz-Grunow.

Wieghardt (1) experiemnted, as Schlichting, on
artificial roughness elements over rlét plates. He used
circular cavities and rectangular ribs as roughness elements.
It was found that, for circular cavitieé9 the increment of
the drag coefficient passes by a meximum at a ratio of
height to diameter of the cavities. This maximum occurred
st 0.5 ratio approximately (see Fig.21.14(1)).

Hama (2) used four different wire gcreens at a



constant pressure over a flat plate. The wire-mesh

length veried from 1 to 1/28 of en inch, and the ratios

of wire-dismeter to mesh length were 0.207, 0.216, 0.207 and
0.210 respectively. Hame plotted the shift of the semi-
logarithmic relation AU/ut against log Kk ut/y for
the results he obtained, and those of Sarpkaya ror'channel‘
flow. The relationship was found lineer for K U.e/y>30.
For lower values, Hama achieved some points which lied

below the extrapolation of the line.

- Brunello (3) used three plates with spheres at the
meximum possible density. The sphere diameters were
0.2, 0.4 and 0,6mm respectively, and the plates were lightly
héated to 12°C approximately asbove that of the main stream.
No pressure gradient was éppliedo Brunello's results
show.that the velocity profiles exhibited a tendency to
increase their thickness with increase of the sphere
diameters used. Brunello started his experiments with a
amdoth surface, for which good agreement between velocity
and temperature profiles was found. This was not so for
rough surfaces, which exhibited marked dissimilarity,
which increased with the increase of the sphere diameters.
Skin friction and heat transfer were both greater for the
rough surfaces, than those for a smooth surface, and

increased as the height of roughness elements increased.

Reynolds enalogy applied reasonably for the smooth
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surface, but the ratio 23&/ C; decrossed as tho height of
roughness increased. |

Brunello found, as Schlichting did, that C, remained
unaltered for constant x/k , end similarly for S, with
slight discrepancy. The skin-friction coefficients for
the three rough plates asgreed with those of the plates
with sand grains of equal sizes as the spheres.

Brunello chose a ficthious origin for the x-axis,
which he used for the calculation of Ry o Skin=friction
and heat=tranafer coefficients could be»expressed in the

form c(TR;,yayg;

J. Doenecke (4) sueceeded Bruhello9 using similar
surface heating, and no pressure gradient was applied.

He e#amiﬁed four different rough plates, two were proviﬁed
with cavities, snd two with protrusions. The plates with
cavities were esgentially short cylindrical elements,
stahding with their crests level with the surface of the
_émooﬁhileading edge. The other plates had two=dimengional
- éduare ribs of different sizes» but with the same pitech.

Doenecke gave a-éketch of a stationary eddy behind
the square ribs, with its centre situated at about 0.6
the height of roughness for k = 3mm and D = laosmmo
He also stated that the temperture varlsation is very small
within the eddy, but behaves like that of a smooth surface
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beyond it. His velocity profiles wore similar when plotted
in the form :%e ( g/ 83_) and so was the case for the
temperature profiles 8 {Y/4, ).

Doenecke concluded that the temperature proiiles were
more curved than those of the velocity (& > Ay Sg >ég} ’
and thet the curves 5%7 ,.(J ) had the seme behaviour as
those of % :(5) . Heefound that 2 Sg/ CF decreases &s
the roughness height increases, as previously found by
‘Brunello. |

Also working on two=diménsional square ribs, were
Perry and Joubert (5), who experimented in the presence
of two different arbitrery adverse-pressure gradients on
a flat plate. In their paper, the authors proposed a
v graphical method for cbmputins the skin-friction |
coefficients, based on the assumption that a logarithmié-
lew of the wall exists for rough surfaces, although shifted,
and that the weke hypothesis introduced by D. Coles is
applicableo The authors compared betweenAthe'results._
obtained by using the pr0posed method, and'thoée obtained
by“uéing the two-dimensional momentum integrsl equation
for some profiles. The two methods only disagreed at
the downetream end of the plate, where the pressure
‘g:édient was milder than upstream. The validity of
that method for the present experiments is discussed in

f I

D. Bettermenn, E. Brun end P, Gougat (6) used the



18

results obtained in (4), and two more plates with square

ribs, to define a form of velocity and temperature profiles.

The authors found that the law of the wall show large

scatter, and thought the profiles are best represented by
U/ Ue ;-ﬁ(.)’/ S&)m end & = b(Y/5, )” respectively. The

constants a, b, m and n varied from one plate.to another,



'1101 ~ Wind Tunnel:

The experiments were carried out using the Imperisl
College 3°' x 2° wind tunnel. Tﬁe working section measures
40 irches high by 24 inches wide, and is 12 f£t. long.
Excluding the corner fillets, the wind tunnel contraction
ratio is 9. a

, The tunnel is provided with five screens of 30 meshes/
inch, of wire diameter 0001 ., producing a blockage
coefficient of 0,49, The airwspeed is controlled by af
veriable speed motor coupled to the.fanssharto It
attaina a maximum of 140 ft/sec. approximately in the
working section9 at maximum motor speed of 1600 PoPolo
4 With empty tunnel, the air speed is about 2A higher at the
"bottom of the working section than at tha_topo Due to the
vibrations at high motor speeds, the air speed was choéen,
about 100 f£t/sec throughout the experiments. |

The turbulence level was 0.25% on the centre line of
the working section, when the tunnel was empty and at the
air speed of 100 ft/sec.

A sketch of the tunnel is given on Fig.II 4.1-



Fig.111_ Wind Tunnel layout.
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II 2 = Model Construction.

The model consists of a flat plate 375 in, long by
253 in. wide, and 1 in. thick. The plate EEB provided with
# in. square cavities, 3in. deep. The pitch of roughness
pattern meaaured'%s in, as shown on Fig. II.2.1

The plate was realised by tightly riveting a
perforated 3% inoithick commercial aluminium plate, on a

smooth one of the same thickness and material,

- The plate was placed vertically in the working section
of the tunnel, between 6 ft. long horizontal end plates,
as shown in Fig.II.2.2.

As it was to be heated, the plate was mounted freéely
with a clearance of ¢ in. in both ways, to allow for thermal
expansion without deformation of the plate (Fig.II.2.3). |

~The plate was also recessed by 24 ins. from the side
walls of the tunnel;, to avoid any interference from the
boundary leyer of the tunmel-walls. A leading-edge bleed
wag provided. Its surface was left smooth, and measuréd
104 ins. upstream of the rough plate. This is shown on
Fig. II.2.4, \

| The plate had sixty pressure tubes. They were
arranged in fours at fifteen stations along the x-axis.

The tubes were comnected to vertical alchol manometers,
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partly by silicone tubing to withstand the heat. One of
the tubes was placed, on the centre-=line of ths piateg
level with the top of cavities, and another level with the
bottom. The other two tubes were 62 ins. above and below
the centre-line, level with the top.of cavities. |

The heating system consists.ot 48 Cressall metal cased
mica wound heating elements. Each héater measﬁred
72 x 2 ins., with power rating 215 watts approximately.
They were mounted in vertical rows of three, on the back of

the plate, This is shown by Fig.II.2.5.

A thermocoupleidoint was inserted in a pop rivet
between.each two successive heaters. | Théy were fixed in
position by & mixture of aluminium saw-dust end Araldite.
This'a;rangement gave electric resiétaﬁces of 3 to 5 ohms
between the plate and the joint. A sketch is shown on
FigoIIezoe; The: thermocouple materials were high \
conductiviﬁy copper ageinst Ferrylwhich gave better
linearity in calibration than some other arrangeméntso
A typical calibration curve is shown on Fig- IX.2.7.

* PFerry is the trade name of a 45-55 nickel-copper alloy
resistance wire of Messrs. Henry Wiggin & Co.Iltd.,
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Fig. I1.2.7_ Thermocouple calibration curve.
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Bach of the heaters was controlled separately by a
set of nine Cressall mica wound strip resistors, connected
in series with the heater. These ranged from 0.75 to 192
ohms. - ¥ach resistance was controlled by a pérallel on/off
switch, The resistors and switches were mounted in a box,

which was ventilated by two exisl fans.

The adjustment -box is shown on Fig, II.2.8 and
IT.2.9., and a circuit diagram is given on Fig.II.2.10,

~ An air gap of 4 in. was left behind the heaters.
 After that a 12 in. thick asbestos block was fixed.

A row of eight thermocouples was placed along‘the
centre=line, immediately close to the hot side of'the
asbestos block. Three thermocouples were close to the

cold side of the asbestos block.

The adverse pressure distribution was achieved by
Placing a profile surface on the opposite side of the
tunnel wall, as'shown by the broken line on Fig.II.2.2.






32

:"L’ﬁ{,mw fideoi
// ‘ji‘“,g_ijyma;iiﬁg

|7 w-‘:' ;ﬁfﬂfﬂ' )l!
\[7 S T S ms{

| = 1}:;.'*431. -1543/:,‘ J ’r'l'

\
%, J /\
o hae = T —
/4 — L-f
| P T T ——

| e
s [ - g" _/.’J t
. Pl
AL NN N

Fig.1L2.9_ Part of theinside elements of the
adjustment box-




075.0.

AARNNRRRN

—F

215 W/240V
-6 =

Fig.l1.210- Electric circuit diagram for a typical heater.

gt



II.% - Meagurement of Veloeity and Temperature Pr

Velocity end temperature profiles were measured by a

“ gpecial hot-=wgire probeo It consists of two steel needles,
'-bénﬁ forwerd to avoid interference of the probe, to form
the wire support. A third streight needle was connected

t0 a simple electric: light-signal, to indicate the
distence from the plate. The three meedles had 00027 in,
shéhk diemeter, and held by an Araldite castingo The
‘Araldite was sheped to a streamline cross=section9 ‘which

.{in turn was matched to a streamline steel tube 0.625 x 0.2 ind'
_A probe ie shown on Fig. IIo,alo

The hotﬁwaire material used was Platinnm w°1laston

wire of 0.0001 in. core=diametero

The wires were given a slight curvature, when
soldered; to allow for the vibrations. The etched part‘
vas 0.45 to 0.6 mm, and was kept straighto |

A detailed account on hot wire preparation is given
in (12) end . (14).

- The probes were connected to & model 554 ol DISA

‘constant temperature snemometer (7).

To discuse the method of measurement of the velocity
and temperature profiles, the calibration formula will be






given. It can be written as:s

c;.zq;.}"ff =8 [Tw- Tc;,(?w'?n/?\g@f’ 4T ) -

where: V is the D.C. voltage across the wire,
Rw the wire operating-resistance,
1 the wire length, |
TW the wire operatins=temperaturegv
T, the ambient temperature of air, snd

d +the wire diameter.

This reiation can be expressed in the form:
2 2(To-Ta ) (A+ B/T
- where A and B are constants for a particular wire.
%ﬁg(yifj ves found to be linear*® for‘platinum wires,
in the range (7‘;’,...7’;‘)'2., 140°C .

We can then construct an array of wire calibration curve
with wire-temperatures as parameter, similar to the sketch
on FigoITl.3.2,

The operating resistences corresponding to the

different temperatures could be found“according to the

Rw = Ra <ﬂﬁ+ 0<<’K;":Z;) )

where Ra is the wire resistance at ambient temperature,

relation:

e platinum temperature coeffiéient of resistance.

*Except for very low air speeds of 0(1)ft/sec.
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[ue lu

'Fig.1.3.2 _ Measurement of velocity and temperature.
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The coefficient o was taken to be 0.00367/°C(8).
The output voltage, at two different wire-operating
temperatures, is then recorded for each position in the

boundary layer, along the y-axis.

A restriction on the possible combinations of velocity'
and temperature is achieved by starting from the outer
edge of the boundary layer. There, it is certain that,
the temperature is that of the free stream. Supposing
we choose Ty, &nd Twz as the two wire-operating temperatures,
it is then possible to locate U from M4 , and
‘Vﬂf directly. lMoving to the next point inward in
the boundary layer, the air is bound to have a temperaﬁuré
equal to or greaster than, g o The velocity will be
;'equal to or less than Us . This argument fixes the two
boundaries shown by the two complete lines in Fig.II.3.2
" This construction ensbles us to choose the points R
anﬁ %@ , setisfying the condition of having the same
velocity and the seme temperature difference from that of

the free stream.

The two wire operating temperatures were chosen to be
2?O° and 250°G above thet of the smbient when surface
heating was applied, and 260°C above the embient when no |
heating was applied. |
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II.4 - Meagurement of Turbulent GQuantities:

The longitudinal component of fluctuations was measured
by means of the probe deseribed in § II.3, using the DISA

comstant temperature anemometer.

An X-wire probe was used for the meagurement of the
shear-stress profiles (aee Fig.IX. 401) The wireswere at
right angles to each othepo The two operating temperatures
were matched until a similar, or not very different, slopes

were achieved throughout® the range of measurements,

Using one DISA random signal indicator and correlator
type 55 A 06, the correlation coefficients were calculéted»
from the measured sums of and differences betweeen the

two signals.
The measurement procedure and computation formulas

for both U end Ww¥', can be found in (7), (10) and (32).
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It is thought that by keeping similar temperatures of
the three thermocouples on the same distance along X, the 
top and'bottom heaters will take care of'end~e££ectss’the
heaters-beins arranged in rows of three; the oné in the
middle will be dissipating heat to the air flow only.

| It is possible by measurins the resistances of the
heaters and recording the voltage across them, to caleulate
the heat input to the air flow, after deducing ths he&t
lost through the asbestos block®. The formulae used are,

WS¢ F-k (-1 em

= Qw,/Q U, e (m - 'e)

e e p

where C is a conversion factbrg
s the area covered by a heater (=3 ftz)9
V the voitage across the heater,
R the resistence of the heater,
k the coefficient of cbnductivi#y of the'asbéstosg
t the thickness of asbestos block,
Tihotcside temperéture of asbestos, and
To cold-side temperaturevof asbesgtos.

* Coﬁductivity of the asbestos block was taken as that-
quoted by the manufacturers (11)..



II.6 - Digplacement of Probes:

The probes mentioned in §§ 11,3 and I1I.4 were mounted
on a 0.625 x 0.2 'ino stream line steel tubing, connected
on the opposite side of the tunnel wall to a micrometric
head shown on Fig.II.6.l. The probe displacement could
be directed along the y-axis to the nesvest 0,0005 in.

The micrometric head could be moved in the x-direction
‘by turning a lead screw éf 20 threads/inch, using a large
disl comnected to the burning handle, |

The head assembly was mounted on & heavy 2 x 4 inso
sluminium channel supported on a tunnel window, which was |
provided with a cen'bral slot covered with magking 'bapeo
The window was also provided with some vertical slots %o
allow for 'braverses which might be required below or above

the centre line of the plateo

The distance from the plate was detected by the
electric light signel, a method which was repeateble
‘better.than 0,001 in. in all ceses.
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II:.7 = ,Aé"t;u:eacgf of ,Heammmenﬁs:
IX:761 = Veloc'igg and temperature ;gr@filesé
- The values of velocity and temper&tuz‘@ detbozmined Lfrom
- 3
‘the hot-wivre celibration curves, were within & 0,02 (i’%/s:a@@%
end £.0,5% r@spectivelyo T, was measureéd %o the ,n@a@@s'!’
0.2%¢,. | I

| ks for Tw, a velue of £ 1.5°C covers all m@asur@m@msg
jconsidering = 1% em‘@r d;ue 0 th@mcc@uplegg and £ 1% for

' :th.@ PYE g&lvan@met@r us@d to measure thelr EF,

Gma't care was fsak,@n %o start the m@amemem‘,s only
aﬁzer 'bh@ temperames settled in the air flow and on
'bhe plate.

We can then writ@.,,

s/ue) . 2 A(m) + 2 A(JUe)
WWe —JO T e

~ The value of y’ U chenges from 4 %o 10 appmyimatelyg
whieh corresppnd to an error on ( U / U@ ) ranging fzr@m
2 1.4% near the origin to I 0.8% at the outside edge of
the ’b{oundary layer.
For the temperature profiles, we can use the »ez_zpzil&e{;s’;sig@@é_ﬁ
8T L aT(dr -l AT o ) 4T
5 T Tt T Te T Te )
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Paking an average value of 70°C for (Tw- Te), and "
congidering thet (Tw- T) veries from 30°C to 70°C
approximately, Aé/ 8 varies accordingly from I 4.5% to
¥ 1%, between the origin of the boundery leyer end its

outer edge.
- profile

If the temperaéure/ia curved enough, the high
inaeccuracy is confined to a very thin 1&3@2 not more than |
0.5 Aa or an average value of 0,078, where & is about
0.5 and;; -the error red:uces %o Z 2%.

IIo7 2 = Ehxrbulent guantities
At no air flow, it was always found that the i'luctuating

component suffered a zero error amounting to about 1 mV,
" a value which could not be reduced and was mainly due to

amplifier noise.

Such noise was thought to remain constant in magnitude
for the whole range of measurements. It is very diffic_ult
‘to say exactly how much this noise affected the values of
| a;;? , when the sum and difference amplifiers involved -
in the correlator were coﬁsider@do It was 'bhought that
it would amount to the same order of magnitud.e es the

error on u’ which can be written as,

Al ) sl ) s (W)
W/Ue )/L_IT/U U/Ue
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Neex the origin of the rorwdery leyer, the crmor ves

+ 2.4%, ond et 0.8 § 1% vas £ ©.8% approzimatoiy.

IT.7.3 - Heab-trensfer cocfiicients

The heat-trensfer coefficient cen be obbained Lronm

the expression®;

5 = (CF )5 lgp(m-T) ) -

The resigtance of esach heater was messured %o the
nearest 0.01 of en ohm, and also their respective
induectances. This resulted in & power factor of 0,99985

at‘SO’cycles per second.

*The inaccﬁracy on the heat dissipated through the asbestos
blocks is ignored in the present discussion only, as they
anounted to about 0.02 of Qwa They wers fully acecounted
for in computing the values of Ste
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The resisvance of the heaters wos gutrantecd by the

manufacﬁurers'not to change by more than + 5% of their
original values in the range of temperature 20° to 400°G.

-.'Gonsidering the rénge of operating temperafures used
here, the insccuracy on the resistance of the hesters will
be estimated + 2% of their velues at room temperature.

The wlteges across the heaters were messured by an
AVO-meter, the inaccuracy of which is + 2.25% in the range

of meesuremnents®.

Also, as it was discussed before, the inmccuracy on

lJe 13 of the order X 0.4%, and on (m = T ) is 2 2.3%

We can then state the total inaccuracy on the calcula

heatwtransfer coeffi@ients to be,
ASe /s, = 2AY L AR, ale L A (THiTR)
v R - Ue (Tw-Te)

from which we get,

ASg/Se‘: =+ Q.ZZ .

¢ The parficuiar meter used had an aeccuracy of 99A in the
renge of the present measurementss but the lerger value of
insccuracy quoted by the manufacturera was reﬁained %o

see how serious the error ean become, if that did not remsin

80 during the actusl measurements.



III. RESULTS AND DISCUSSION
ITI.l. - Field of Experiments:

A rough plate was used throughout the course of the
present work, at six different conditions, referred to

subsequently as cases.

The. first three cases were those of the plate with
approximately zZero pressure gradient,,which changed to a
mild favourable one towards the last third of the plates
The rest of three cases concerned the plate with mild
adverse pressure gradient changing to approximately constent

pressure towards the last third of the plate.

Each set of the sbove mentioned three cases inclﬁded 
the investigation of unheated plate, an isothermel platé
heating to & bemperature such that Tw / Te ¥ 1.2, and the
case of heating to Tw / Te ¥ 1.2 to 1.3 with a gradual
step near the middle of the plate.

Fige IIT.1.1 to III.1l.6 represent the pressure
coefficients measured at the wall with the reference
velocity at the downstream end of the plate, while
 Pig.III.1.7 to ITI.1.10 show the wall temperature
:distribution for the heated cases. .

For the unheated cases, the mean velocity profiles
end the longitudinal fluetueting component were measured;
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and for the heated plate, the mean velocity and temperature
profiles were measured. The longitudinal fluctuations
were also recorded for the heated cases, but to serve only
in a qualitative comparison.

The turbulent shear-stresses were measured for both
pressure gradients, but when no surface heating was epplied.

It was possible to obtain some measurements of the
shear stress across boundary layers, experiencing'an ﬁbrupt
change in surface condition, from rough to smooth, or
vice versa. = This was done by sticking self-adhesive
polythene sheet on the first or the second half of the

_ pla‘be* o

® The term "smoother" should have reslly been used

instesad. | The’polythene sheet could not be prevented

completely from sagging in the cavities. However, the
 depth of sagging was not more than 0,005 in. anywhere on

the covered part of the plate.



II1I.2. = The Dynamic Boundary Leyer:

The present section deals with the velocity profiles
and skin-friction coefficients for all the examined cases.
The temperature profiles will be examined in the next

gection.

IIIoaolo = ____’
Bodies placeiin the free air stream will generate wakes,

but placed in a boundary layer they cause displecement of
the steamlines towards and behind them.

Schlichting deécribed this phenomena as "the negative
wvake effect", which was explained by the existence of
secondary flow. This effect can be clearly seen from the
shape of constant velocity lines measured by Schlichting
behind a row of spheres (Fig.21,15(1)) and the secondary
flow caleulated later by Schultz - Grunowo

The eddy behind a roughness element was visualised
by White (30) and Wieghardt (33). Its exigtence was noted
later by Doenecke (4), in that it satisfies the condition
of continuity of the fluid in the volume behind the roughness
element, with its centre coinciding with the origin of the
velocity profile. Doenecke also sketched the pattern of
the ﬁehawiour of velocity behind a roughness element,
similar to that given on Fig.III.2.1.
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The height of the centre of eddy for a plate with 3 mm
two=dimensionsal sqﬁare ribs, spaced by 12,5 mm. was given
a8 equal to 1.7 to 1.9 mm from the trough of the roughness

element (4).

In the presen# work, the velocity profiles were‘measured
at the cénzre‘of a cavity, starting ab about . 0,05 in. from
the trough, using the single-wire probes Eearlier
' described. o

A curve of tjﬂ¥) was then plotted for each profileg‘
and the origin of the boundary layer was chosen asvthe'-

- first point on the straight part of-th,ejproﬁle° An
eiample.of,this choice is given on Fig01110202o | The
reaedings before the chosen‘origin were ignored as théy are

thought meaningless.

The origin of the velocity profile thus obtained, was
found to be about 0,050 X 0,005 in. below the crest of the
3 in. cavities. | |

- The origin of the velocity profiles which could be
measured from the surface unoccupied by the cavities,
is clearly the surface itself; but the measurements
carried out at the centre of a cavity along the centre-
line of the plate made the recording of the viscous
sub=-layer more feasible,
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m;e eddies inside cavities or behind protrusions
participate in momentum dissipation in the same manner,
forming, with the secondary flow, the main difference

‘between a rough and a smooth surface.

IIT.2.2 - Boundary lesyer thicknesses:

The thicknesses of the boundary layer §; ;d,and §;
'were compubted from the measured veloeity profiles by the-
trapezoidal method, using the Imperial College IEM 7090

computer, as the rest of routine calculations.

For the heated plate, the thicknesses é';u 3 Szuand é‘;u
‘were also calculated. |

| These varicus 'integral terms are plotted as function
of X on Fig. III.2.3 to III.2.12, and are tabulated
-~ numerically in Appendix I.

- Tebles of measured velocity and temperature profiles

- are given in Appendix II,
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110203 = ation of the gk

The skin-friction coefficients were calculated from the
values of boundary-layer thicknesses computed as described
in § III.2.2, and the obtained wall-pressure coefficients.
The von-Karmen two-dimensional momentum integral equation

was used. It can be written as,

CG=agBsa(He2) B g -

“The above equation is unmistekably valid9 only under

| certain assumptions, and consequently has its 1imitationso_
'Fbr example, the effect of mormal fluctuations o ia )
 neg1écted§ and the pressure across the boundary layer'ié'f“¢"¥
{{dgggideied éonstanto In fact, the static pressure.is;
j | P Eal( 'f'S 5 U" J.} (see (17) for example). -
“The effect of velocity £luctuations and their correlations
fis not ‘taken into sccount in calculating the momentum

'differenceao'

With adverse pressure gradients, two terms of the same'i'
order of magnitude are subtracted from each other, and
the slight inaccuracy on one of the term89 or both, may
j be magnified quite easilyo~_

Pinally, the existence of thraewdimenéionality in theih
flow, alters the meaning of the above equation (see (18)

'for example),



V&

The effect of the first factbr” in our experiments
and within the limited measurements of fluctuating
components performed, was found o be at most an order of
magnitude less than that of skin=friction coefficients.

- Care was teken, as much as possible, in obtaining the
graphical differentiations. '

Three=dimensionality could have one, or both, of two

main causes; ‘that air is flowing unsymmetrically over
the plate, or from natural convection from the heated
plate which was mounted verticaily in the woﬁking section
of the wind-tunnel. | o

Eihé boundary leyer* was measured, by a provisional
total-head probé flattened to 0.020 in. outside thicknesé
‘epproximately connected to a Betz-micfoﬁéﬁBﬁéterg at |
‘3%, 15 &g evd 21,1 in. along the x-sxis; O, T4 end 18 in
elong the z-axis®? It was found that the velocity
'pr§£iiés'at the same distance along X, agree closely with

eabh,otherﬁlwithiﬁ the limits of accuracy of neasurements.

- Although the region covered above has no significent

* IA
¢* The origin of z being the centre=line of the plate.
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pressure gradient, end might not be i’ul_.ly representative of
all the cases, especielly those with positive pressure
gradient, the wall pressures of the plate seem to suggest
that there could not be serious, if any, cross flow.

.~ On the other hand, the order of megnitude of the effect
of buojancy on the skin-friction could be seen from the
demonstration of E. Pohlhausen (see (1) for example), on
the natural convection from & vertical hot plate. ~ The

vertical air velocity was expressed as,

Wby f3eh CHY0)
where : h is helf the height of the plate,
C - [s?;_ '7:,-7'5]#
4y* Te |
?I(?):__L——- ......7_5—-'---—~ | end
IV Ta-Te ) s
(3t :
1= CY¥/(34h)% . o
A Ihevmavximum value of \SI(?) for Pr = 00739' oééﬁrs

at ng and has the value of 0,27 (Fig.14.23 (1)). The

maximum vertical air spéed at the centre of the plate
‘would then be,

(Wo ).

T /T

1L

1.6

~I

itfsec

L3 .

for

R
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. The above estimate shows that the deviation of streem
lines at the centre of the plate due to surface heating |
could reach a maximum value of 1°, with L very
much less than dUAy , the latter being at least of 0(10°),
while 3“’} is of O(1)o

The . dbtained values of skinpfriction coefficients and
'oi‘ 2 S_éa‘ ~ for the examined cases are shown on -
Fige IIIoa 13 to I11.2. 180 '

_ Skin-friction co-efficients will also be discussed
'_1ater in f IIZ.4,

| 11192,4 = The effect of surface-heating on t he gl

. Exemining the obtained results of Gt(x),, it is |
noticed that the effect of surface heating on the

: computed values of Gf,, ig either a reduction or an increa.eeo-

Fo:_':_ example,) the effect of heating was of relatively
small importahce in the presence of no, or very amali,;'
pressure gradient,, in the range of heating a.ppliedo | |
Qenerally speaking, the heating has the effect of reduoing:
Cp obtained for the unheated plate®, in similer pressure -

- °Near adiasbatic at siuch low speeds.
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environments.

" When positive pressure gradients were appiiedg the eff-
ect of heating was a noticeable reduction in cf,, while
negative pressure gradients were associsted with an increase
in the skin-friction coeffidents with surface heat:lnso' -

| If Ve consider the definitions of §, end fur and
: assume that the effect of temperature ﬁ.eld on that of the
velocity ia small, we cen then write that,

d$ a S o |
:: f | x& :

Similarly,, we can deduce that 5’ >’ J"‘ " .from thez!.ze
*’_respective definitions and the abova assumptiono This

‘..yieldegl | ( 3/5) > H ( 5\;;/32_“ .

A simple substitution in the von-Karmsn equat:i.on -
would then lead to,

c éé. CF@ if AP/AJZ N O

=8
-y

H

: < CF a > O) and,
>C. <0 .
(subscript & refers to the adiabatic
wall)

We also xiotice thet the pressure gradient severity
{ e ) .
perameter TC , is accentuated by surface heating if
it was positive. It does not alter significantly if it

vwas negative, as seen from the present experiments.



_11102 5 - Diggugsion on rererence temgerature°

,. A brief discussion will be s:l.ven9 on the possibility
of obtaining a method for reference temperature, applicable
to rough surfaces in incompressible flow, similar %o that‘_
'.generally used for supersonic flow (see (19) for example);

o The method, orisinally derived by Mcnaghan, conaiets
of referring the viscoeity and density of the flow to a
‘“rererence tempere.ture“9 to allow the use of the formulae
of. skin«friction coefficients for sdiabatic walls. The = .
formila of skin-friction for adisbatic walls, cen be

-'written as, -
? ‘. == ch 7 - Cq,
@ '!'z,?eue. ‘ Rm
‘where, C and m are constants, and,

Ra Reynolds number based ﬁpbn'x or some

boundary layer thickness.

When the surface temperature differs from the adiabatic
wall temperatureg the formula becomes,

C'-'-'-’T“"A —CQ

-

R U T R
G = G, - (T
where: /J-r/,“e - (7-’/7,.)

For a smooth surface in compressible flow, Tp ig

l.e0

determined by a semi-empérical formula of the form,
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Tr=tf ("z;i» 75:': M , B ) °

The above functions are obviously not of much use, for
two-dimensional incompressible boundary-layers on rough
surfaceég with érbitrary pressure gradient. A form,
suitable for such an application, is thenthought to be,

: 7c:5§ Fr?{*é »*Z%%T ) 72%' ? TTP; ‘%g%f ’ 7%:) °

=T TRy T
C:; }f-(1T3 k& ) y @nds
w=F (T k) -

We suggest a form of the function F, based on the

previous discussion in f III.2.4, as,

Ir . Tu-Ta T* Tu-Ta
Te I+Ai Tl 'f'AL | ) T ’

where: A'_:_ F; (ks ”PP) , and
AJ.E F;i-( ks 3Rs‘7?§°) o

A reasonable realistic mathematical derivation of the

with: C

functions Cog n, A; and 4, vremains complex at present.
Semi-emperical expressions can only be possible when enough
deta for different values of koo T ana j@i is
collected. . Ta
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I111.2.6 = Presentation of the velocity gi'ofilesa»

The measured profiles are numeriéally tabulated in

Appendix If[,, as mentioned earlier.

The ‘fo:bm of presenting the profiles, has differed

according to authors, even for smooth surfaces, in a search

for a single-parameter family.

The profiles were generally expressed as,
Ulv, = ¢(3/¢)

where: Va and é are gome velocity and
length scales. |

The veloclty sceale was given the values U et We Or
a combination of both, as for the defect profiles for

instence. That of length had 8 S, ’Sz ) T or 5luUe,
K4 u.'g

Each of these forms, was associated with a parameter,
to specify profiles in arbitrary conditions of pressure
s:c?adiento This perameter also variéd,, and had the forms

» I (introduced by Burd (1); N, G, or .

.The verification of all these forms is by no means an
easy task, but some of the relevant and most frequent

will be dealt with.

The perameter chosen by Grusehwitz(l) to define

velocity profiles in the presence of pressure gradients

vas 'Z , where, & 4= S: >
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Pretsch introduced a universsl relation between ¥}
and H to suit the experimental results. . It can be
written as, T (H i .

=l - = »
| H(H+1)
with the corresponding velocity profiles expressed e.s‘B

U/ue = (3/5)F

where: n = 2 /(H=1)

Wh'eﬁ plotting the values of Y| as measured
prerimentélly against Hu (a %m/ %w,‘) on
Fig.I1T1.2.19, a fair agreeinent can be noticed between ,
experiments and Pretsch's universel function. The
. scatter involved and the flexibllity in the determinatvion
of §, would suggest that this method is not completeljr

- adequate for the present results.

The profiles on rough surfaces were also specified,
(4) and (6), as U/Ue = ( J / §, )", where m was diffevent
fi:dm a rough surface to another, but was constent for a |
particular plate.  The range of applicability of such
form also seems limited. The suthors only considered

rough surfaces when no pressure gradient was present.

Nikuresdse demonstrated earlier that a velocity
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2.0

Fig.1ll. 2.19 _ Relationship between H( andn.
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profile on a rough surface can be represented by the law
of the wall, which applies for smooth surfeces, with the
difference that the profile for a rough wall is shifted by
an emount AU/ e below that of the smooth. This
shift was found. to be function of Ry (-:=. kue/v) .
Prendtl end Schlichting verified that fact experimentally
_ for éand roughness. It was also found appliceble for |
wire screens (2), end two-dimensional square ribs (5) and
(16). |

The velocity profiles of the presént study have been
plotted in the forn U (.‘.l u—;) on Fig,III.2.20 to
I11.2.25,

Th‘ese figures show that the linear part is generally
confined to a relatively small region, especially for some

+ of the profiles of II A

The shift of the linear part AU (ku.z y) is shown
on Fig, III.2.26. This figure reveals that the equivalent
height of sand roughness for the examined plate, is half the
depﬂ: of cavities spproximately.

The form of presentation used by meny authors for
smooth and rough surfaces, is the velocity-defect. It can .
be expressed in the fomg

R J
(Ue-UYup = = L e+ A
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Fig. 11.2.23_ Velocity profiles - Case Ty
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Nikuradse found this semi-logarithmic linear
relationship to apply for the regions close to the wall,
and outside the viscous sub-layer, for all haighfa of sand
roughness.

Rotta (20), suggested that the value of the consbant A
appearing in the velocity-defect relation, to be a function
of the parameter G, while Mellor (22) retained that
A=A (T ,et ), where et is a parsmeter introduced by Mellcr

(x= T Ue )
A Ry, e
Some velocity profiles of the present work were

‘plotted in the defect form, for various values of G and TV
as shown by Fig.III.2.27 to III.2.33.

The velocity-defect presentation is favoured for the
piesent application. This is due to the fact that it
.covars the regions of boundary layer awsy from the wall.
This presentation is also consistent for smooth and rough
surfaces, with G as parameter. This statement will bve
supported later (see III.2.8).
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IxI.2.7 = The relstion between the velocity profile defect

paremeger 'G’', and the pressure gradient
paraneter oo

Fig. III.2.2% to III1.2.39 show the measured values of
G, T7,H end H, plotted egeinst x*, for the profiles .
exomined.

Further, Fig. III.2.41 show Gz(’ﬁ')for the three cases of
constant=favourable pressure gradient, and III.2.42 show
this relation for the cases of adverse pressure gradient.
On Fig. I1I.2.43, these relations are compared to that of
the smooth surface, as given by Nash (27).

In IAﬂ the value of G continued to rise without
noticeable change in 'ﬂﬁg until‘ﬁ?was shaxrply reduvced and
G followed.

For both IB and IG9 vhere the plate was heated, a
slight tendency btowerds eguilibrium was exhibited.

In II.Ag the values of G were generslly higher than
those generslly quoted for smooth surfaces. As T is
reduced, the value of G decreases, although it departs from
the original °‘path’ towards the end of the plate-

The relation for IIB 8%ill follows that of IIAg and

shows a ‘return'’ very close %o the relation with T ~increasing

¢ X being the distance measured from the beginning of
TOULHNERS,
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Ag for IIc, complete agreement with I1, and :l'.IB is
obgserved, and then continues smoothly for further values

of M. It then reaches the higheat values of Tl .

as T is reduced, G also decreases as before.

In II,, II;, end II;, the value of G did not continue
to rise as the pressure gradient was decreasing in
severity. This did not occur in the experiments of Imdwieg
and Tillmann reported in (20) and (27).

It sppears that the experiments of boundary lajer_
on a smooth surface, passing from the condition Ue o
to Ue% Constant reported in (36), show & similar
behaviour to the present results. | '

-0.255
x

The higher values of G found in the present experiments,
unlike those for a smooth surface under similar conditions,
mey be referred to the higher values of H, for a rough |
surface. This was already shown in (27). i‘he aifference
. between the values of G for a smooth surface and those for
a rough surface become more pronounced when ci, is reduced
due to surface heating. This occurred in the present

experiments for T = |

Furf.her in II A9 adverse pressure gradients with no
surface heating, the conditions for equilibrium

boundary layers:
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is..f (or ___.___"‘S‘“ ) = Constant 9

(see Fig.III.2,40),
were pregent for 14" L X < 26", but equilibrium

conditions were not achieved.

The lack of equilibrium in both IA and IIA may be
.4re£erbed to the short length over which the necessary
conditions were satisfied. Also the height of roughness
' was maintained constant in the present experiments, and
_'n,°‘? the form K oc ( X,," xo) as suggested by Rotta (20)- :

-~ More useful information about the behaviour of
boundary layers on rough surfaces could be achieved by
setting equilibrium conditions, and comparing the results
with those readily available for smooth surfaces.

~ Perry and Joubert (5) have extended the method of
computing the skin-friction coefficients adopted by

' Gldﬁser“(la) so ag to be applicable for rough surfaces.

The method*® consists of assuming that Coles' wake
hypothesis is applicable, so that the whole profile could be

¢ A similar treatment appeared in (16).
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described by, A
U = _%'_Ln.y:-; +B — %_:_(3_1_ :I_%@(-Y/S) ’

Ue
W being the universal wake function, and,
‘éﬁ%e the shift of the log. law of the wall for a
rough surface.

This could then lead to the relation,

GG Le(2508). T kLT oo
+[E T o)

where: &2, is the distance normal to the wall meesured
from the crest of roughness elements, &nd,

- € the origin correction distance.

According to this equation a set of straight lines
representing %@ against LJL_(,J& “i'é) could be traced
having the slopes ?‘E gﬁ . The experimental results
are then plotted in the form U/Ug( Lh(‘iyﬁ' 6)) , &nd
displaced verticaliy until they conveniently match a particular

velue of Gf9 approyriate for the measured profile.

Unfortunately, this method has its limitations of
requiring a feirly large region in conformity with the
law 'o'...‘_.‘“the wall. Hence, it had very limited use for the
preéent worlk; the same was concluded by the authors(5).

Otherwise, the method may retain its merits.
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Further, the methods of celeulation of the skin-friction
coefficients from the formulae used for smooth surfaces
clearly prove to be inadequate for the present experiments.
This is due to the ordér'of magnitude of the various integral
terms end the shape factor E, or H,, which is higher for
a rough surface than for a smooth surface under the same
conditions. This is a result of the effect of foughness
imposed bn the velocity profiles.

For instance, Rotta (20) introduced the somlg,,
U
e.(R) §7§£03?5 +37 7

while other formulase, including one by Nash, could be found
in (23).
As forvthe shape of the velocity profiles, Rotta (20)
’1ntroduced the form,
(Lﬂ-‘ 24z 4 2A L )-rC(l#‘-f-;—g-‘f)

for < Y £ 5§,

while Coles expressed it, in the same range, as,

U - U =“‘!&: Ln%— —r%'(?"‘”w(%) ')

U
Rotta then derived analytically the value of the

constant of integration 'A' defined bygr
Ug- .Yw
- S,
= 75 bog % +A

€
according to both profiles, and expressed it as function of G.
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The values of 'A', determined experimentally in the
present work, were found to agree closely with Rotta's
relations; or at least that according to Coles' profile.
This is shown on Fig.IIl.2.44.

Mellor (22) on the other hand, introduced a generalized

’VOIQOity profile, on the basis of an eddy vizecosity.
It took the form,

U= Lim [§ 2B dy -t Lnete Ty -‘g’_-"][(“%ﬂ?g,)}é'aug}
[ z(ue+730‘ -u |
+ Tf‘ Lx [ ;F(uz-r’Pg)’%uz] ’
e, Y0) = K2 Gk, wa
B =EPhx) b .

Two separate expressions were then derived, the

applicability of either being depéndent on the value of o
(%5 7T'OQ'//a25,€L1 ) o

Mellor then related the constant of integration ‘A’
to T s in the inexplicit form A + B(x). Here B(#0) is
the constant appesring in the logarithmic law of the wallg
It was celculated to be equal to 4,92, 4.9 and 4,94 |
éorrespdnding t0 o¢ equal to =0,01, O and 0.02 respectively.

Mellor also derived a gemeralized skin-friction

~relations in the form,

L .'!_:c;(’ir R
Ue lUc ' SI)
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The values of 'A' obtained are compared with Hellor 8
on Fig.I1I.2.45. It is then evident that good agreement
for the range =0.3 & T < 0.8 exists, while a marked
departure from Mellor's predictions occurs for TT 72~ 0.8.

As ?I::he parame'&er o in the present experiments was

< 3.3 x> 1072 s 1t waes thought suitable to assume thatb
B(eQ msy be taken as 4.9 for all the profiles tested.
Fur'l:heri,: the limited region of linearity paz-allel to the
law of the wall, found for some of the examined profiles
as discussed earlierg/be considered unusual for such
values of & according to lMellor’s analysis for smooth
surfaces. For a rough surface this is not necessarily so,
considering the differences in Yz  or ng , for 'bhe‘ two
surtacéée | ¢

However, to illustrate this difference, Fig.III.2.45,
shows a comparison between the obtained results of u-?/ Ue
and those of a smooth surfac69 as given by Mellor, for a
value of R 5 an order of magnitude smaller, almost
everywhere.

The value chosen for Ble¢) does not seem %o be the
ansver for the descripancy presently found with ‘A’ on
Fige IIT.2.45. Mellor noted theb B() is closely

related to the behaviour of T / Tw outside the viscous
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sublayer. This would differ from 4.9; for ot =0,

ie Taﬁaﬁdoes not approach unity in that region. However,
in the limited range of the obtained measurements, &
rough surface behaves very much like a smooth one, when
7?45”18 concerned, outside the aublayero This will

sppear later on.

The conclusion can be made that if we acéept the fact

of relating A %o G (5 G‘(-Hu 3 %‘—t) ) as suggested
by Rotta, and not to 7 as proposed by Mellor, the
applié&bility becomes more generalg That is bécause the
relation G(7) varies according to the velues of Hu and

“ﬁ/ﬁe dealt with from one case to another. To relate
A directly to G &lso appesars more appropria:be9 considering
the definition of G itself. This conclusion is
~confirmed by the fact that whenever G (7T) of the present
experiments agreed with that of the smooth surface, or wasr_
not oo far from it, both Rotta's and Mellor's predictions
were close to the experimentel results. Only those of
Rotta were spplicable when the two relations of G.(7T)

departed significantly.
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11I.3 -~ Thermal Boundary Layers:

In this gection, the thermal boundery layer and
heat-transfer coefficients will be discussed, as the‘
velocity profiles and skin-frictions have been previously
dealt with.

IIT.3.1 = Temp

erasture profiles behind roughness elements:

The heat-=transfer behaviour nesr a rough wail has been
modelled by Owen and Thomson (24), who analized the £low
- pattern on the basis of existence of a’horseshoe (secondary
flow) eddies surrounding the roughness elements. |
Doenecke (4) sketched a model of the temperature profile
behind a roughness element similar to that shown on Fig.III.
J¢1lc Unlike the wvelocity, the temperature profiles”
start at the solid surface, whether it is the crest oflthe
roﬁghness element or its trough. The shape of the
_‘temperature profile measured from the crest of a roughness
elemeﬁt might not differ too much from that measured |
on a smooth surface, did not that the temperature change
much more rapidly in the close vieinity of aléough surfacé
‘than in that of the smooth. The profile behind a roughness
element 1s suggested to have the following regions; |
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a region close to the surface, in which the
temperature varies rapidly in a fairly thin
layer in a manner most likely to be linear, and
depending wholly on surface temperature and
£luid properties, |

& region which forms part of the eddy behind the

 roughness element, supplied by heat from'fhé'fbﬁhef

30 =

40“"

region and diseipates it to the outside flow,

a region which almost coincides in space with the
viscous sub-layer of the velocity profileg |
where the temperature varies according to the |
local wall temperature, its gradient Worot. X
and the present velocity field, end,

a8 reglon outside the influence of the wall‘and
completely definied by the velocity field and
the fluid properties.

The whole temperature profile behind the‘roughness
elements is not altogether feasible with reliable accuracy,
without disturbing yhe delicate structure of the flow;

&t least for the type and dimensions of the presently
studied roughness. The part actually measured was that |
consisting of the last two regions only, which starts atg .

or very close to, the origin of the velocity profile..
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The origin of the measured profiles was then teken as tha
of the velocity profile. Thig was determined from the
measurements of the velocity as described in ‘f IIT.2.1

earlier on.

- The measured profiles are tabulated in Appendix II
eith their respective veloeity profiles.

o . The boundary lgyer thermal displacement and enthalpy

fthickneeses Z&. snd L, were calculated aimultaneously ;”‘:

_fwiﬁh the dynamic thickness by the computer9 using the e

'method of trepezoids as well. L
'The»thained;valuee gre shown on'Fig; III°3@2i€o 

III.3.5, and tebulated numerically in Appendix I.

ts:

IIIo§e3e = Heat-trangfer coefficien

The heatetransfer coefficients of rough surfaces
are generslly found to be more than those for smooth
surfaces, in the same flow and wall temperature conditions.

Although the "rougher" a surface is, the more the
value of hest-transfer coefficient is likely to be, it
has been already established that the increase in heat =
transfer due to the presence of roughness is less than the
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increase in skin frietion.

In the present experiments, the_hegtétransferw
coefficients were calculated from the values of the power
input to the electric heaters, as described earlier in‘f_
IX.5.

- The calculated coefficients for isothermal heating are.
‘plobted on Fig.IIT.3.6 and III.3.8, together with the - |
graphical differentiations of AL, . Good agreement
between both results is seen, except near the downstreen
end of the plate, where the calculated coefficients seem -
to be higher than the values of o D, /dx -

This is perhaps due to inevitable heat conduction
to the 2% x 2} in. steel angle supporting the rear end of
the plate. '

Where the plate temperature undergoes a stepwise
varistion , Fig. I1l.3.7 and III.3.9 show the heat-transfer
:coefficients as calculated by the measured power=input of |
the heaters, together with the graphical differentiations
of A, This shows a large diserepancy between the two

values, which can be reasoned as follows:
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1. - the heat-transfer coefficients for the flat plate
can be generally written as 2,

sy | e 45 U4, (-
Sb ge Uecr(m.ﬂ:) {4 % ge_ Ug_ (W )

- i ﬁ"}g“ ge.U;s S3 .

This equation then suggests that the mere term

dA, /dx will not elweys be representative of the
heat-transfer coefficient, snd in particular when
the wall tempersture gradienf differs from zero..

In the region where o Tw / dx differed from zero

in Tc end IIc, the term _T?._.é..e. (47&/:!)() was
added to Q!Az / dx , as seen on the corresponding
figures. | ' !

The other terms of the above equatlion were not taken
into account, because they were thoughtof small
effect, com;éared to the total value of heat-
transfer coefficients. Taking into consideration
all terms for X = 18,25 in IIc, the |
coefficlent was calculated according to -bhe above
equationg the result of which was as follows:

term including > T-/Ax ¥ 076 S,
" o dA;/J){é 0,286 S¢

terms, " d Ue /clx £ ~00445. | ana,
term n - d §y /dx £ -0.0013 S, .
t*Assuming that the effect of turbulent fluctuations, radiation

and natural convection can be neglected compared to
forced convection.
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2, = In fhe resx part of the plabe, where the surface
temperature is approxzimately 0.1 e higher than
that of the upstream, there is no guarantee that
the heat does not flow by conductivity through the
material of the plate. This would result in an
apparent rige in the 1ocal coefficients at the'»
regr part of the plate, where heat f£low to the
supp@rting angle is still preéento Alleviafi@n.
of the steep rise in coefficients at the m;ddle
of the plate may be observedo
A qnick check on the values of the integration .
J S(Te-Te) dx  as calculated from the two

“pesults mey support this view (see Fig. ITT03.10)
Tt cén be then suggested théﬁglonrﬁhe whole, the
aocuraey of the values which were obtained for the hea$=

transfer coeffi@ienzs* was quite goodo

The results obt&ined9 and the above discussiong thus - |
indicate that the effect of pressure gpplied in the presant |
experiménts was smallg especislly when compar@d %o th@ir |
efféeﬁ on the skin-friction coefficients. ’

~ The more @ffe@tive perameter was the wall=tenperaﬁure |

gradiente»

» The chosen values are ghown by the broken lines
on Fig. IIT.3.6 o III.3.9
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The Nusselt numbers were ealculated and plotted
against R,*, Figo. III.3.1ll represents the isothermal plate,
while Fig, IIT.3.12 concerns the step-heating.

On these figures, the values obtained by Nunner (25) were
. extrapolated to the presently examiﬁed range of R .

It is then clear that the values of Nu(Ry) for the
iscthermal plate vere very near to the extrapolated
relation shown by Nunner for & value of ks = 3,14 mn,
This 1s aspproximately twice that valﬁe of the present
- ,exﬁerimentso In the region where dT /Qx differed

- from zero, the wvalues of Nu sometimeatopped those of ks 9
as high as 15 times the present value. The values of Nu |
afterwards approached those found for smooth pipes.

The free stream temperature for the flat plate is
congtent, while the core temperature of the pipe is

constantly dinereasing.

*To calculate Ry » 'x" was teken as the distance measured
from the beginning of roughness, because this was the
beginning of heating. A mean value of Pr = 0.73 was
taken for all profiles.
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Fig. II.3.12_ N, (R, ) for the cases of
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mﬁs,ertect of an increasing outside temperature being

opposite to that of sn‘increasing surfaceltemperatureg

Also,, the roughness elements used by Nunner were |
tWOadimensionalg while that of the present experiments 18
fthree=dimenslonalo This may lead to increase the heat
: “rtransfer due to the larger area of the surfece "wetted"
by ‘the air flow. It may also be argued that the three=
" aimensionality affected the skin-friction, but not the
‘heat-transfer. o

Perhspsthis accounts for the‘ observation that thé-: |
_;sothormsl "cases approach Nunner's resulte for Ks =3.l4 ém\"

Koch (26) has extended Nunner s work for higher velues

of k Hn.s results show that a pipe having a resistance .
coefficient of 13, 33 times that corresponding to Nunner s
pipe. -_of,ks = 2_298 mm, has only increased the ratio of
Nu_s's,'e;t number of the rough pipe to that of the smooth
(5 ”%ti) from 2,6 in KNunner's case to 3.6 approximately.

Eurthfer discussion on the relationship between
e;t‘fsc_tive roughness and heat-transfer increase will be |
given in § III.5 later on.

The hsatatransi'er coefficients of the region dominated

'_'b;y the roughness elements 'B° was caleculated by the
metho.d of Owen and Thomgson (24), where no temperature
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‘gradient and little or no pressure gradient was applied.
The formula given for the flat plate can be written as:
I/S Ue 4 LY
, uz B

The results show close resemblance to those of Nunner
(see Fig.III.3.,13) which are quoted im (24). They conform
with the behaviour of the total hear-transfer coefficients
‘s,’.

It is interesting that the present theories for smoothi
éurfaces predict highex heatatransfer'coeffieients after
the surface temper&ture undergoes & stepwise discontinuity,
then those of an isothermelly heated surface. This is

contrary to the results of the present experiments.

This discrepancy is thoughs to be due mainly to the
basic asssumptions oi‘similarity between velocity and
ktemperature profiles, the form of velocity profiles chosen9

and the disregerd for the effect of fluctuations. .

Bradshaw et al. {38) recently introduced a method
for the calculetion ofithe dynamic boundary layers. They
have pointed out the possibility of dedueing a parallel
method for the thermal boundary layers based upon the
turbulent=temperaturewflu@tuations eguation, Such & method
might yield more reslistic results for experiments like

those presently discussed.
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IIT. 3.4 - Ereéentation of the temperature profiles:

The temperaturé profiles on a rough surfece, as
described earlier in ‘§ ITI.3.1, begin at ‘values of 9€ﬁ°;ﬁ
- much greater than the corresponding values of Lb/ue of the
velocity profiles. i This difference between the two profiles
continneg to decrease until it eien&ually vanishes near the
outer edge of the boundary layer, where both 6 and L&4Je
tend to unity. This observation is already esteblished
by the exberiments of Brunello (3), Doenecke(4) for the
flat plate, and by Nunner's experiments (25) for the pipe
flow,

Kestin and Richardson (28) also noted that ﬁhe effect
of roughness may be deseribed as similar to the effect of
increase in Prandtl number, except that the increase in
'Erandtl nunber affects the temperature proﬁle9 while
roughness affectsthe velocity profile,

The limits for the temperature profile are not the same
as thosé'for the veloclity near the wall. It is then cbvious
that the Reynolds analogy (ESt/cf = 1) does not necessarily
appiy-for a rough sﬁriaceo Reynolds analogy factd: was |
foﬁnd to vary between 0.4 to 4.2 approximately in the
present experiments. The value for no pressure or

éurfaceetemperature gredient was about 0.79.
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The effect of roughness, Tw /Tc , c!'ﬁ’;/dx and T,
is best seen from the set of Fig. IITo3.14 to ITT.3.21.
below. On each of these figures, we hé.ve plotted é( Y) ana
U/Ue( 5) as measured by the hot-wire probe. é(y) s
measured by a 0.5 mm bare-bead thermistor was also includedo
The thermistor measuring current wes such that its
temperature was pot raised more than 1°C, to avoid the

sens:i.tivi'by to the air speed.

From these profiles it is clear that the effect of
7;:!/’5’;, and dm/éx was confined to a thin leyer close to the
‘origin’, The oubter part of the profiles was more a.ffec_zte&
by the veloeity field., These figures were also the bagis
upéii which the divisionsdescribed in § III.3.1 were 'choéené

A ﬁni,gue profile € ( %«) was found for éach pléi;e
of (4) and (6). This is not valid in the preséb:b work,
since both temperature and pressure gradients wére applied.
Hovever, a comparison is made on Fig, III.3.22 between the
'pr_esen'b results, at no pressure or wallétempei'ature
gradients, and the results of Doenecke(4) for his plate
with two-dimensional square ribs.

Nunner has previously attempted to relate the

temperature profiles with surface roughnéss. He
plotted % ( é) and compared the curves obtained with those
e .

given by Ho Reichardt for different values of Pro He thus
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obtained "enlarged or equivalent" values of Fr.

For Iy, the value of (..—Pf)eq was 3 approximately.
This approaches Nunner‘’s value for his pipe with \<S='5-\4- mim.
The value of(Pr)“' differed from that when boundary layers
with pressure and/or wall-temperature gradienté were

considered;

Deissler (29) introduced the temperature profiles of

the forn ¢t & E%; ‘lei )= plLe=]

which were derived assuming the law of the wall as velocity
profile. This might be spplicable for a smooth surface,
where the velocity profile is universal. It is not
necessarily valid for a rough surface, where the location

of the semi-logarithmic line depends on Rk (: ks ur/v ) .

Instead, we propose a temperature-defect presentation.

This would be of the form;

Ju

-—sz 9* F[A‘Je] :
where e... _ Cf- _l_J_g_
€T 25 Tux

~ This was applied to some of the obtained pr:b."!:l.leaﬁ
covéring 8 range of different pressure gradients, wall
temperatures and wall temperature gradients, as shown on
PigoIII.3.23.  On Fig. III.3.24 two profiles from (4)
for rough wa1189 and one from (3) for a smooth wa.].ll9 with

no pressure or wall-temperature gradients were shown.
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These figures show that there exists a layer close
to the wall, and outside the viscous sublayer®, in which
the relation tekes the form,

- 9: = {og 3!42 4 A‘% .

Unlike the velocity-defect, the profiles seem %o
join +the ﬂu‘e/A,Ue ==ax:is_ asymptotically in almost the same
region, for all the examined profiles. This was not
80 with the wvelocity-defect presentation.

It is also interesting to note that, the slope

/Jug
Ae*/ﬂs . Ue. was not alweys greater in the wall layer

~ than in the ‘defect-leyer' as it was the case with their

velocity profiles.

* This need not be exactly the same as the velocity

sublsayers
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The empirically determined constent of 5.4 could be
a function of Pr, this would be suggested to take the formg
R)" /«
_L-. - T') /Ko
Ky,
n & | / 7 .
The constant of intsgration Ah was found to be a
consistent function of 2St /CF ¢, a8 shown in Fig. IIl.3%.25.

(for the present experiments)

The suggested method, undoubtedly needs further

verification and discussien, before confirming its validity
and limitations.

®* Note that the ares enclosed by the temperabure-

defect profile and the two axes would become Cg /fzstg if
we can assume that ?/Qe v { .
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III.4 = Turbulent Quantities:

The present section which deals with fluctuation
measurements is divided into two parts, that dealing with
the 1ongitudinal velocity rluctuations9 and that concerning
Reynoldg stress messurements. The latter.alsc includes

the study of the effect of surface change.

IIT.4,1 - Lopeitudinel Fluctuations:

An example of measurements obtalned foﬁ longitudinal
velocity fluctuations is shown on.Figo ITI. 4.1, They are
selected %o include boundary layers under the effect of
negative9 zero or positive pressure gradients in the absence
of surface heating. The curve of longitudinal fluctuations
fbr'd‘smco#h surface as measured bybxlebanoff‘(lj is

also showno One of the measurements in the presence of

_surface heating is included on the same figure.

. The figure reveals, as expected, that the turbulent
-:tluctuations for the surface examined ars higher than

those of the smooth surraceo

-a#suiface roughness was referred to sometimes in

‘iiﬁeiature'as "turbulence generator",
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lMore important is the observation of expansion of +the
‘peak’ of longitudinal fluetuvations usually occurring at, or
very nesar, the origin of the velocity profiles of smooth
surfaces, This may then suggest, with the fact that the
origin of the velocity profile behind & roughness element
is below the crest (inside the cavities in the present
study), that the fluctuations over the crest of the
roughness element, which are at least as high as those
over a smooth surface, ere spread from the downstream

edge of the roughness element to the flow behind it,

It 13 worthwhile noting here that a core diameter of

- 0,0002 ino was used for few experiments towards the end of
this work9 because of the ‘sometimes incurable’ instability
of the DISA bridges with 0.0001 in core Wollaston wires.
Although they worked quite satisfactorily for mean values,
~the fluctuations obtained with such wire diameter (a

) 1éng€h of 1 mm approximately) did not show this peak"
feéture near the origin. of the veloéity profiles. ‘They.
almost agreed with the other measurements in the outer
part of the boundary layer. This may be due to the frequency
of fluctuaticns near the origin at its highest. The

. greater the dliameter of the wire, the less the cutaoff
frequency may be. |
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Another bbservation.may be made from the above
mentioned figure, that velocity fluctuations tend to
vanish near, and at, the chosen origin of the veloecity
profiles. This is a further support to the choice itself.

| In the renge of the presently applied pressure
gradients, their effect on w'”  4is found to be smell.

Finally, the measurements obteined wheg_gurface
heating was applied show higher values of va in the
neighbourhood of the origin. This is due to the existencé
ofrtempgrature fluctuations, and the inevitable sensitivity
of the wires to them. Generally speaking, the values |
tend to approach those of the unheated surface away from
the wall, where the temperature becomes near its value in the
free stream. Probably the temperature fluctuations then
diminish.

Unfortunately, the present experiments have not
discovered the magnitude of the temperafure fluctuetions,
or thelr effect on and correlation with those of the
velocity. This is mainly due to the necessary electronic
appaiatusg which is simple in principle, yet relatively

elaborate to construct.
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Inol"og = S

Soﬁe shear-gtress measurements were obtained where
no surface heating was applied, by the use of the X -wire
probes describéd earlier in § i1Il.4. The results thus
obtained for I, and II, are shown on Fig. III.42. end III.4.3
respectively. The accuracy of these measurements was
not alwajs completely setisfactory, as is usual. They
ravealyinteresting features of the boundary layers on a

rough surface.

The values of shear stresses on the presently
examined surfesce were higher than those of the smooth
surface measured earlier by Klebanoff (1), as already

snticipated.

The measurements could not be carried out very deeply
in the cavity, because of the size of probe relative
to the depth of cavity. The shear stress is expected to
fall rapidly towards the origin of the wvelocity profile 9‘ as
was the case with the longitudinal fluectuations.

Further, the peak shown by the shear-stress measurements
conforms and coincides in location with that shown on the
longitudinel fluctuations, but is sharper than thé peak
of iu—z |
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This sharp peak is thought to represent the roughness
dominated region of the boundary layer, the rest of
measuréments 'being similar but sl:l.ghtly higher than those

of the smooth surface.

| - It mey bé considered also that the shear stresses on the
crests of the roughness elements do not differ greatly from
those of a smooth surface, with an abrupt increase behind
the roughness elements due to their form dreg. The
momentum differences compﬁted to determine Gf mey then
represent the mean value of both cases averaged on the

basis of the ratio of areas concerned.

If we take a mean value of 4% as about 0.06
r I, and the peak value of (g%"u”/ UZ) behind the
roughness element to be 0.6 x 10~2, and the area occupied
by the cavities to be -‘%- end that of. the crests s of the

‘ 9
‘total area, we then propose that,

éi: X 0.6 X 10 + %Cc = 0.36 X 10

" where: Cc is the shear-stress at the crest,

-9

This yields -2
o ch 0.|€7><IO .

as compared to 0.15 x 102 of the smooth surface.

From the measurements obtained we have chosen the
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caleculation of T / Tw Drofiles, for TM=0' ena MW=0557
to be compared with the profiles of equilibrium boundary
layers on smooth surfaces as given by ﬁbllor and Gidbson (21).
This is shown on Fig., IXX.4.4 and III, 4,5%,

The values of Y U'" //lLa as measured by the single-wire
probes are compared with those calculated from the messure-
‘»ments of the X ~wire probes on Fig,III.4.6 and IIT.4.7.

This suggests the possible accuracy.

It can then be confirmed that boundary 1ayera'on rough
surfaces behave generally like those on smooth surfaces,
leicept in the roughness dominated reglon, as was suggésted :“k
earlier by Nikursdse. o

In a recent publication, Bradshaw, Ferriss and Atwell
(38) derivg%ygrpharacteristic method for the calculaﬁion
of boundary/development. It was based on the turbulent
energy equation, the momentum and the continuity equation.
These equations were found to be hyperbolic, with the ‘
physical significance that the effect of a small disturbance
at a point P is confined to the downstreem side of the
characteristics through P, "The variables U ana tﬂW'could
be considered separately from V , and the physical

*The molecular stresses were not included, asl /u _g> 'Z'w]
measured 0.05 and 0,04 respectively. 0 mag
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situation represented by the finite angle between the

characteristics is the finite angle of spréad of

contaninant diffusing from a point source'. 'It was also

noted that for homogeneous turbulence, the standard

deviation of such a contaminent weke is [ u-lz/ u ] (.’x x")
,'rbr small values of (x...x,) .

If we consider the spread of fluctuations above the
crests, discussed earlier in § IIT.4.1, the presently
found width of peak behind the roughness elements agrees
qualitatively with the local values of( /U ) =) -
The suggested method was applied to smooth surfaces, and
agroed patisfactorily with experimentsl results.

The appl:l.cation of the characteristios method could be
erbended to rough surfaces, if the funetione introduced
in the analysis, a,, L and G defined by:

a, =T S"f,'

L= L(2)- (__/” %ﬁ‘;‘,) ,
G=a()=[F 7]/ (55
A '

with,

ére modified to suit the particuler case of a rough surface.
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The modification of 'G' may prove to be unnécessary,
but a, which was teken constant equal to 0.1l5 mey be
slightly reduced®. It is most important that the function

L (5%-> describing the dissipation length parameter should
be superimposed by a "peak function', spread over the
roughness=doﬁinated region ( o< —'g- < 0-08> » The maximum
velue of L is thought to be unconditioned by the local wvalue

of ?EV%Y only.
It is undersbtood that such an extension of the method to
rough surfaces is intended. It is recommended that more

measurements of the turbulent quantities should be cerried.

out in the roughness dominated-region and above the cresta.

2
°depending on W' which was not measured in the

present study.
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The effect of abrupt change in surface conditions was
studied earlier by Jacobs (1) in channel flow, and by
Townsend (31) for large scale (meteorovlogical) boundary layers.

In the present experiments, the surface roughness was
eliminated temporarily by covering part of the plate with
self-adhesive polythene sheet.

Some méasurementa were taken in ;A‘and IIA for boundary
layers undergoing the change from smooth to rough surface

or vice verse.

The measurements obtained are shown on Pg.III.4.8 to
IIT.4.11.

The effect of surface change is seen on these fisures‘
to penetrate in the boundery layer from the surface outwards,
until eventually, after a considerable distance from the
origin of surface change, the variation of the shear-stress
across the boundaxry layer becomes fully representative of the

locai surface conditions.

This agrees with the behaviour of results obtained by
both Jacobs and Townsend. The effect of surface change
would not, in general, depend considerably upon the outside
flow conditions, as it can be seen from Fig.III.4.12. The
p#esently epplied pressure gradients had little effect on the
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penetration of the effect of surface chenge in the boundary
layer, in the range of this study. In his paper, Townsend
(31) explained that a parcel of fluid 'ehter:lhg a region of
changed rate of strain cannot experience noticeable change
in tur'bulent energy in less time than its turbulent energy
( Y 3uz‘) devided by the rate of energy dissipation(= -§ )
In that time, the parcel would have moved a distance ‘along

X equal to the time multiplied by u(y)-

He alao explained that the same argument applies to
fluid pearcels at dis'bances which are large, compared with
1‘\1—{- . U( 3) which acquire Reynolds stresses accordiﬁg
to local rates of shear.

Towngend assumed a velocity profile of the form,
_u I
U=t by |
where k, is the local roughness height.
This predicted smaller values of ) than the presently found.

Oonsiderihs thé range covered in the present study, it
was thought suitable to essume, for & rough surface, that
the velocity profi.lé takes the form,

-%:-c = 5.75 iog-k— + 8.5 ,

where kg is the equivalent sand-roughness heigh'b
which was found half the depth of cavities
approximately. i
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This would then result,

{ Smooth '

af‘_g]to = 1.2 :\.".'@'_[5'.75'%3%%&-,-3.5'].
k

l k Rough

Isimilarly,, for & smooth surface, the law of the wall

seems an obvious choice, and,

[&)R:zgh 125 [56bg2izys] .

k Smooth

The two relations are shown on Fig. III.4.12, and
suggest reasonable agreement with the results obtained.

It might be noted tha.t the analytical curve !lf— ( 2&-‘:)
for the case ’'Smooth to Roush" show a deviation at Y, / k~3.
This is only caused by the deviation of the veloecity
profiles themselves from the linear semi-logarithmic
relation suggested above. The relation °‘Rough to Smooth®
was calculated for a single value of %3 chosen to dbe
2 x‘.loq',, which cori'esponds %o a value of ( (¥ 2x 10=2,

The present modification is limited by the validity
:o.'l‘.‘, f;hé suggested forms of velocity profiles, and can ohly
be applied near the origin of surface change, as it is the

- case here.
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The selection of a particular type of roughness %o
suit or to avpid a éertain function, depends on its friction
and heat characteriéticso It is then thought that a scale
of comparison needs to be est up for both gqualities of

momentum and heat transfer of & rough surface.

- The obvious momentum scale is thought to be the
equivalent height of sand roughness, while the Nusselt

nmbser of a smooth Qurface is chosen for the heat transfer.

The essential diiference between a rough end a smooth
}surfacé‘ia_the existance of eddies behind the roushhess .
‘elements as described before. It is then suitable to
assume that the dynamic and thermal characteristics of |
rough surfaces depend on these "horseshoe eddies" (24).
They ere supplied in energy by the outside flow and
transfer heat from the surface.

The asize of an eddy depends largely on the space
‘behind the roughness elements. This in turn depends on
the spacing and distribution of the roughness elements,
ﬁhich can be represented non-dimensionally as the ratio
of piteh to height of the roughness elements D/k.

There should exist an arrangement corresponding to
the formation of eddies, which could dissipate a maximum
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energy, as with isotropic turbulence (32). Thie arrangement
is then expected to possessthe highest ratio of k/k.. . It

is’ alao expected to transfer heat best from the surfaee,
thns having the highest value of Nu/lm

| The above discussion is supported by Wieghardt B
experimen’bsg (33) end (1), who found that the drag or a
rough plete hes a peak value at & certain roughness
arrangeniehta His roughness elements were circular |
cavities. _prevem this is contrary to what was co’ncludé.d |
: by Ambrose (15), when he experimented on circular eavit:l,ee
and short cylinders 1n'1>ipeso Ambrose claimed that'the'_'_
resistence increase depends upon the ratio of area occu'pied"‘
by the cavities to the total area, and not related bo |
| theiz- size or distribution. |

The relation -R-(L) is represented for some types of.‘
roughness geometries in Fig.III.5.1%, the data for which
was teken from (1), (2), (16) and (25).

~ It can be seen that, at least for the seometr:l.ea wi'bh
- ‘enough available data, each roughness geometry has a -

°A similer representation was shown in a departmental
geminar at the Imperial College, given by the author
in March 1965. |
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ninimum value of k/k8 corresponding to the "roughest"
arrangement.

The results of Schlicht:lng for apheﬁr:es, cones and
spherical segments were, very similar, grouped on one
curve. Bettermann's results for transverse ribs seem

to approach those of Schlichting for short angles.

The present experiments show "smoother” conditions
than thoée of two-dimensional square ribs. This indicatés‘
e noticeable effect of three-dimensionality of the roughness
geometry, already seen by Fig. III.2.26. |

Bettermann (16) haes arranged a similar group of
information on a set of curves with é'&u and Sr S *,
- 'o -c'
at a particular value of "?& (—:—' "‘—g-? followling a presentation

suggested by Stevenson for wire aci-eens “).

The same conclusions could obviously be reached by
either method. The present one was retained for its clarity.

We could trace a locus of the furthest conditions
from the origin of Fig. III.5.1 which satisfy the fully

rough regime, whenever enough data is collected. The

& Sf’ being the ratio 68 arsa occupied by the roughness
elements.
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hydraulically smooth surface is represented by k/i — o
or 'TD//L — oo .

Richards (34) found in a recent studyvof roughness

- induced transition of boundary layers on smooth surfaces

in hypersonic flow, that the type of wake generated by the
roughness elements was more effective a parameter, than only

the height of the elements.

transition
This was c¢lear after he compared/induced on one hand

by a tripping wire, and, on the other, those induced by
placing some smaell thin rectangular triangles mormal to
}the'surface at incidence to the outside flow; or a line of
-small spheres. | |

| This may be an indicaetion that the discussion for
subsonic ﬂowg may also be valid for hypersonic speedss_'

aince the basic form exists.

The application to low aupersonic speeds nay péove'
"to be more complicatedo The boundary layer then lacks

_ths simplirication of the presence of & considerab]y smaller:>
mass f£low layer as it is the case in hypersonic flow.

The use of rough surfacés9 however, for heat exchangers
‘and similar spplications may require the ineressed heat
_transfer qualities of the surfssce, with a reasomsble
increment of the skin-friction associated with it.
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It then seemed relevant to study the effect of
‘roughness geometry, especislly spacing, on the heat transfer
characteristics. The values of Nu/Fuo obteined by Nunner
for rough pipes (rings of semi-circular cross-section 4 mm
higher than the surface of the pipe) were plotted egainst
D/x, as shown in Fig.III.5.2.

1t is then evident that the heat transfer is maximum ab
the same value of D/k for which k/ks is minimum (see |
‘ FigoIIlosal)o )

Koch (26) has also represented the values NWO
against ™M for measurements of rough=pipe tiow with D/k
as parameter (wm is the square of the ratioc of the inside
| dlemetexr of the pipe measured from the crest of roughness
. elements to that measured from the troughs). Koch found
that a meximum value of Nu/Nuo exists for each value of
Veat m 0.3 .

The values of D/k coversd on the presentation of Koch
ranged from 10 to 200, with Nu/Nuo, for s certain value
of m , decreasing as D/k increases. As he had represented
earliez.- the resistance coefficlents as a function of D/k,
for different values of M as parameter, it was seen that fbhel
resistance coefficients -pa.as-by a maximum et D/k ¥ 10,
similar to Nunner's experiments. It is then reasonable to
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assume that, for the values of D/k less than 10; the
curves o.f Nu/Nuo are lower than that for D/x ~ 10.

This means that there exists a certain roushness
errangement for which Fu/Nuo is maximm«maximumo ~ This
~ would be, in Kock's case, the roughness satisfying both
| /1: ¥ 10 and M 4 0.3°. The friction doefficient is also
expected to be at utmost heigh‘be a

‘ Nunner’s experiments were plotted in the £orm |
'(Nu./Nu.o ) [ k/k | ‘on mg.111.5.3. It is then olear
that the increase in friction is more important than the

‘_i;n:crgase in heat transfer.

* For flat plates the two conditions would be a value
of D/k at a certain height k.
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IV = CONCLUSIONS

The following conclusions are deduced from the present
work, which was carried out to examine the behaviour of
bbundary layers on & surfsce with squaré cavities as
roughness elements, in the presence of pressure gradient

and surfacing heatinga
| 1, The welocity profiles behind roughness elements,
. whether cavities of protrusions;, teke similar.form's9
and the origin of the profiles is eituated below the
crest of the protrusion or the top of cavity,

2. The effect of surface heating on the skin-friction
coefficients depends on the pressure sradient presen'bs

" whether negative, zero or positive,

'3; The form of the veloecity profile which had the gréatéét
application in the experiments of the present work,
was the velocity-defect rroﬁle9 with G as parameter,

4, The relation ¢ { T ) for a rough surface need not
be similer to thet of a smooth surface. This is due
to the veloclity profile shape factor Hu being highér‘
then thet of a smooth surface. Generally, higher

values of G are found,
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!hg effect of preséure gradients applied in the ‘present
experiment on the heat-transfer coefficients were very

‘small, especially when compared with their effect on

the skin-friction coefficients. The effect of

surface temperature gradient was more important,

Ihé form of the temperature profile which had the
greatest application in the experimenﬁs'or the present
work, was the temperature-defects profile, with

2. S, / C;  es parameter.
The peak of longitudinel fluctuations found in the

‘_ viscous subleyer over smooth surfaces is smaller’in"

8.

%

10.

. width then that found with the rough surface tested; -

-In the range of the present experiments, the effect

of pressure gradients on the longitudinal fluctuations
wes very small, especlially near the wall, '

T / CTw as measured across the boundary layer over
the present surface was similar to that of a smooth |
surfaceB except in the vicinity of the origin. Here .
the values were considezably higher than”those of thé
smooth surxaceg'

The penetration of the effect of abrupt’@hansé in'

- surface conditions spreads from the surface, with

e Smaii'éfféct from the presently applied pressure

E @adients b)
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It seems by comparison of the present results with
those obtained for two-dimensional roughness geometries,
that the three-dimensionelity of the roughness elements
reduces the friction and, perhaps, increases the heat
coefficlents,

There exisfé a certain roughness arrangement for each
goemtry which renders the meximum skin-friction

and hest-transfer coefficients.
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IV, 2 = Suggegtione foxr thure Work.

e

A few suggestions will now be given for the extension
of the work., They include the following fields;
l. Spectrum analysis of the fluctuetins velocity components
for various roughness geometries under different

conditions of pressure gradients9

2,° The behaviour of ¢ () rela.tionship9 with values
* of éf higher than the presently achieved, '

36 The develoPment and veritication of the proposed
temperatureadefect presentationg'

b, mhe temperature tluctuation measurement and their
correlation with those of the velocity9

5.. The development ot a characteristics method for

the prediction of heat transfer,

6. The development of an accurate measuring technique
with the characteristics of drift-free and robustness.
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.1 - CASE 1, - Favourablo Prossure Gradient, with No Surface Hoating

x ) 1 & 2 5'3
2.5 00735 0. Ollt 0.075
4,75 0.0915 0.0543 0,0908
7.0 0,10% 0,0512 00102
9.25 004237 0.0713 0,4183

1105 001341 0.079 001346
13,75 04517 0.09 Go19%
16,0 001587 0,093 0.1546
18,25 0,165 0,097 00162%
20.5 0,183 0,1098 0,183
22.75 0.98351 001941 001915
25,0 02003 0.1205 0.2014%
27.25 0,1931 001209 ' - 002048
29,5 009945 Oo12h 0.2105
31.75 0,2056 001312 0.2236
34,0 002025 001432 002269

* A1l wvalues in Appendix I ere in inches .
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X.2 » CASE IB - Favourable Pressure Gradient » Witk Isothersal Heating

5.

P

5,

O3m

.75

x ) m 5:-zu Hq b2
8,75 | 0,1009 { 0.CG48% | 0.0799 | 0.0955 | 0.0499 { 0.0826 | 0,0519 | 0,028
9.25 | 0.%286 | 0,067% | 0.1132 | 051207 § 0.0702 | 0.1175 | 0.0%8 | 0,044
18.25 | 0.,1807 | 00985 | 0.1663 | 0:,1673 | 0.1026 | 0.1729 | 0.1111 | 0.0697
20.5 | 0.1897 § 0.,1045 | 0,1773 | 0:176 | 0,9088 | 0.18k2 | 0,1181 | 0.073
22,75 | 03955 | 0,1045 | 0.1765 | 0.1307 | 0,091 | 0.1838 | 0.,1317 | 0,0778
25, 0:204 | 0.1123 | 0,1909 | 0,1878 | 051173 | 0.1989 | 0.1287 | 0.0813
2905 002172 0121 OQM O, 4956 1 Qs 1268 062167 (s 2 161 0::1063

02311 | 0.1296 | 0.2291 | 0.2138 | 0.135 0.2296 | 0,1%47 | 0.0888

clc



I.3 « CASE IC - Favourable Pressure Gradient, with Step lleating

e

x P 3> 0’3 St | 20 | S3u | 24 AV
4,75 | 0,1019 | 0.055% | 0.0398 | 0.0961 | 0.055% | 0.0929 | 0.0537 | 0,030x
9.25 | 0,1331 | 0,0701 { 00,1168 | 0.1268 | 0.0724 | 0,1203 0,0588 | 0.0319
11,5 | 0,1376 | 0,075 0.,1264 | 0.129% | 0.0779 ) 0:1309 | 0.0704% | 0.0409
13,75 | 0.1483 | 0,0817 | 0.1383 | 0.1377 | 0.085x | 0:.1439 | 0.0849 | 0.0516
16, . | 0,1655 | 0,0886 | 0.1501 | 0.1535 | 0.0924 | 0.1561 | 00897 | 0.05%
18,25 | 0,1559 | 0,0868 | 0.1497 | 0.140k | 0.0913 | 0,1563 | 0.0895 0.0586
20,5 0.1752 | 0.0959 { 0,1653 § 0.157 0.1012 { 0.1738 | 0.0095 } 0.058
22,75 | 0.2047 | 0.1059 | 0.1793 | 0,1344 | 0.1127 | 0.1891 | 0.1024 {0 0637
25, 0,213 | 0,1135 ! 0,1929 | 0,1939 | 0.1197 | 0.2029 | 0-.1053 0.0656
27.25 | 0.,2232 | 0,121 0.2058 | 0.2028 | 0.1274 | 0.216 0.1107 | 0.0688
29.5 | 0,202 | 0.1272 | 0.2168 | 0.2157 | 0.1345 | 0,2285 | 0.1209 0.0764 -
31,75 | 0,231 | 0.1259 | 0,2162 | 0.2035 | 0.1327 | 0.2272 | 0.1132 | ¢.0720

¢1e



Tk = CASE IX

= Adverse Preccure Gradiend,

with Ho Suxfaco

A Reating
® &, S, 33
2.5 0,057 0.0416 C.07%3
L7 0.0359 0.055% 00925
Do 0.9% 0.0618 0.503%
9025 0.9161 0.0717 05207
115 0,9448 0.0812 0134
13.75 0.1693 00,0977 001693
16, 0,189% 0.4071 0.1763
18025 Oo21% 0c121% 0.99863
22075 092518 Co 1%8 002379
25, 00,2718 01564 02578
27.25 0.3035 001765 02909
29,5 0.2993 01733 0,289
31.75 0.29%9 001778 02952

214



I.5 = CASE Xy = Adverse Pressure Gradfent with Isethermal Heating

0,2906

= 3 32 J3 & 1u S20 53u Ay | B2
5,75 | 0.107 | 0.0519 | 0.087% | 0,049 § 0.0539 | 0.030% | 0.,0623 | 0,0355

7o 0.,1259 | 0,0644 | 0,105 0.7118k | 0.0868 | 0:,1916 | 0.0622 | 0,0336

9,25 §0.128 | 0,0685 | 0.1166 | 0,1206 | 0.072 | 01206 | 0,0709 | 0,015
115 | 01648 | 0,0821 | 0,1347 | 0,157 | 0,0848 | 0,1388 | 0.0789 | 0.04
43,75 | 0.1758 | 0.093% | 0.,154% | 0,1671 | 0.,0965 | 0,159 | 0,0335 | 0.049%
18,25 | 0.230% | 0.9182 | 019571 | 022165 | 01233 | 0.2029 | 0,135 | 0.0755
22,75 10.288 | 0.13%%F | 0.235 | 002345 | 0,39 | 0,2821 | 0.111 | 0.0666
250 02617 | 061521 | 0:2573 | 0.247h | 0.,1567 | 0.2646 | 0.131% | 0,0812
31.75 10,3081 | 0.,1711 | 0,287 01771 | 0:2963 | 0472

0,0875

q1e



I.6 - CASE ZIG = Adverse Prasswrs Gradient, with Step Heating

0,2899

® 54 82 §5 | Sau | Sz | b3 | &9 Do
5,75 | 0,9012 | 0.0536 | 0.0899 | 0.0562.1 0.C555 | 0.0927 | 0.0522 | 0.0285
T 9025 [ 0.1572 | 0,0792 | 0,1295 | 0,151 0.0817 | 0.1333 | 0,0637 | 0.0323
13,75 | 0,2003 | 0,0993 | 0.1609 | 0,193% | 0.1023 | 0,9653 | 0.0735 | 0.0354
18,25 | 0.2521 { 0,123 | 0,201 0.2505 | 0,1292 | 0,2083 | 0.0978 | 0,0%92
22,75 | 0.3013 | 0,495 [ 0.2834 § 0.2047 | 01559 §.0.2531 | 0,036 { 0.0555
27,25 | 0317 | 0.,160% | 0.2611 | 0.2977 | 0.1666 | 0.271 0.,1069 § 0,0582
31,75 | 063276 | 0,474k 0.3073 | 0,1815 | 0.320% 011 | 0,0857

ote
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IX.1 - CASE I,
T w 205 :hm ,?'075 700 9925

4 '} b4 v Y v ¥ b
o 79 0 419 0 105 0 9%

10 485 40 225 0 232 0 18
20 395 20 359 20 364 20 292
30 523 30 k63 30 lak 30 389
5% 586 k& 512 Lo 482 80 440
50 608 50 53 65 53k 50 47k
% 675 70 588 90 585 70 506
100 717 95 635 115 635 95 567
125 761 120 685 %0 689 120 608
150 8ok U5 729 165 731 w5 656
175 852 170 7277 90 27278 170 698
200 88k 195 824 215 809 195 723
225 999 220 832 250 81 220 761
250 936 245 888 265 872 285 799
275 952 270 M 290 903 270 828
300 . 968 295 938 315 925 295 862
35 990 320 954 M0 949 3520 88%¢

350 9% 35 970 365 955 385 90h
375 1000 7 9% 3% 979 0 920

395 9 k15 992 385 950
420 4000 o 992 k20 952
L65 4000 ks 970

k70 980



CASE I, {Cont.)

2 = 1105 ing

0 12?

© oz 275

219



Z = 2045 m

22,75

410
35

120

212

315

Ll
459
479
592
551
575
599
631

634
7035
720
740
756
779

- 997

811
827
851
&70
887
893
S04
929
957

710
25

110
35

185
210
235
260
285
310
335
360

- 385

490

b5
460

485

510
535

610

635 .

685
710
735
760
785
810
875

885
910

220
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CASE X, (Conorwded)

X = 29,5 ins 31.78 - .0,
¥ g Y . 1 ¥ U
0 1 0 922 0 %05
20 220 10 190 10 496
20 311 20 27% 20 2%,
£ B 3B k&
65 502 80 522 . 50 428
9% 553 05 555 75 529
145 567 130 582 100 568
440 955 61% 125 592
165 628 1 Ghé 150 624
190 648 205 656 175 6%7
215 669 230 679 200 675
2bo 691 255 695 228 697
265 712 280 715 256 712
290 730 305 735 275 72k
315 746 330 749 300 758
758 355 765 - 325 755
365 775 380 778 350
390 403 7% 275 782
415 803 430 8o7 koo 797
818 455 820 425 811
465 835 180 838 b50 82k
koo 858 505 8ho ) 559
515 861 550 - 853 . 500 6
590 894 605 882 575 869
615 904 630 895 600 878
640 912 655 90% - 625 835
665 g2k 914 675 909
- 690 938 705 %22 725 930
715 9 730 930 775 938
o 959 7?5 - 9% 825 o8
';gg % 805 ga;: ggg e
B g B2 Z2 &
865 981 - 880 978
890 988 905 o8h
915 202 930 a9gh .
996 955 99%
965 1000 980 99



I1.2 ~ CASE 15

¥

10
20
9
34]
50
&0
70
85

110

135

160

185

210

235

260

285

310

335

360

510

L83
517

cB‘E
655
690
224
759
795
819
8ks
871
888
903
922
o940
957
a74
983
1G00

¢0

125
150
175
200
225
250
275

325
350
375
has
475
325
575

433
508
224

C 603

638
664
€20
707

7335
7599

810
828
353
879

9ib
931

956
983
591
1000

10
20

50
€0
70
95
120

s

470
195

245
270
295
320
305
370
595
ks
495

595
6hs
695
745
795

T

483
317
J52
578
603

655
672

690

707

. 7{&1
750
772

846
828

853
871
888
922

966
983
991
1000

222



CASE IB (Cont.)

X = 20q5 ins

Y

0
10
20
30
40
50
60
70
8o
105
130
155
180
205
230
255
280
305
330
355
Los
455
505
. 555
605
655
705
755
805
855

905

i

101
174
266
365
Lo,
473
L8y
509
524
563

619
652
677
703
721
739
766
784
303
821
859

895
918

649
965
971
979
985

1000

T

k39
bl
509
235
561
579
605
623
640
667
684
711
728
754
781
8oy
825
82
860
377

895

912
930
947
956
970
982
991
1000

10
20
30
L0
50
60
70
95
120
L3
170
195
220
ks
270
320
370
420
470
520
570
620
670
720
770

22.75

U

145
182
222
285

384
b2
£8%
554
530
62l
651
669
688
717
736
746
806
847
858

890

911
9iely
955

977
1000

T

385
Lok
423
Lz
L]
500
529
558
587
615
64t
673
712
740
709
798
827
8u6
885
915
933
862
990
1000

Y
0
10
20

20

Lo

60

70

95
120
45
170
195
220
2Lks
270
295

215

395
445
k95
545
595
645
695
745
795
845

8o

25,0

86
153
265
364%
hho
184
559
515
554
207
614

638
663
672
697
715
73
768
O
832
861
890
923
939

965
979
990
1000

858

900
97
933
950
967
983
992
1000

223
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CASE I, {Concluded)

Z v 29,5 ins 31075
Y 1] P ¥ g 7
o] 109 397 ¢] 82 402
10 179 431 10 YUt a7
20 299 466 20 258 470
30 395 500 30 63 221
40 456 534 4o L35 ko
50 - 591 560 50 470 5%0
60 506 578 60 &8k 607
70 521 586 70 491 624
95 559 612 95 528 650
- 920 590 638 120 567 675
%5 6% 66% %5 597 692
170 638 690 170 623 709
195 663 707 195 639 726
220 685 224 220 66% 752
245 697 o I 245 682 778
270 715 759 270 699 795
299 723 ?67 295 707 812
345 759 793 320 725 821
395 795 810 370 759 838
ks 823 828 420 798 855
495 - 851 845 470 816 872
545 870 862 520 845 369
595 899 883 570 864 915
645 909 o 620 883 932
695 935 940 670 903 sho
755 gho 957 720 923 949
795. 959 97h 770 953 966
845 969 988 820 963 o7k
895 975 1000 870 973 988
9is 9%0 920 977 1000
995 1000 970 933
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IID3 = CASE Ic
% = 4,75 ins ' 9.25. 11.5
Y v ) Y U T Y v b
0 122 166 0 108 Loz 0 109 483
10 18 500 10 156 525 0 181 517
20 259 534 20 243 559 20 289 550
30 365 576 30 330 610 30 387 600
40 453 629 bo L4o9 Gk Lo 456 @Gk
50 528 672 50 475 678 50 516 667
60 577 707 60 511 712 60 531 683
70 616 741 70 535 7h6 85 579 77
95 650 784 80 551 763 490 611 750
120 684 828 90 565 788 135 645 792

w5 729 862 100 582 805 60 680 847
170 765 888 25 617 831 185 9715 833
195" 812 905 150 669 @47 290 743 . 850
220 841 922 175 700 873 235 7710 87
2%5 875 940 200 725 890 260 799 900
295 931 966 225 766 907 265 808 917
35 o6k 983 250 789 924 335 861 942
395 983 9N 275 828 932 385 907 967
445 1000 1000 ‘325 868 949 435 oh8 983
375 930 966 485 970 992
ko5 957 983 535 987 1000
4ys  o85 1000 585 1000 -
525 1000 :



CASE I, (Cont.)

x = 13,75 ins 16.0 18.25
Y U 7 Y U T Y v 7
0 13 48 0 112 433 0 137 503
10 204 516 10 162 463 10 224 529
20 301 548 20 222 507 20 319 567
30 ho9 581 30 306 552 30 415 605
L L59 613 Lo 399 582 o 476 643
50 504 637 50 465 619 50 533 669
75 567 661 60 519 642 60 556 688
100 593 69 70 536 672 70 575 701
125 633 726 80 552 6% 95 619 720
950 668 758 90 5585 %46 120 655 745

175 694 790 100 577 739 W5 683 764
200 712 815 25 603 761 170 720 9783
225 7k0 839 150 647 776 195 739 803
250 766 855 175 673 806 220 761 822
275 797 879 200 697 821 2ks 981 83k
300 816 8¢5 225 721 8% 270 7917 847
250. 855 919 275 779 866 295 801 860
00 887 ok 325 819 888 320 822 879

450 926 968 375 860 910 345 836 892
500 957 984 ka5 891 933 395 86 917
550 972 992 k75 913 955 ks 896 936
600 987 1000 525 936 970 Los 928 955
650 1000 575 956 985 545 9k 975
625 978 993 505 962 987

725 1000 695 991 1000
745 1000
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CASE Ic (Cont.) -

s 2005 inB 22075 ?.500
Y 1] 7T Y 1] T Y 14 b
0 4120 521 0 103 521 0 81 505
0 4183 553 10 158 543 10 1% 527
20 2917 585 20 233 5% 20 236 559
30 395 617 30 311 605 30 343 591
4o 481 649 ko 302 638 0 429 62k
50 522 681 50 U451 684 50 U471 656
60 . 547 707 60 479 691 60 493 677
70 556 723 70 493 707 70 50% 699
80 573 73 & 51 718 8 509 710
‘90 582 745 90 523 929 90 523 720

15 618 761 100 538 739 115 561 ‘e
%0 655 777 25 569 750 %0 590 753
%5 67 793 150 600 766 65 618 7%
190 702 809 175 641~ 777 190 643 796
215 722 819 200 - .659 798 215 G69 8056
20 752 835 225 683 809 2h0 686 828
265 772 851 250 705 819 265. 713 839
290. 788 867 275 726 835 @ 315 72 860
315 803 878 @ 325 771 85 365 777 876
365 83 8ok 375 808 872 k5 81 8oz
15 866 915 4os 8% ook k65 843 909
465 888 931 ho5 864 915 515 872 919’
515 912 947 525 8% 93 565 902 .935
565 932 963 575 913 947 615 922 952
615 948 979 625 943 957 665 949 968
- 665 959 989 675 963 .973 715 955 978
795 972 995 725 971 989 - 765 963 98%
765 982 1000 '575 977 995 815 974 989

875 1000 915 930 1000
' 965 1000



228

CASE I, (Concluded)

X = 27,25 dng 2905 31.75

Y U b Y U T ¥ 1] T
0 110 506 0 90 505 0 68 503
10 179 528 10 141 537 10 128 534
20 267 545 20 229 568 20 235 566

- 30 360 573 30 319 . 20 345 598
40 424  GoO7 40 388 626 Lo 439 630
50 470 635 50 kLo 653 50 474 664
60 486 652 60 k71 663 60 495 g72
70 510 663 70 ko5 679 70 504 683
80 518 680 - 80 5117 639 80 521 693
90 535 697 90 520 695 90 538 704

100 54z 708 100 536 705 195 57 925
110 552 9719 110. 545 721 %0 604 P46
135 569 742 135 576 737 165 63% 767
160 613 764 160 606 753 190 657 788
185 631 787 185 630 763 215 676 8o
210 649 798 210 643 999 20 68 815
235 677 815 235 661 795 265 706 825
260 687 826 - 260 690 .81% 290 - 726 844
285 715 83 285 699 821 315 736 852
30 725 854 310 9719 837 340 952 862
335 745 87! 30 754 858 365 767 878
- 385 784 882 L0 989 874 k45 994 889
k35 815 899 6o 820 884 Les 820 8¢9
485 836 910 510 841 - 905 515 8%2 910
535 868 924 560 862 916 565 872 926
585 900 938 690 881 932 615 885 942
635 911 955 660 905 9i7 655 901 952
685 933 966 710 928 958 715 919 963
755 ol 978 760 948 968 765 935 9%
785 962 983 810 959 97 815 953 979
835 973 _ 989 860 966 979 865 969 o8k,
855 98+ 99 910 975 984 915 976 989
935 - 989 997 960 982 992 965 983 995
985 993 1000 1010 986 997 1015 991 1000
1035 1000 1060 991 1000 1065 1000
: 1110. 1000



II4 - CASE IIA

® = 2.5 ins

b4

0
10
20
20
4o

‘50
60
70
80
90

100

125

150

175

200

225

250

275

300

325

4075'

Y
0

10 .

20
Lo

50

60

70

80

o
100
410
120
145
170
195
220
L5
270
295

‘320

370
k2o
L70

181
2ho
301
350
Ly
k78

- 521

590
620
6h3
672
684
740
790
828

892
910
930
ghs
972
988
1000

110
120
130
155
180
205

230

255
280
305
330
380
430
480
530

537
577
599
622
643
652
679
72k
803

829
856

83k

912
925
957
987
991
1000

140
165
190
215
240

265

250

390
h4o

540
590

229
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CASE IIA (Cont.)

% = 1.5 ins 13.75 16.0 - 18.25

Y [if Y i Y 1] Y U
0 1% 0 156 0 132 0 130
10 188 10 210 10 174 0 17
20 231 20 . 264 20 227 20 223
30 202 30 309 30 265 = 30 281
4o  3hi N 1o B 1) 4o 318 Lo 330
50 39 50 Loz 50 374 - 50 375
60 430 60 434 60 40O 60 400
70 473 70 461 70 B35 - - 90 L22
80 506 80 480 80 456 80 ko
105 553 90 506 90 474 - 90 460
130 593 100 515 15 513 100 . 467
155 635 110 525. 50 548 125 498
180 668 120 545 165 582 150 534
205 705 130 566 490 602 . 175 566
230 741 155 59 215 636 200 587
255 765 180 627 240 666 250 641

. 280 789 205 659 265 690 300 684

305 829 230 682 290 717 350 723
330 853 255 719 - 3hk0 765 Loo 772
380 8g6 280 7hh 390 B 4so 808
430 931 330 792 Lo 853 500 849
480 967 380 830 490 880 550 888
530 976 30 871 sho 924 600 918
580 995 480 910 590 945 650 945
630 1000 530 946 6ho 982 700 972
: 580 972 690 983 750 97

630 982. P40 991 800 992



231

CASE II, (Cont.)

X = 22,75 ing 25,0 T 27.25 29,5
Y i ¥ ] ¥ U ¢ U
0 139 o 139 0 100 o 98
10 182 10 17 10 b6 10 142
20 231 20 214 20 212 20 209
30 277 .30 243 ‘30 275 30 27
bo 31 . ko 295 b0 h2 ko 335
- 50 356 50 323 50 373 . 50 372
60 377 . 60 363 60 333 . 60 392
70 408 .90 389 . PO 447 20 1410
80 UL26 80 412 80 426 80 434
90 ik 9 429 90 435 90 442
100 465 00 439 100 Lih 100 459
110 471 110 456 . 110 456 410 461
120 483 120 483 120 467 135 482
145 512 130 492 130 479 460  4ob
170 539 %0 502 155 501 . 185 531
195 559 65 522 180 519 290 543
220 579 190 552 205 5% 235 560
2k5 605 215 563 230 55% 260 580
270 622 = 240 S8 255 568 . 285 602
295 634 265 605 280 578 310 614
320 648 290 627 305 602 %60 632
370 691 315 . 649 330 617 410 660
k20 738 340 671 380 658 W60 655
490 766 390 695 - 430 676 . 510 938.
520 804 Lo 716 - k8o 708 560 764
570 830 4oo 758 530 746 610 790
620 857 540 784 580 76 660 845
670 897 590 821 630 801 . 710 841
720 912 640 84k 680 822 760 871
770 G4 690 871 730 853 810 898
820 963 750 900 780 878 860 925
870 981 790 930 830 901 910 oty
920 1000 840 o5 880 918 050 955
- 8g0 960 930 ¢ha 1010 974
o0 975 980 959 1060 991
900 985 1030 966 1910 1000
1040 1000 1080 981

1130 1000
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CASE II, (Concluded)

X = 31,75 ing
Y U
0 113
10 198
20 266
30 337
40 379
50 403
60 429
70 433
80 Lyg
90 458

100 469
125 486
150 513
175 53e

200 55k

225 574

250 585

275 603

300 62k

350 62

400 680

bs0 706

500 726

550 756

600 796
650 809
700 - 839
750 . . 854
800 884
850 802
900 920
950 941

1000 957

1050 o7l

1100 989

1150 996



II.5 - CASE IIB

x = 4,75 ins

Y
o

10

20

30
40

50

60
70
80

90

100
110
120
130
Ly
170
195
220

2hs

270

295
320
345
370.

395
420
b0

U

123

186
2k3
329
430
512
568
597
619
642
657
680

696

707

T

460
480
500
sko
580
620
650
680
710
730
720
770
780

820

. 850
880

910
930
950
960
g70
980
990
9%
1000

800

-~ 110
135
160
485
210

235
260
285
310

335

k10
460

510

7.0

101
159
216
302
391
7]
542

554
575
595
612
665

769
782
814
837
863
-890
908
935
953
976
1000

Lok
509
[
579
614
649
675

728
746
763
781
807

825 .

851
877

950
947
965
97h
982
991
1000

9.25

0 151

481
519
558
587
615
635

673

692
712
224
750
269
808
837
85

89%-

923

935

971
984
990

1000

233



CASE IT (Cont.)

' X = 11051!18

270

LA \N O
BIRE

k70
270

g

SREIER38gagousung, ~

U

95
133
197
266

325
384
bz

h48
h67
492
500
54l
537
578
617
663
700
[Ed

- 759

79
819
860
903
955
978
994

620 4000

T

431
461
500
z
608
627

657
676

471

712

971
981

1000

8EISEEWN3 o

)

100
125
150
175

- 200

275
300
350
400

450

600
650
700
750
800

850
900

234



CASE IIy {Concluded)

x & 22,75 ins

]

BE885328EY8so
1:
0

T
513

1130
1180

235

97
1000 1000



xsl*o?sm

4
0
10

20

30
4o

30

60

70‘
80

90
100
- 125

U

215 697

n
8&GE
P
o

110



237

CASE II, (Cont.)

% = 18,25 ins 22,75 270,25

Y U T Y U T Y U 7

0 126 522 0 105 580 0 103 524
0 175 558 0 163 608 = 10 177 565
20 223 587 20 212 636 20 247 612
30 278 616 .30 265 670 30 292 659
Lo 318 638 ko 307 699 ko 3h0 638
50 344 652 50 337 716 50 357 706
60 363 667 60 350 727 60 369 718
70 377 674 70 365 739 70 37% 729
80 388 684 80 378 7k 8 380 935
9 397 688 0 392 756 90 hOh 753
100 B05 696 - 100 L02 761 100 b13 765

110 426 %10 110 408 %57 110 k23 971
120 440 725 120 W15 973 125 448 988
130 453 932 130 k26 778 160 467 806
140 465 939 - 40 438 78k 185 49 8§48
- 150 Leg 76 165 463 795 210 5% 829
175 koo 768 190 489 -8o7 235 528 841
200 516 790 215 516 813 260 549 853
225 560 812 20 550 830 285 563 859
250 576 833 265 569 841 310 578 865
275 611 - 855 290 593 852 360 637 876
300 63k 870 . 315 615 858 k40 676 888
325 662 884 340 630 8% = 460 698 900
350 684 899 390 675 875 510 732 906
koo 938 913 Lo 705 892 560 782 918
bso 7986 928 Lo 76 909 610 816 929
500 826 ch2 sho 782 926 660 84z 941
550 863 96 590 813 938 710 860 953
600 903 971 640 8356 ok9 760 886 865
650 929 978 690 882 960 810 o924 974
700 955 986 740 903 965 80 ok2 97
750 97h 993 790 939 977 910 951 982
800 991 1000 840 948 983 960 970 992
850 1000 890 965 989 1010 985 995
cho 984 99 1060 992 4000
990 991 1000 1110 4000
1040 4000



CASE IIC (Concluded)

b 31 075 :’..!ZB

¥
0

g0
10
110
125
160
185
210
235
260
285
310

&0
460
510
560
610
660
710
750
810
860
910
960
1040
1060
1110
1960

1210

1260

[i]

9

158
218
302
357
377
395
&40
420
26
433
bl
Loy
185
528
540
550
587
606
617
6y
676
707
7358

790
825

861
889
907
917

G5
951
975

1000

T

528
583
639
667
6%k
722
733
739
750
764
767
778
7%
.806
817
828
833
ks

850
856
867
878
389
900
911
922
933
glily
950

966
972
977

989
992
997
1000

258
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