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ABSTRACT

The present thesis presents a theoretical as well as
experimental investigation of fully developed turbulent fluid flow
in partially roughened surfaced channel. The fluid properties were

assumed to be constant throughout the analysis.

In the theoretical study of the problem the momentum integral
method together with a turbulence model based on Prandtl's mixing
length theory is adopted. The closure of the equations with one
empirical constant was not possible and it was required to use
empirical functions for the parameters describing the maximum velocity
and zero shear stress points. The mean flow parameters of interests

were given due considerations in the investigation.

The experimental study involves the measurements of mean
and turbulent characteristics of the flow in a partially roughened
surfaced channel. The asymmetric flow between parallel planes was

developed by roughening one of the planes with rectangular ribs while

the other was left smooth.

The most important parameters in the analysis are the locations

of zero shear stress and maximum mean velocity points, since they



are the main exoerimental inouts used in the nrediction of mean flow

narameters,

The positions of the zero shear and maximum velocity points
deviate mora from the centre line of the chanrel towards the smooth
wall for a lower roughness densitv as well as for increased Revnolds

numbhers corresnondina tn the same channel width,

-
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CHAPTER 1

INTRODUCTION

In the past most of the works related to turbulent flow
were confined to the experimental investigations of the structure of
turbulent shear flows for comparatively simple flows. The choice of
simple geometries such as flow in circular cross sectional pipes
and plane symmetric channels is due to the obvious reason of simplicity
in handling turbulent flow problems. This is because some of the
features of turbulent flow could most readily be discerned if the

influences of others were small or absent.

Since the flows especially related to heat transfer are
of more complex nature, the mathematical models of turbulence
formulated with reference to the earlier experimental data cannot be
used to predict such complex flows. In recent works [1, 2] s
therefore, attentions have been put to undertake a thorough
examination of the turbulence structure in a flow which, in at:1east

one respect, is substantially more complex than those which

attracted earlier workers.

In theoretical approaches to the problem of predicting
characteristics of turbulent shear flows, integral analyses were the

main tools till recently [1 }, because of the lack of availability




L.ﬁ?___.,

of practical methods for the solution of a set of simultaneous
partial differential equations closed with a set of empirical
constants, This approach, however, was used successfully for the
solution of more complex turbulent shear problems with the advent of
high speed éomputers [3‘]. Due to the complexity of this approach
an approximate solution using integral analyses together with a
turbulence model based on prandtl's mixing length theory is attempted

in the present study.

In this study particular emphasis was given on asymmetric
flows related to heat transfer, where the characteristic flow
properties exhibit stationary values, because it is these flow
situations where some of the structural flow features, that are

concealed in simple flows by virtue of symmetry become prominent.

Asymmetric flows are encountered in many practical situation
where technological requirements impose dissimilar boundary conditions.
An example is the use of partially roughened or finned annulus in

compact heat exchangers.

Since the roughness of the wall, as a consequence of the

higher turbulence produced in flow, not only increases the heat




transfer but 3lso produces additional losses of pressura, it is
meaninaful to use optimum aceometrical shanes and arranaements of
the artificial roudhness, This requires detailed knowledge of the
ralation between the afficiency and aeometrv of the wall rouahness,
An important parameter, which also determines the loss of pressure,
is the rouahness parameter which can he determined from isotharmal
pressure drop measurements or from measurements of velocitv
distributions, The rouahness parameter is investinated in more
detail for rectanaular rouchness in the present study, The
geometry selected is a rectanqular duct of sufficiently larage
asnrct ratio for the flow alona the mid-nlane to be considered

as that developed hetwean infinite parallel planes,

raown



CHAPTER 2
LITERATURE SURVEY

2.1 VELOCITY PROFILE :

In.the theoretical study of turbulent fluid flow, precise
determinations of the velocity profiles are quite important. As a
fluid flows through a duct its velocity profile undergoes a change
from its initial entrance form to that of a fully developed profile
at an axial location of the duct far down stream from the entrance.
Thus two distinct fields of turbulent fluid flow studies, one in
developing region and the other in fully developed regions, for

different geometries of test sections are available in the literature.

One of the most rigorous studies of turbulent flow in a
circular pipe was carried out by Deissler [4] . An investigation
by Laufer [5] covers the structure of turbulent pipe flow quite
thoroughly. Cremers and Eckert [6] measured the turbulence
correlations in a triangular duct and Clark [7 J studied the

turbulent boundary layers in channel flow.

Quite a few experimental or analytical studies for

fully deveioped turbulent flow in a concentric annulus have




been done by Barrow 8] , Lee and Rarrow [9] , Briadhton and Jones
[10]', Levy [11] , uarmby [12, 13] , "ichiyoshi and Nakajima

[14] , and Randhava {15] . The studias of turbulent flow in rouch
surface ducts have heen done by Kjellstro"m and Hedberg [16] , and

Bobertson et al (17 }.

The earliest analvtical studizs on the entranca region
of the turbulent flow in a circular duct appear to be thase of
Deissler [18] and Holdhuson [10] . Deissler used Yon Karman
inteqral techniques along with his own logarithmic velocity
distributions. The influence of entrance confiauration on turbulent
velocity profile was ohserved by Knudson and Katz [20} , A semi-
empirical method for predicting the flow and heat transfer in
rouch ninas is formulated by Hatton and tfalklate [?1} . In this
method the mixing lenath model is used to describe the turbuleﬁcp
arffacts and theVan Driast [22] modification i< included for the

reaion near to the w3ll,

An equation describing shear stress, together with an
eddy diffusivity model, has been extensively used to predict
turbulent transport for a wide variety of flow geometries
[ 2, 11, 23~ 26 ]. The shear stress t 1in the d*rection of

flow x, may be related to the time-averaaced parameters of the




velocity field by the equation ,

% = \’g—;-'f'(—u' v.) (2.])

The term u' v' §s the time-averaged value of the products of the
fluctuating velocity components in x and y directions and may be

expressed through the concept of the eddy diffusivity of momentum

€y by the equation
ul vl = - EM % (2.2)

Hence equation ( 2, 1 )} can be written as

To(vT) M {2.3)
© varies from a maximm at the wall to zero somewhere in the
main stream, However, in the region not too far from the wall-
where most velocity change takes plaee < will not vary markedly
from its wall value T [27] + Then the equation (2, 3 ) may
be written as approximately ,

v + ¢ )
{ M) —a% (2.4)

hed ~
(=]

2, 1. 1, SMOOTH SURFACE :

In order to deduce a possible form for the turbulent



velocity a profile from equation ( 2, 4 ), the relation between
eM and the mean flow parameters has to be knovm, There are
many expressions available in 1iterature for [ 22,23,28,29,30-32]

the one proposed by Reichardt [23] takes the form

& -1 *
e = (O ey DT e (B e (- {0+ (Ly-1)
EX.P(-J3" y 1o (2.5)
The corresponding velocity profile is
+ 1 + ’ * *
u = E']" (1+ky )+7.8 [1-exp (- %% ) - ( %ﬁ )
exp ( —%y'+)] , for y+10 (2.6)

f These equations were originally developed for fully developed

i turbulent flow over a smooth sweface, It has been shown that

E with proper modifications on y+these-a1so work for developing
turbulent flow in pipes [33] and in annuli [34. 35] . Also
these equations have the virtue of providing continuity
throughout the region of laminar sublayer where momentum iﬁ
transfered virtually by molecular process into the region of
turbulent core where turbulence dominates the mechanism of
momentum transfer, This continuity characteristic is preferable
because the 1imits of these regions distinguished by different

momentuym transfer processes are not well defined,

2, 1, 2, ROUGH SURFACE :

Due to the imposition of roughness on one side of the



channel, the flow may be turbulent starting from the beginning
and the equation ( 2. 4 ) becomes

T

== = g dU
o M—a—y' (2.7)

Applying either Prandtl's mixing length hypothesis or Von
Karman's similarity hypothesis [27J the following expression for
the velecity distribution can be deduced from equation ( 2. 7 )

::Ec:

T

where z, is known as the roughness length or the dynamic roughness

[33,_36, 37].

- -

2.2, DYNAMIC ROUGHNESS :

The Togarithmic velocity profile consists of two
parameters; a shear velocity u, and a dynamic roughness Zy .
Although the numerical value of z, can be easily evaluated,
the physical interpretation of z, 1is not yet clear. The increase
in 2z, with u; can be observed from the logarithmic velocity

profile. As indicated by equation ( 2. 8 ) for a constant u , the

shear velocity is directly proportional to the dynamic roughness.



2.3. FRICTION FACTOR :

A wealth of information regarding friction factor
calculations is available in literature. But most of them are

purely experimental and confined to symmetric flows in pipes.

It has been experimentally shown by Streeter [38:] that
in artificially roughened pipes , f is mainly a function of Re and
s/e and he also concluded that the shape of roughness has as
much effect as the size of the roughness. Sheriff and Gumley [ﬁQJ
reported empirical correlations for friction factors, in an attempt
to find the optimum heat transfer surfaces over a wire wrapped tube.
Webb , Eckert and Goldstein [40] reported a friction factor
correlation based on the law of the wall similarity,together with
experimental pressure drop measurements in tubes with repeated- rib
roughness.  For rectangular channels with rough walls, friction
factor and pressure drop measurements are reported by Wilkie ,
Burnett and Burgoyne [41]and Furber and Cox [42} respectively.

In these  two works a method due to Hall [43] was introduced

to separate the friction factor due to each surface.

It is interesting to note that the above mentioned

literatures contain little or no theoretical analysis. However ,

R S:i kgl
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the study reported by Launder and Hanjalic [1} on turbulence
structure in an asymmetric rectangular channel is a notable
exception with theoretical predictions of mean flow parameters.
This research has put main emphasis on establishing the turbulent
structure , barticu]ar]y in the central region of the channel
where the two dissimilar wall flows, generated by the smooth

and rough surfaces , interact. The striking feature of this
interaction was that stationary values of mean velocity gradient
and zero shear stress were non-coincident — the plane of
zero shear lying substantially nearer the smooth wall than the

plane of maximum velocity.
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CHAPTER 3

ANALYTICAL STUDTIES

3.1. BASIC EQUATIONS :

The mechanism of the turbulent momentum transfer process
is governed by the general momentum equation which can be derived
from the corresponding equations for laminar flow following the
method initiated by Reynolds [44} . The Navier-Stokes equations
for conservation of mass and momentum of an incompressible fluid

with constant viscosity can be written in the following from [45} R

3
/ ) p

The continuity equation for constant property steady flow is ,

3u L, av . aw
ax 3y 3z ~ 0 (3.4)

Since for turbulent flow the fluctuations are random and chaotic,
Reynolds modified the momentum equation by introducing the mean
fluctuating values of the flow quantities in place of the

instantaneous values. As the instantaneous velocity component is
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the sum of the mean component and fluctuating velocity component
in the same direction, the transformation of the above Navier -

Stokes equations can be obtained by introducing :

ui*»u+u';v1.==v+v';w1.=w+w' and P].= P+PpP' .

Hence, Reynolds equations for incompressible steady flow in a
straight two dimensional duct of uniform cross section neglecting

body forces, assume the following vector forms after replacing ,

o= 3,3 .3
aX 3y oz
b (VW )V] = - vpP+avly (3.5)

Even for moderately higher Reynolds numbers, the flow in
the vicinity of the inlet is preceded by a laminar boundary layer.
According to Prandtl [46-], in the presence of a laminar bounqary
layer near the entrance o;.a duct, the turbulent portion of the
boundary layer behaves as if the boundary layer were turbulent all
the way from the entrance. The two-dimensional flow in the entrance
region of a duct belongs to a boundary layer class of flows. The
so called " boundary layer approximations " after Prandtl [47:] s

if introduced into equations ( 3. 4 ) and ( 3.5 ) will yeild :

au , 3v

% oy 0 (3.7)
2 2
du auy _ _dP . 37w u' au'v'
(Ua_x" + V'ay) - T dx tu 2 (o] (ax + Yy ) (3.8)

3y
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For fully developed flow sufficiently far from the entrance, the
flow is essentially one-dimensional with velocity field invariant

in the streamwise ( x ) direction. The conditions %& = 0,v= 0,
characteristing fully developed flow, if imposed on equation

( 3. 8 ), results :

2 —
3°u du'v' dP _
A T (3.9)

with boundary conditions ,

aty=0;u=0;u‘v'=0;u(a—ui=7w and

u i 4

aty = Vo3 T =ugy - pu'vi= 0 (3.10)

It may be noted here that in the last boundary condition, Yo
represents the position of zero shear sfress. It is not necessarily

true that the position of maximum velocity coincides with the point

of zero shear stress [7:] .

3. 2 PHYSICAL MODEL AND ASSUMPTIONS :

The physical model and assumptions selected for the present

study are as follows :-

(1) The flow is steady and turbulent everywhere in the duct.
(2) The flow is of an incompressible Newtonian fluid and the fluid

properties are constant.




(3)
(4)

(5)
(6)

3. 3.

R
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The flow 1is uniform at the entrance.

.The flow in the region outside the boundary layer is a

potential flow.
The body forces are neglected for the flow.

The following boundary Tayer approximations are valid :-

u . o w av
3y 3 *  x * 3y
_a.P_::d_P _a_P..zo

X dx * a3y )

MOMENTUM INTEGRAL EQUATIONS : )

Because of the nonlinearities involved in the equations

(3.1) to (3.3), as manifested particularly by the terms |

such as u ( gg-) » etc on the left hand side, very few exact -

analytical solutions are available.

of flow for which most of the exact solutions have been found are

(1) Steady, two-dimensional, Taminar, constant property, fully

developed internal flow in ducts and tubes, and i

The two general types

]

( 2 ) Steady, two-dimensional, Taminar, constant property, external

boundary layer-type flow over bodies immersed in the fluid [48]

The momentum integral method for the boundary layer due
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to Von Karman [49] has been a powerful tool for the prediction
of boundary layers so far, Together with an assumed velocity
field it forms the basis of many existing solutions of the boundary
layer , It can infact be derived through a partial integration

of equation ( 3, 8 ) [45] .

In deriving the momentum integral equations for the present
study due considerations relevant to channels with both smooth and
rough walls are given, However, depending upon the type of
roughness, the local flow mechanism in the vicinity of rough wall
may not fully satisfy the boundary layer approximations, Large
scale roughness may cause flow recirculation in the wake zone of
the roughness elements, where some of tﬁe terms usually neglected
in the momentum equations become important, In this analysis, the
momentum integral equation has been broken into smooth and rough
side equations and to take care of the above mentioned

compliication, the parameter z,, is introduced in the rough side

equation,

The basic integral equations for conservation of mass and
momentum of incompressible fluid flow in a duct can be written from

the diagram of the idealized model shown in figure (3, 1)
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mass equation :-

momentum equation :-

( potential flow ) :

ér
dp _d 2
X T dx S o u. dy,
Zop
d ér
+°"=HTJ‘ up dy,.
Zor

0
d s
el & ug dyg
0

(3.11)

(3.12)

(3.13)

(3.14)

The details of the derivations are presented in Appendix A. 1.

For the fully developed region the momentum equations

simplify to :

Rough side :

(3.15)

o
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Smooth side :
r = -y 94 (3.16)
wS 0s dx :
where Yos ¥ Yor = S -

The details.of the derivations can be seen in Appendix A. 2.

By using the equations ( 3. 15 ) and ( 3. 16 ), the
wall shear stresses can be calculated from the measured pressure

gradient and the zero shear point Yo -

3. 4. MEAN VELOCITY FIELD :

The simplified equations of motions presented in the
preceding section are not quite enough to predict the mean flow
parameters which the present study is seeking for. A turbulence
model is essential to give the velocity profiles encountered in
the flow situations involved. In this study a model based on
Prandtl's mixing length theory | 48 | is adopted. A physical
interpretation of the mixing length can be given as - the mixing
length is that distance in the transverse direction which must be
covered by an agglomeration of fluid particles travelling with its
original mean velocity in order to make the difference between its
velocity and‘the velocity in the new lamina equal to the mean

transverse fluctuation 1in turbulant flow [45] . By using this
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concept of mixing length an expression for turbulent shear stress

can be obtained :

]2 du

e

Y

g—; (3.17)

Tt
With the assumptions that mixing length is proportional to the wall
distance through a constant k and that shear stress does not change

with wall distance, the following expression for the velocity

profile in turbulent flow near wall is obtained :

u
. T
u = S 'lny+C1 (3.]8)

By dimensional analysis consideration the above equation can

better be written for hydrodynamically smooth wall as [30} H

y_u
u s T .
s _ 1 s :
T K In " + C (3.19)
s
and for rough walls as :
u y
- Lyr (3.20)
U k Zor
r
where zZ,, = me is also termed as hydrodynamic or characteristic

roughness. Here m s a function introduced to incorporate

the roughness shape and density into the theory . The expression
for velocity profile derived by Reichardt equation ( 2. 6 ) among
many others as shown in Table 3.1 18, 22, 30 - 32, 37, 49 - 53

can be used with confidence since they have been verified by
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experimental data for various flow passages |11, 54, 55 | . The
equation ( 2. 6 ) simplifies to the expression due to Prandtl and

Tay]of 29 for large y+ ( >~ 100, see Table 3. 2 and Table 3. 3
+ +4+

for the theoretical Yms = S . Y values ) -

+

u = %- In y+ +C (3.21)

with k = 0.4, Von Karman's constant and the value of C = 5. 52 ,
adjusted to have numerical agreement with equation ( 2.6 ). For
the rough wall profile, equation (3. 20 ) , a number of and
varying values of m are reported in the literature for different

shape and density of roughness elements.

For sand roughness Nikuradse [56] reports a value

_ 1 oL _
mo= 3. For camouflage paints on aeroplanes m 875

[ 57;] » for different types of vegetations on earth m ==-%——3
[ 58:1 Geffroy, Jude, Paumard [59] reported values of m varying
from

1 . : .
S to 00 with E— varying between 9 and 20, respectively,
for sinusoidal undulations in a pipe. Through a survey to determine
the effect of roughness density A , Simpson [60;] found
- 1 - ; - -
m = S5m0 for A = 1 varying to m = T75 for 5,
for different roughness shapes. In this case » was defined as the

ratio of théltotal surface area to the total roughness frontal
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area normal to the flow. In a detailed experimental survey of
flow in an asymmetric rectangular channel with rectangular ribs

( E— =10 ), Hanjalic [61il suggests a value of m = §7183 . ANl

the above yalues of m were calculated through reported data so

as to fit the nomenclature of the present study.

From the above it is clear that there is a wide range
covering the values of m and no correlation is available in
the literature. So further experimental work is necessary to
establish relations between roughness structures on walls and

velocity profiles.

The parameter Zop in the equation ( 3. 20 ) ~can be

interpreted as a hypothetical distance from the wall where the
velocity is assumed to be zero. It has been shown by C]ausef
[62‘] that this shift of the reference point for the rough wall

e u
velocity profile depends on the roughness Reynolds number

L]

which is a measure of the roughness structure through the wall shear
stress. This finding was based on the experiments conducted with
two-dimensional roughness elements. Subsequently Hama 63] has
varified C1au§er's generalization for three-dimensional roughness
elements, Aiso Perry and Jombert [64] have extended experimentally

their results to the boundary layer with adverse pressure gradient.

| nepsi
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A similar shift for a rough surface with uniform spherical

particles arranged in a random and compact form was reported by

Shaw [,55] and Wu [6‘5].

According to the reported data the above mentioned
reference point is somewhere between the root and the tip of the
physical roughness height, The exact position for a particular

roughness structure remains to be found out through experiments,

3, 5, EDDY FIFFUSIVITY MODEL :

The analysis of the present study requires a solution for
velocity profile and the value of such a solution depends very
much upon the accuracy of the description of the eddy diffusivity
for momentum along and across the duct, The concept of eddy .
diffusivity was first initiated by Bussinesq [66 ] and this can
be introduced into the analysis by writing the equation ( 3, 9 ) as -

) 9 d
W(ua—;--pu'v')-a%=0 (3.22)

The quantity in the paranthesés of the above equation corresponds

to the shear stress , t 1in the channel -

(3.23)

This equation ( 3, 23 ) is the same as the equation ( 2, 1 )
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which results the equation ( 2, 3 ), This equation ( 2, 3 )
with_the help of an eddy diffusivity model, has been widely

used to predict turbulent transport for a large variety of flow
parameters, However, the concept of eddy diffusivity as used

above presénts some difficulties, especially in asymmetric flows,
where the stationary values of the mean and fluctuating velocities
do not coincide, According to Lee and Barrow[’g ], at points

where the velocity gradient is zero, shear stress is not necessarily

zero, where as equation { 2, 3 ) suggests it to be zero,

As indicated by the appearance of turbulent stresses in
the mean momentum equation, and mean velocity gradients in the
stress equations, the mean and f1uctuafing motions are closely
interconnected, It seems that the statistically averaged fluctuating
velocities will follow the behavier of the mean motion and that both
mean and fluctuating fields can be treated uniquely, But the
reported non-coincidence of the stationary values of the mean and
fluctuating velocities [ 16 , 81, 67] infers that universal
treatment of the two fields together is not possible, A partial
explanation for this non-universality may be ohbtained from
Townsend's [68] sugaestion that the fluctuating motion consists
of an "active" component which interacts locally with the mean

motion and, also of an " inactive " component, governed by
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far-away conditions and , therefore, not directly correlated with
the mean motion . Kjellstrom and Headberg | 16 | discussed the
reason why the zero shear and zero velocity gradient points are
not necessarily coincident in turbulent flows through an analysis

of Navier-Stokes and Von Karman's momentum equations.

3.6. FRICTION FACTOR :

A friction factor is defined by the expression ,

Ff o= T
&pugv
Considering rough side of the channel ,
2 T
- ur
fr o ug, (3.24)
and using equation ( 3. 15 ) ,
2y
- _~or . _dp .
fr 5 u2 ( Ix ) (3.25)
av
Considering smooth side of the channel ,
2t
F = ws
s o u2 (3.26)
and using equation®V( 3. 16 ) ,
2y
fs 5 u2 { ax ) (3.27)
Now making a fu11yaﬁeve]oped momentum balance on a fluid element
of thickness dx and height s , ( see Appendix A. 1 and Appendix A. 2 ) -
Tmr‘ + Tu)S = s ( - %)% ) (3.28)
Hence , the friction factor for the whole channel can be defined as,
£ o= _wr* Tws
u2 (3.29)
P Yav
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which becomes ,

d
Fe S (- (3.30)

. p u
when equation ( 32V28 ) is substituted in equation ( 3. 29 ). And

from equations ( 3. 24 ) and ( 3. 26 ) ,

S (3.31)

3.7. RELATION AMONG FLOW PARAMETERS :

A large number of mean flow parameters are considered in
the present study , a list of which together with a summary of the
expressions relating them , is given in Appendix A. 11. These
expressions constitute a system of 17 equations , containing 32
parameters . To solve these equations , 15 of these parameters ,
therefore , have to be supplied , experimentally or otherwise .
For this the following four groupings may be considered -

(a) Physical properties of working fluid : o and u .
(b) G eometrical parameters : A, Dhyd‘ S, e, and p .
(c) Independent variables : ys and Y o

duS dur
(d)  Experimental flow variables : dp

dx * Yor ? Yor > dys ’ dyr
and Q .
With the chosen velocity field i.e. equations ( 2. 6 ) and ( 3. 20 )

and Ugy » the expression for Re in terms of the mean flow
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parameters is derived as shown in Appendix A. 7 ,

+
2(1+ky )
Re 2 [in (1 +ky )-1]

+
+15.6 ty;. - 11[1 - exp (- Yms )]
T

. + +
9 Yms Ims 9
i g ew (-5 ) -qpd
++ ++
2y urT 2z ur
mr + r or r
t [n Ymg ¥ C K - G_?_']+ k u T

S

(3.32)

The main purpose of the analysis is to find velocity field and hence
to predict the friction factor f as a function of Re for the
particular flow geometry in consideration . The expression for. f

can also be deduced by using its definition in terms of the |
parameters encountered in equation ( 3. 24 ) as shown in Appendix A. 8.

u
The ratio

can be obtained by using the equations

Ts

(3.15) and (3. 16 ) ( see Appendix A.8 ) The unknown
parameter 20;+ can be eliminated by matching the rough and smooth
wall profiles’ at maximum velocity point as can be seen in Appendix A.9 .

The velocity profiles were assumed to be valid from the wall until

J;-”v"‘— e
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the maximum velocity point in the above derivations .
3. 8. METHOD OF CALCULATIONS :

3. 8. 1. CALCULATIONS BASED ON CONSTANT m :

In the theoritical analysis an attempt was made to predict
the friction factors without any new emperical input into the
equations. The commonly used assumtion of the coincidence of the
stationary values of the mean and fluctuating velocity feilds
was introduced into the equations by putting Yo = Yy - In
addition to this assumption a constant value of m = %ﬁ- s
based on Nikuradse's [45} experiments on rough pipes in complete

rough flow regime , was used to solve the equations.

The equations derived on the basis of the above considérat—
ions are shown in Appendix A, 10. The values of f and Yy can be
calculated from the system of equations ( 3. 24 ),( A. 8.1 ),
(A.82), (A.10.2) and (A.170.3) by independently
assigning the values of Re . From a computational point of views s
however, it was found more economical to assign uTS and compute
Y and uTS .+ The computation was carried out numerically on

the University of Ottawa, IBM 360 , model 65, computer. A simplified

B e
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flowchart of the programme is reproduced in Appendix A. 12. The

results of two sets of calculations withm = 1 and m =

1
3 10

are shown in figure 3, 2.

3. 8. 2. CALCULATIONS BASED ON VARIABLE m :

Because of the disagreements of the results obtained in
previous section with experimental results, it was decided to use
m as a variable function of Re and s/e . The assumption Yo = Y
was disregarded, instead empirical values of Yo and Y, wvere
assigned. The computations were done in a similar manner as was
described in the previous section, the only exception being the
equations ( A. 10, 2 ) and ( A. 10. 3 ) were replaced by the

equation ( A. 9. 4 ). The flowchart of this computer programme

is reproduced in Appendix A. 13 and the results are shown in

the figure 3. 3,
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CHAPTER 4

EXPERIMENTAL STUDIES

4. 1. APPARATUS :

The general experimental set up was initially installed by
Alp L54:] for his Master degree thesis. The new test section along
with the setup of the auxiliary apparatus is shown schematically in
figure 4. 1 and photographs of the channel assembly are shown 1in
figure 4. 2. The details of the experimental set up are similar
to that of Alp but re-presented here for the completeness. The
channel walls were made of 12 7 cm thick aluminium plate, 3.353 m
Tong and 41.593 cm wide. Asymmetry was introduced by artificially
roughening one side of channel only partially. Roughening was done
by machining rectangular grooves on the plate in the transverse
direction on a milling machine. The height of the grooves, shown
in figure 4. 3, is 0.244 cm. The pitch to height ratios ( E-) for

the present study are 2, 4, 8 and 16.

The roughened plate was provided with 5 velocity measuring
ports of 4.445 cm diameter with centre pieces to fit these ports,
as shown in figure 4. 4. A round 8.573 cm diameter and 12 7 cm
thick aluminium piece was welded on the main rough plate to provide

support to be base of the traversing mechanism which was fixed to

the plate by allan screws. Holes of 0.318 cm diameter were provided

ki
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in the middle of the centre pieces for smooth movement of pitot
tubes and hot-wire probes. The machining was done with these
centré pieces fixed to place, to provide a flush fit with the
grooves. The smooth plate consisting the other side of the
channel was provided with static pressure holes of 0.064 cm

diameter at 10.16 cm intervals along the centre line.

The two plates were mounted vertically on their sides to
avoid the problem of sagging on a steel frame specifically designed
for the purpose of changing the spacing between the plates. The
top and bottom of the channel were closed with 12 7 cm thick
transparent plexiglass pieces through which the position of the
probes could be examined. The ratio ém of the channel could be
controlled by using different widths of the plexiglass spacers
with discrete intervals. Four different sized spacers, 3.334 o,
4.604 cm, 7.144 cm, 8.414 cm were respectively used to provide‘ %

ratios of 8.61 , 13.82 , 24.24 and 29.45.

Air was drawn through the test section, by a centrifugal
fan driven by a 19.8 HP , 1785 rpm A/C motor. A diffuser box
connected to the channel through a diffuser section is equipped
with two movable gates inside, on the fan side, to facilitate the

control of flow rate of air,
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4. 2. INSTRUMENTATION :

4. 2. 1. ORIFICE PLATE :

An orifice plate was put between two pieces of aluminium
pipe of 15.405 cm 1I. D. to measure the flow rate in the channel.
The orifice plate was designed according to ISO recommendation

R541 with vena contracta taps [69,70}.

4. 2. 2. PITOT TUBE AND PRESSURE MEASUREMENT SYSTEM :

The mean velocity profiles across the test section were
measured by means of flattened-tip pitot tube made of hypodermic
stainless steel tubing , 0.089 cm 0. D. and 0,051 cm I. D. . The

internal tip height was about 0.015 cm.

The static pressure holes were connected to the pressure
measuring network of tubes through 0.318 cm I. D. pressure
connectors, which were fixed onto the plate by screws. Jayflex- 180
plastic tubing of 0.953 cm 0. D. and 0.635 cm I. D. was used for
this purpose. The ends of each of these tubes were connected to a
common mainfold with one output going to the pressure measuring
instrument. The signals through these pressure taps could be

turned on and off by clamps which were placed before the manifold.

T
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The MKS differential pressure transducers types 77 H - 1
and 77-H - 1000 with the MKS Baratron type 77 electronic pressure

meter [?i] were used for pressure measurements .

4, 2. 3. DOUBLE PITOTTUBE AND POSITION OF MAXIMUM VELOCITY :

To determine the position of maximum velocity, a double
pitot tube consisting of two flatened tipped tubes with centres 2 mm

apart was employed [61,72 ].

4, 2, 4. HOT WIRE PROBE AND ANEMOMETER :

A DISA 55D00 series hot-wire anemometer system in
conjunction with miniature hot wire probes was used to measure mean
velocity profiles and to detect the longitudinal turbulence
intensity. The probes were of type 55P11 and made of platinum blated

tungsten wires, 5 microns in diameter and 1.25 mm long | 73
L

The signal from the constant temperature hot wire probe was
fed to the Anemometer, DISA 55D01 , which was in turn connected to
the Auxiliary Unit, DISA 55D25, and the output signal was fed to
the Linearizgr, DISA 55D10. The linearized turbulence signal was
then integrafed by RMS voltmeter, DISA 55D35, and finally root mean

squared values were either read on the dial of RMS meter, DISA 55D35,

T
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or on a digital woltmeter, DISA 55D30. Flowchart of these

measurements are shown in figures 4,5 and 4.6.

Basically, the velocity measurements with a constant
temperature -Anemometer are performed by measuring the electric
power. The power has to be supplied to the probe from the anemometer
in order to keep the probe sensor at a certain temperature, usually
higher than the temperature of the flow medium under measurement.
The required amount of power, P, from the Anemometer, is thus
equal to the power, Q, removed by the flow. Assuming everything
else to be constant, the amount of heat, Q, removed per unit time
then corresponds to the measure of the velocity of the flow. The
power, P, which is proportional to the output voltage of the
Anemometer is a nonlinear function of the flow velocity u under
measurement. This non-linearity is not very significant in
measurements of small degrees of turbulence, in which case a small
section of the calibration curve may be considered sufficiently
Tinear . However, at higher degrees of turbulence, the distortion
caused by the curva’ure of the calibration curve becomes noticeable.
Also measurements at varying degrees of mean flow velocity are
rendered difficult by the consequent sensitivity variations. Since
mathematical treatment of results obtained in both of the cases
mentioned above does not give a satisfactory solution, an electronic

circuit to take care of linearization problem is preferred [73:}.

s

m
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The fundamental relationship between the flow velocity u

and the amount of heat, Q, removed per unit of time can be

formulated as
Q =P = A+EB (u)n (4-])

where A and B are constants, assuming constant temperature and
constant density. Over a wide range of Re, the exponent n has

an almost constant value. The above equation can be put into the
follewing form ( see Appendix A. 3 ),

2

<<

In ( 5 - 1) = nlnu+C (4.2)

<<

0

where V0 is constant and hence a linear calibration curve can be
drawn. The relationship between the fluctuating and the mean
components of hot wire signals and the velocity, then becomes
relatively complicated as ( see Appendix A. 4 ) :

2

] v
7 (=) (4.3)
"oV

u o -
u

<|<<

But with help of an electronic linearizer which takes care of the

non-linear dependence of V on u the following simple form can be

obtained :

V = Bu (4.4)

where B is another constant and thus the following relationship

ot
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can be used :

ul
u =

<|<<

(4.5)
4. 2. 5. TRAVERSING MECHANISM :

A DISA 55HO1 Traversing mechanism supported by a base
which could be secured onto the plate carrying the velocity
measuring ports by three capscrews, was used to traverse both
hot wire probes and pitot tubes. The traversing mechanism could
be operated either manually or by a DISA 5201 stepper motor,

The DISA 52B01 Sweep Drive Unit was used as a remote control for
the stepper motor. The output could be read on a 3-digit mechanical

counter or recorded automatically on a HP digital recorder.

4. 2. 6. DATA ACQUISITION SYSTEM :

The static pressure drops were recorded on a Baratron

Pressure meter manually. However, all other measurements were suitable

for automatic recording through a Hewlett-Packard HP-5050B digital
recorder in conjunction with an HP 2901A Input Scanner and an

HP 2401C Integrating digital voltmeter as shown in figure 4.7,
An HP 7004B X-Y recorder was used for graphical representation

of the recorded variables ( see figure 4.8 ).
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4., 3. CALIBRATION OF IHSTRUMENTS :

4. 3. 1. ORIFICE PLATE :

The calibration of the orifice plate was done by connecting

the downstream end of the entrance box to a settling chamber-
copper pipe assembly [74 . A traversing mechanism licated at
about 30 equivalent diameters from the bell-mouthed entrance to
the pipe facilitated the measurement of velocity profiles throughout
the cross section of the pipe. These velocity profiles, measured
by using a single pitot tube, were integrated numerically using
the trapezoid rule to give the flow rate for a given pressure
drop across the orifice plate. From Bernoulli's equation it can be
shown that the flow rate is proportional to the square root of the
orifice pressure drop | 75| . The calibration curve Q versus

Aporifice drawn on this basis is shown in figure 4. 9. The
accuracy of the calibration was estimated to be + 1.5% in the

range considered.

4. 3. 2. HOT WIRE PROBES :

The calibration of the hot wire probe was done by placing
the probe in an air stream of known velocity and measuring the

linearized voltage output from the Anemometer. A known velocity
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was supplied to the probe by using a DISA 55D 41/42 calibration
unit, A DISA 55A67 adopter was used to match the geometry of the
flow in the experimental apparatus ; figure 4.30. A typical

calibration curve is shown in figure 4.11.

4. 4., EXPERIMENTAL PROCEDURE :

The main experimental variables for the present study are
the pitch of roughness, p and the width of the channel, s. To
see the effect of the intensity of roughness on the flow parameters,
four different pitches of the roughness elements were studied. The
pitches were varied by machining the rough plate. All the electronic
instruments were switched on for about two hours before every
experimental set up of measurements were taken to attain steady state
conditions and to avoid drift due to warm up. Steady state conditions
vere obtained by running the experiment for about one-half hour 2
before any measurement was taken. For each roughness pitch and

four different channel widths the following measurements were taken :

(1) Static pressure drops across channel length, x for three

different Res.

(i) Static pressure drops at fully developed conditions for ten

differeﬁt Res,

(iii) Velocity profiles U versus y along x at five different
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Tocations, using pitot tube or hot wire probe for three
different Res.
(iv) Ve]ocity profiles U versus y at fully developed conditions
for ten different Res.
(v) 'J:?? versus y along x at five different locations for three
different Res.
(vi) \ﬁﬁ? versus y at fully developed conditions for ten
different Res.
(vii) Double pitot tube readings APdp versus y at fully developed

conditions for ten different Res.

The range of Reynolds number covered was from 10,000 to
150,000 approximately. The hot-wire calibrations were done before

each run, The pressure and temperature of the ambient were also

recorded before each run.

4. 4. 1. STATIC PRESSURE MEASUREMENTS :

The measurements of static pressure were made with the
help of an MKS pressure transducer. The calibration of the
transduce~ was checked against a inclined-arm micromanometer at
frequent intervals. Due to rapid random fluctuations in the pressure
readouts both from the inclined-arm micromanometer and the

electronic meter, an estimate of the average readout had to be made
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Considering the maximum and minimum values of the instantaneons
readouts, the error introduced in this manner was estimated to

be less than £ 0,5%.

A FORTRAN program was written to calculate %g-va1ues as
a function of x. The subroutine REGR from the IBM Scientific
Subroutine Package ( SSP ) [76} was used for the straight line
fit. %% versus Xx viere calculated by fitting a straight 1ine into
the data points taken six at a time by polynomial regression and
taking the slope of this line as dp in the middle of the range

dx
of the six points ; figures 5.1 and 5.2 . dp values for fully

dx
developed conditions were calculated by using the same program
and subroutine, but the data used was only for five points covering
an x range of about five feet at the extreme down stream and
of the test section ; figure 5.3 ( A toD ). Friction factors
vere also computed in the same program using the following relation

derived from the momentum balance for a fully developed flow as

shown in section 3.6.

4. 4, 2. TURBULENCE MEASUREMENTS :

The velocity fluctuations were measured with DISA hot wire
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probes. The turbulence intensities were computed for uniform

flow at the entrance through the relations :-

Ny
Tw = L ol (4.7)

The data of the Vrms values of the signals from a hot wire probe
located at x =0 recorded, were fed in a computer program.and

the results obtained for Tu versus Re is shown in figure 5.4 .

4. 4. 3, DETERMINATION OF THE PROBL POSITION RELATIVE TO THE
WALLS

The starting position of the probe relative to the channel
walls was determined by advancing the probe towards the smooth
wall until the probe just touched the wall and this point was
taken as the reference point for the y - cordinate. The touching
of the probe was checked visually through the transparent top wall
of the channel. Since for the hot wire probes, actual touching could
not be done, so a dummy probe was used for this purpose and the
reference point was noted. Then the working probe was mounted onto
the probe support and the traverse carried out. The repeatability
of the position of the probe was given as + 0.2 mm for the stepper
motor | 73 , .and a resolution of 0.01 mm and 0.02 mm for the
manual drive and the stepper motor respectively. Thus the

uncertainty in the Y measurement was estimated to be less than
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+ 1.5% of channel width for the smallest channel.

4. 4, 4, MEAN VELOCITY PROFILES :

The-data for the mean velocity profiles were recorded both
manually as well as through HP 5050B data acquisition system and
HP 7004B X-Y recorder. The graphs displayed on the X-Y recorder are
shown in figures 4.12 and 4.13 respectively as examples for
developing and developed regions. The fluctuations shown are a
qualitative measure of the fluctuations of instantaneous velocity,
and hence, are not r=presentative of the actual magnitudes and
frequency. This is due to damping of the signal through the

various electronic apparatus.

The numerical data from these graphical displays were

fed into a computer program and the velocity profiles were plotted

in the form ( see section 3.4 )-

U = alny+b (4.8)
This was repeated for both y = Y and y = Yy o A straight line
was fit by least squares method to the portions close to the walls
and the corresponding slopes and u-axis intersections were
computed ; figure 5.8 . If the velocity profiles of equations

( 3.19 ) and ( 3.20 ) are considered, u_ and u_ can be
3 r
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calculated from the slopes mentioned above and C and Zop from the

intersections. A value of k = 0.4 was chosen for this purpose.

4, 4. 5. MAXIMUM VELOCITY POINTS :

The maximum mean velocity points were determined by making

a double pitot tube traverse in y direction and recording the
pressure difference between the pitot tubes ; figure 4.14. This
reading is a measure of the velocity gradient and the place where
the curve cuts the APdpitot = 0 line corresponas to the maximum
velocity point. The uncertainity involved, in this case, was
extimated to be + 1 mm which is much better than the estimate from
the velocity profile itself where the uncertainity could be as

high as + 3 mm for flatter profile.

4. 4. 6. EDDY DIFFUSIVITY :

The experimental outputs corresponding to double pitot
tube traverses of the channel width were used for calculation of
eddy diffusivity distribution. From equations ( 2.3 ) and ( A. 5. 2 ),

the following equation is obtained :

- L
en Ty (1 yo)

dy
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For the computation of the smooth and rough wall portions of the
flow, the corresponding wall shear stress was used. The conversion
of the double pitot tube results into %%- was made through the
use of the relation ( see Appendix A.6 ) -

du _ 1 1 “Papitot (4.10)
dy Pair u A .

Considering the fluctuations in the output from the double pitot
tube, the uncertainity in APdpitot is estimated to be less than

+ 2.5% of maximum reading drawn on the x-y recorder. The results
for one set of calculations is shown in figure 5.5 . At
maximum velocity point, the eddy diffisivity becomes indeterminable

and it becomes negative near this point.

4, 4, 7. \)JZ MEASUREMENTS :

The longitudinal fluctuating velocity components were
measured with hot wire probes and recorded either manually or
through the data acquisition system simultaneously with the mean
velocity. The minimum Vrms point was estimated from graphs
drawn on the x-y recorder ( figure 4, 13, ). In this case

the uncertainty involved was estimated to be *+ 1.5 mm,
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4. 4. 8. ZERO SHEAR STRESS POINTS :

The zero shear stress points were measured making a
hot wire probe traverse in y-direction across the channel. The
traversings were ploted on the x-y recorder; fiqure 4. 13,
The position of zero shear stress point corresponds to the point

where the fluctuations of axial velocity component is minimum.

4, 4, 9. FLOW PARAMETERS :

The only independent quantities among the geometrical
parameters described in section 3.7 are s, pand e . s could
be measured to an accuracy of = 0.002 1inch with a knowledge
of ¢ %= 0.001 inch. The values of dynamic viscosity( p ) was
taken from Reference [77 corresponding to the ambient temperature.

The ideal gas equation of state P = pRT was used to calculate

the density of air ( p ), corresponding to the ambient conditions.

The accuracy of P and T measurements was estimated to be + 0.1

mm Hg and = 0.5 ¢ respectively.

The accuracy of the flow rate ( Q ) measurement was
estimated to be = 1.5% 54 in section 4.3.1. Due to the
higher accuracies in measurements of geometrical parameters, it

may be concluded that the uncertainity involved in the Uay and Re
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largely depends on the flow rate measurements .

A consideration of dimensional analysis techniques along
with a c1oser'examination of the 15 inputs of the flow parameters
mentioned in section 3.7 reveals that the effects of all these
parameters can be incorporated in the effects of the following four
main dimensionless groups ; Appendix A.14 -

X , B s, Re , f .

€ s

The first two groups are geometric parameters and Re and f
are used to relate the geometric properties, fluid properties and
flow variables. To find a correlations ahong the above dimensionless
groups is the major interest from the type of experiments undertaken
in the present study. The rest of the parameters considered are"
mainly for further understanding of the related flow properties .

The results of the experimental investigations in terms of the
relavent dimensionless groups are presented in figures 5.6 ( A to D )
The results regarding other variables of inter.est are given in

figures 5.1 to 5.20 and Tables 5.1 (A to D)
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CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSIONS

5. 1 ZERD SHEAR STRESS AND MAXIMUM MEAN VELOCITY POINT :

The-locations of the zero shear stress and maximum mean
velocity points are the most important parameters in the present
study, since they are the only experimental ipputs used in the
prediction of mean flow parameters. As shown in figures 59 to
5..16 , the variation of the position of these points indicates
strong dependence on Re, s/e and p/e . It may be observed that
these two points donot coincide. With the increase of Re and p/e,
and decrease of s/e, they get proportionately closer to the smooth
wall. The variation with s/e reflects tﬁe greater effect of a
physical roughness element as it occupies a larger portion oflthe
space between the walls. And the variation with Re indicates
stronger diffusion of turbulent eddies from the rough towards the
smooth side as the velocity is increased and as the momentum

exchange near the rough wall becomes more vigorous.

5. 2. ROUGHNESS DENSITY :

The effect of p/e on zero shear stress and maximum

velocity points was first found indirectly by comparing with
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Hanjalic's [61] results ; figures §.11 and 5,13 . The

Re used in these figures is based on maximum velocity in the
channel rather than the average velocity, as Hanjalic's results
were not available in terms of Ugy * Hence, the present data
were translafed into Hanjalic's terms using the actual measured u

in a channel corresponding to a particular u It may be

av *
observed that the positions of the zero shear and maximum velocity
points deviate more from the centre 1ine of the channel towards

the smooth wall for a larger p/e , i.e. for a lower roughness density
at the same s/e ratio. At first instance, it may seem unexpected
since a higher roughness density would seem to imply a more vigorous
momentum exchange than a lower roughness density, and hence a

Yos '

smaller ratio . However, a closer examination of flow

separation patterns between roughness elements of different pitches
78,79 | reveals the possibility that at a higher roughness density
the flow will tend to pseudo-smooth over the tips of the elements,
but at a Tower density the flow will find some time to re-attach and
when it faces a new element it will be thrown into the stream,
shedding vigorous eddies. Thus the points under consideration are
even further displaced from the rough wall. The noncoincidence of
the two points and the larger displacement of the zero-shear point
than the maxiﬁum velocity point simply indicate the stronger effect

of dissimilar boundary conditions on the turbulent flow field rather
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than the mean motion .

5. 3. MEAN VELOCITY FIELDS :

Excépt very near the rough wall, in a region of about
1.5 € from the roughness root as shown in figure 5.8 , the
logarithmic velocity profiles chosen for the present study represent
well the actual velocity fields encountered . This deviation may
be due to the flow separation structures mentioned in the previous
section, which possibly prevail between the roughness elements.
This is an indication of the failure of the mixing length hypothesis
and the assumptions used in the derivation of the logarithmic law

( section 3.4 ) very near a rough wall.

Near the maximum velocity point, the experimental velocity
profile seems flatter than those that the logarithmic profiles
indicate. In this region the velocity field is influenced by the
two dissimilar wall and the flow is retarded by the effect of the
opposite wall. It is quite possible that this flattering will
introduce some error in the calculation of 2o, and m since they are
computed by matching the two wall profiles at the maximum velocity

point. However, this error is probably much less than the errorg

involved in the calculations through the profile method, see the
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scatter of the results presented in Table 4.1.

The velocity profiles accord well 'with the law-of-the
wall profiles, between the sublayers very near the walls and the
above mentioned region. Thus the fluid particles within these regions

are unaware of the nature of the opposite surface.

A large variation of the parameter m was cited in section
3.4 refering to the relevant literature. But the mention of
variation of m with Re was hardly found in any of the references,
although in some, variation with roughness density p/e was
reported. The observed Re dependence of m as shown in Tables
5.1 (A toD ) during the present experimental program led
to a further survey of more recent literature and a similar
reported behaviour was found in the work of Wang and Tullis [80] .
A variation of m from %9 to 33%3- for a Re range of 7.20*]05
to 2.53x106 was calculated through the data reported in[%q]‘to
match the present nomenclature. Almost the same type of variation
was found in the present study, namely, a decrease of m with
the increase of Re, see figure 5.17 (A toD ), and similar
order of magnitude for m. The interpretation of Z,, = Me as the

point where the velocity is assumed to be zero leads to the conclusions

that, first, the virtual origin of velocity is under the roughness
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top, near the root, and second, as the ve]ocity'in the channel

is increased, this origin is further suppressed towards the

roughness roots, at least in the range of Reynolds numbers considered.

5. 4. FRICTION FACTORS :

The values of the friction factors obtained from the
experimental measurements are in the same order of magnitude as the
ones obtained from the classical Moody diagram corresponding to the
same relative roughness in a circular pipe ; figure 5.6A . The
differences, which might be significant in certain critical
applications, are in the shape of the function f versus Re. In the
range of Reynolds' number considered, Mobdy diagram predicts a
constant friction factor, since the flow in a pipe is completely
rough in this range [45,81 . However, the present study as shown
in figure 5.8 ( A to D ) indicates a seemingly transition range type
of flow, between completely smooth and completely rough regimes.
This is due to the asymmetry in the roughness distribution on the
channel walls. The combination of completely smooth flow on one
side and rough flow on the other produces the type of observed
behaviour, namely the variation of total friction factor with both

Re and s/e (Tor ¢/D ).
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It is difficult to use Moody diagram in the cases where
unfamiliar roughness structures are encountered. From a strictly
design point of view, if the test channel had rough walls on both
sides, one would still tend to use the same relative roughness
value used above in order to calculate the friction factor from the
Moody diagram. This in turn would obviously predict the same
friction factor for both rough-rough and rough-smooth channels.
Naturally, this cannot be the case. The problem arises due to the
use of the concept of equivalent sand roughness in the classical
diagram. An equivalent sand roughness has to be defined for the
particular roughness structure on a wall to be able to use the Moody
diagram. This sand roughness should also be a function of Reynolds

number in case of asymmetric roughness distribution.

In the present study, the use of parameter Zop s which' is
connected to the equivalent sand roughness through the logarithmic
rough wall profile, is introduced to provide a step in the
theoretical analysis of the behavior of flow near a rough wall.
It is conceptually easier to visualize Z, asa point where the
average velocity profile reaches zero near roughness root where
as an equivalent sand roughness has no sound physical basis. An

equivalent sand roughness is defined as that value which gives the

actual coefficient of resistance when inserted into the equation[45] ,

b
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f= (2t +1.74)% /4.
s
Thus Zop T Me is more amenable to theoretical analysis than ks.

Siﬁce no theoretical prediction of the above mentioned
parameters were available for the particular geometry used in the
present study, empirical inputs of m, or Yo and Y, Wwere employed.
Friction factors calculated with m as a constant did not agree at
all with the experimentally measured values, figure 3.2 . Those
calculated with experimental values of Yo and Yy » ON the other
hand, gave excellent results in predicting the friction factors
as shown in figure 3,3 , again proving the strong dependence

of m on Re, s/e and p/e.

5. 5. CORRELATION OF EXPERIMENTAL RESULTS :

The functional relationship derived in terms of
dimensionless grouns as shown in Appendix A. 14 can be written as-

y S n
‘b(Re'E"E'"s-):U (5.1)

Replacing %

= A, Re=B,-§-=Cand-_§—=D. the

equation ( 5.1 ) can be given as -

A = ¢ (B,C, D) (5.2)

T

1
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We can assume that equation ( 5.2 ) can take a form as follows -

1

A =48 c"o", (5.3)

where G, 1, m and n are constants. In order to find the numerical
values for these constants, a computer program named Statistical
Package for the Social Sciences version H ( SPSSH ) [82:] was used.
This package uses the multiple regression which is a general
Statistical technique through which an analysis is done for the
relationship between a dependent variable and a set of independent
variables. Thus 160 sets of experimental data consisting of
dependent variable A and independent variables B, C and D were
fed into the computer program, The program was run twice, once with
the dependent variable A based on zero shear stress point and
next with A based on maximum velocity noint, the same sets of
data being used for the independent variables B, C and D for hoth
the cases. The values of 5, 1, m and n thus obtained when

substituted in equation ( 5.3 ) , give

Lor L ga1g reD03 (£)0157 (20158 (5.4)
Y,
and 299 ReD06 (£)0:140 (210207 (5.5)

The correlations of the experimental datas based on

7k
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equations ( 5.4 ) and ( 5.5 ) are shown in figures 5.20 a,b

and 5.21 a,b respectively.

The maximum deviation of the data from the correlations
given by equations ( 5.4 ) and ( 5.5 ) are 10% and 12%

respectively.
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CHAPTER 6

CONCLUSION

The following conclusions were drawn from both the

analytical and experimental studies of the turbulent fluid flow

in a partially roughened surfaced channel

In general, a substantial agreement was obtained
between the analysis and the experimental results of

the particular turbulent fluid flow studied.

The fact that the locations of maximum velocity and
zero shear stress are the non-coincident for asymmetric

turbulent velocity profiles was further established.

The locations of zero shear stress and maximum velocity
points shift towards smooth wall side for a larger p/e
j.e. for a lower roughness density at the same s/e

ratio.

Experimentally calculated friction factors of the
present study show that f decreases with the increase

of s/e but increases with the increase of p/e.

. The point Z, s where the average velocity profile

reaches zero near a rough wall and hence the parameter

m, which is a function of Re , s/e and p/e , decreases

B
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with the increase of Re and s/e, but increases with
the increase of p/e , the exception being observed

at higher p/e = 16 as well as at higher Reynolds

number considered.

e
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APPENDIX A.I

DERIVATION OF INTEGRAL EQUATIONS

Considering figure 3.1 of idealized model -

A.1.1. MIDDLE PORTION :

Continuity equation :
du
(Sr' Gr +5S) ;)_(.Cﬂ___ VGY‘*VGS (A.].])

Momentum equation :

- - 2
(s-6.-8g)dp+d(p um ) (s -5, - 8 )

= P lu, vy dx+u v, dx)

r S

je. (s-6_-8.)% (p+pu2)= op u, (v +ve ) (AD.2)
r > dx *® Gr 6s .

F rom equations ( A.1.1 ) and ( A.1.2 ),

(s -6_-6_) [ d du
r s HE' +2pu _ = - _
X ax ] ( S $

dp= - pu_ du_ (A.1.3)

N EE
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A.1.2 ROUGH SIDE :
Continuity equation :
d ss‘”
, pu,dy, = -pV
dax , r Jr 5,
or
Momentum equation :
6?‘ )
: T, 9+ ( 8. = Zop ) dp =-d , P UL
i or
|

From equations ( A.1.4 ) and ( A.1.5 ) and using u;
r

assuming z . zs §.,

A.1.3 SMOOTH SIDE :

Continuity equation :

(A.1.4)

(A.1.5)

= o_ ond

(A.1.6)

(AR.1.7)
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Momentum equation :

8

s
- 2
Tys dx + Gs dp = - d j o Ug dyS - Ug PV dx
0 3 3

(A.1.8)

From equation (A.1.7 ) and (A.1.8 ) and using Ug = U, »
s

8 S
_ s s
Tus 8s %E—- g;— pug dyy + o U %;- s ug dyg
' 0 0
(A.1.9)

A.1.4 WHOLE CHANNEL :

Adding equations ( A.1.1 ) , (A.1.4 ) and (A.1.7 ) , the

continuity equation for the whole channel becomes -
S

s udy = 0,

0

[eRfa X
>

keeping in view that u is in three portions with corresponding upper

and Tower limits , of validity in the channel .
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APPENDIX A.2

DERIVATION OF FULLY DEVELOPED REGION MOMENTUM EQUATIONS

From equation(3. 9 ) ,

.: 3
f v (wau vty = dp
T 3y sy - Puv) Ix
} Integrating,
VAL Y -y
. 3y ax ¢
¢
; Using the boundary conditions ,
iil aty=0,u" v'= 0, wau _ _
‘ ay w
‘ u du (VL
‘ 5 - putvi=ydp
3y x T T (A.2.1)

te. 1, =-y,4d (A.2.2)

)
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APPENDIX A.3

RELATION BETWEEN AIR VELOCITY AND HOT-WIRE ANEMOMETER OUTPUT SIGNALS

For the removal of heat from a heated wire can be written as ,:73]—

Q= P= (A+Bu") aT (A.3.1)

2

The electric power input , P = V
R

Hence equation (A.3.1.) becomes ,

V=R (A+Bu") aT
To keep the wire at constant temperature , atu = 0,V = VO
Ve o= vfeBR oaT " (A.3.2)
2
fee ¥V o q.BR AT "
2 2
V0 Vo
i.e V2 n
M -1 = Cu s where C = BR AT
V2 =7
0 )
0
2
MY 1) =ntnusc (A.3.3)
v
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APPENDIX A.4

RELATION BETWEEN THE FLUCTUATING AND THE MEAN COMPONENTS OF HOT-WIRE

SIGNALS AND VELOCITIES

A. In the case of non-linearized signals , we get from equation
(A.3.2) -

Ve o= vk ooyl (A.4.1)
Differentiating ,

2V dv = C] n un'] du

Now dividing by 2 V2 and multipliying the right hand side by u

u’
n
v o C.I nu du
v 9 V2 u
Rearranging ,
du _ 2V v
u n v
n C] u
i.e. d_u=g\1g( Ve (A.4.2)
u Von ve - ye /

0
To relate du and dv with u' and V' , we have to introduce ,

V = V+V'" and u = U+ u' in equation ( A.4.1) .
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2

Hence , ( Vv )2 _ VO

+C_l(
Expanding the terms -

2 2

s2V v e v? =yl

v

Ve2Vvi e Vhec, @
R w2 _ 2 -n
Since , V& = V0 + CI u o,
2V ¥ = %nimlw
—n-1
i.e.V': E C1nu u
2
Multiplying the right hand side by
o w2 2
Cl _v _VO’
Vo= on Tyl oy
2 v u
] ) 2
ie. u' _ Y0 (_V
u vV 2 Ve .

u+u )ﬁ

(=1
[ =

+C (@" +n

+n (n-1) u u'“ + ....) (AM4.3)

u' and recognizing that
u
) (A.4.4)
2
Yo
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Now comparisons of equations ( A. 4.2 ) and ( A. 4.4 ) will
reveal that replacing du and dV by u' and V' , and u and V

by u and V respectively , is equivalent to omitting the higher
order terms in equation ( A. 4.3 ) , which was done in the above

derivation .

B. In the case of linearized signals voltage - velocity relationship

is of the form :

Vv = Bu

dV = B du

du _ v

u v

or, V = Bu

V+V' = B(U+u)

VvV =Bu, V' = Bu'
Hence , u' _ V'

U v
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APPENDIX A.5

FULLY DEVELOPED SHEAR STESS DISTRIBUTION

From eqution” ( 3. 23 ) and ( A.2.1) ,

ERT Y (A.5.1)
X

ie. 1_ _ y_dp
T T dx !

w W

Now substituting T, = Y, dp , ( equation A.2.2 ) into the right
dx

hand side of the above eqution , and simplifying ,

A4

= 1-¥L _ (A.5.2)
Y

W

The relations A.5.1 and A.2.2 can directly be written down

by a force balance on an infinitesimal fluid element of thickness

dx and height y and Yo respectively .
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APPENDIX A.6

RELATION BETWEEN %g-AND DOUBLE PITOT TUBE MEASUREMENTS

In this case, dy = Ay = 2 mm , which is the distance

between two pitot tubes , Writing the Bernoulli equation ,

P, - P 0]
1 st _ 77 ° for pitot tube number 1 ,
Yair
and P, - P 2
Z__st . Eg_, for pitot tube number 2 .
Yair 29

Subtracting the above relations from each other ,

2 2
P. - P Uy - Uy
A2 _ g
Yair
i.e P, - P
Yair 29

Assuming the velocity profile between the tips of the pitot tubes is

linear , and the velocity at the centre is u and U] - U2 = AU ,

Pi-P2  2uau
Yair 2
Putting P] - 92= Apdpitot and dividing by ay ,
u _ 1 ]_Apdpitot R
y Pajr 4 ay
or, du _ 1 1% dpitot
dy Paipr Y A
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APPENDIX A.7

REYNOLDS NUMBER IN TERMS OF MEAN FLOW PARAMETERS

From definition , gy Yy
ms
w dh L J u dA
Uy = j; dA_ _ ‘o s Y
A A (A.8.1)
Now substituting u; _ Y in equation ( 2. 6 ),
u

1T v

yu
U = "TS Hm(wk VTS >+7.8 [1—exp<-yurs>

Also from equation ( 3. 20 ) ,

u, . u 1 Y )
r = "1 In
r ( kK ™z,

dA = 1.dy
A =1.s

Substituting the above values in equation ( A. 7. 1) and

integrating ,
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1
—r
—
Vo
—
1]
£
>
o
P
1]
:‘a +
w
v
SN—
+
..:lgo
-—
N
—t
+
<
wla
[72]
S—
M
>
©
—_——
]
I <
w3
[72]
~—

3
20
B } (8.7.2)
s
From definition ,
Re = Yav thd s (A.7.3)

Also from definition ,

_ dsw _ 2sw_
Phyd T W T srw T 28

Now substituting the above values of Uy and Dhyd in equation

(A. 7. 3 ), the equation ( 3. 32 ) is obtained.
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APPENDIX A.8

vFRICTION FACTORS IN TERMS OF MEAN FLOW PARAMETERS

From equation ( A. 2.2 ) ,

Tor _ Yor _ Yor
Tws Yos S
. 1
R
Yor

From definition ,

T
_ wr and
Uip = 0
Hence » My Tur _
Urs Tus
From equation ( 3. 24 ) ,
fo- ZTmr
r p. 2
Yav
u
2( 25y
av
_ 202
I ( u )

— s, since s=y _+y
yor or 0S
<
= WS
uTS o}
] Sl (A.8.1)
‘/§ -1 |
Yor

A i
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From equation ( 3. 26 ) ,

Ni.

u
: 2
- 2(%)
uav

Let @ = —= , then from equati

on (A, 7.2 ), « becomes ,

1+ oy s .
where E = — n ]+kyms)—l +7.8 |y -1 (0

+ _ ot ++
Vs S T Ynr
and fo=a2(1+1)

(A.8.2)
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APPENDIX A.9

MATCHING OF SMOOTH AND ROUGH WALL VELOCITY PROFILES AT THE MAXIMUM
VELOCITY POINT

From the equations ( 3. 19 ) and ( 3. 20 ) ,

y
u mr
-~ arin (7))
Un k Zor
y . u
u ms TS
_ Elg In (—5——) + ¢ U g (A.9.1)
Now rearranging equation ( A. 9.1 ) and substituting Yns = S Ypr
(s-y . )u
Iny -1nz = EIE- {]" {. vmr =k
mr or u
Tr )
u (s-y u
_ _ais mr Tr
Hence , Zor = Yor exp {— m [1n " +C k ] }
™
(A.9.2)
Multiplying equation ( A. 9.2 ) by E;§ R
! v
o+ Eﬁ ](4— ++ +C K (A93)
Zor T Yme P ) T W LS = Yo ) P
Tr
Substituting equation ( A . 8.1 ) 1in equation ( A . 9.3 ) ,
++ ++ + ++
Zop = Ypp OXP { -D [ In(s - Yor )+ Ck ]
(A.9.4)
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APPENDIX A.10

RELATIONS FOR f AND Re WITH m AS A CONSTANT

From equation ' ( A . 10. 2 ) ,

+ ++
Zop = Yp ©XP { -D [-1n (s - Yop

)+ C k] } (A.10.1)

For constant m , Yo = Yn ,( see section 3.8.1 ). Hence D becomes ,
- s
D = = -] (A.10.2)
Ymr

Substituting equation ( A. 10. 2 ) into equation (A . 10. 1) ,

or

nr mr.

Equations ( 3 . 32 ) and ( A . 8.2 ) stay the

S -y u A
Y. exp ‘- N In ( mr) 1S, Ck
= 1 "

(A.10.3)

Ji

same , but the above

equation ( A . 10.2 ) should be used for constant m .

ywn
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APPENDIX A.11

OF RELATIONS BETWEEN MEAN FLOW PARAMETERS

T
wr

r

TS

wr

T
wS

‘ T
= Jp—@‘t ( Definition )
Tus
= JDL ( Definition )
Tur
= ‘—‘—95' ( Definition )
Pu
av
21 S
- —3 ( Definition )
P YUay
- _E§_:_i1 ( Equation 3.31 )
2
= = Yor %ﬂ ( Appendix A.2 )
X
= - Ygs %E_ ( Appendix A.2 )
X
- - %P_ ( Equation 3.28 )
X
. yr .
= (1 - ( Appendix A.5 )
Yor
Ys .
= (1- v ) ( Appendix A.5 )
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uav Dh d
u
.
Zor = Y EXP 3 ° U;—
r
+ Ck }
=~ Q
Yav A
S = Yor + Yos
- o
1 - =S
Ms _ Tus Yos
v u duS
dyS
T Ty
Mr _ Twr or
v u dur
dy_

-1

-1

( Definition )

( Appendix 10 )

( Definition )

( Definition )

( Definition )

( Equation 4.9 )

( Equation 4.9 )
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APPENDIX A.12

FLOWCHART OF THEORETICAL CALCULATIONS WITH m AS CONSTANT

START
¥
INPUT u_ /.
Tg /

A

SOLVE FOR Yor USING

EQUATION A.10.3
CALL RTWI

v

COMPUTE Re FROM

EQUATION 3.32

y
COMPUTE OTHER PARAMETERS OF

INTEREST USING RELATIONS IN _17/ OUTPUT Re,y,, ETC  \
APPENDIX A.11 .

The programme is open ended. The non-linear equation (.A.10.3 ) was

solved by the sub-routine RTWI, which utilizes the Wegstein's

iteration method [41-].

|




APPENDIX A.13

FLOWCHART OF THEORETICAL CALCULATIONS WITH m AS VARIABLE

START

Y
INPUT U_ 5 Ypas Y. [e
‘( Tg 0> m /

\
COMPUTE Re USING

EQUATION 3.24

)
COMPUTE f USING

EQUATION A.9.2

Y
COMPARE THE Re COMPUTED

WITH Re EXPERIMENTAL
CORRESPONDING TO ABOVE
INPUT Yo AND Y

IS
Recomp

CHANGE

uT
S

YES

L a— NO

~ Regyp
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APPENDIX A,14

DIMENSIONAL ANALYSIS

The zero shear stress point ( Yo ), or the maximum velocity
point ( Yo ) for a partially roughened surfaced channel assumed
here to depend mainly on channel width s, roughness height ¢ ,
roughness nitch n, the hydraulic diameter D of the channel, the
averaae velocity u of fluid, the density o and the dynamic viscosity
u. The relationship among the variables is expressed by an
equation of the form,

d’(‘.’a S, €5 D,y Uy psU) = 0 (A‘]qv.])

The dimensional matrix of the variables in equation

({ A.14,1 ) can be given as,

Rccording to Buckinagham's 1 theorem, since there are
seven variables in equation ( A.14,1 ) in which there are only
three dimensions as shown in the above matrix, the variables may

be arranged into four independent dimensionless 1 parameters. If
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u, p and s are the primary variables, four II parameters are -

x1 vl z1

‘ M, = u p° S u
HZ % uxZ py2 SzZ v
n, - ux3 py3 Sz3 .

x4 x4 _z4

II4 = o} S p
By expanding the T quantities into dimensions,
Since rl1 is required to be dimensionless, the exponents of M,L
and T must all be zero. Hence,

vl +1 =0
x1-3y1 + z1-1 = 0
-x1-1 = 0

from which x1 = -1, yl = -1 and z1 = -1. Therefore,

o= ()7 (o) (s




]Eu;i;;méugﬂ<‘. iy
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X2 -3y2+22+1 =0
-x2 = 0,

from whﬁch x2 = 0,y2 = 0 and z2 = -1. Therefore,

m, = (u)? (e (s y
=x
S
Similarly, T, = £ and 1, = £, Hence, equation ( A.14.1 )
3 s 4 s
becomes,
u Y & DBy =
¢(upsis,s’s) 0

It is convenient to invert some of the parameters and by doing so

the above equation becomes,

o f»

nfo

) =0 (A4.2)

-
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TABLE 3.1

LAW OF THE WALL [55]

Range Equation
Prandt1 & | 0¢y «11.5 | v =y
Taylor + + +
[ 26,27 11.5 2y u =2.5Iny +5.5
Von Karman 0 < y+ <5 ot = ¥+
[zs] 52y <30 | u"=51ny -3.05
0%y u=2.51ny" +5.5
Reichardt 0%y uw =25 (1+0.8y )
[25] +7.8 ,_1-Exp(-y"/n)-(y+/11)Exp(-o.33y+) ]
y+
Deissler 0< y+ < 26 ut __S dy+
01+(o.124)2u*y*[1-Exp(o.124)2u*y*]
[15} 6%y ut =2.781ny" + 3.8
_
+ + 2 d +
Van Driest | 02y u M
+ + 2
[29] 01+{1*0.64y 2‘:’I-Exp(-y /26)} }%
. - + + +
Rannie 0%y %27.5| u =14.54 tanh (0.0688 y )
[30] 27.52y" u'=2.51ny +5.5
Spalding 02 y+ y+ =y o+ 0.1108[Fxp(0.4u+)-1-0.4u+
[3‘] - (0.4u%)%/2! - (0.4u")3/3! - (o.au*)“/a:]
Masan et al | 0%y 220 | ut =y - 1.08x107(y")* + 3.03x1078(y")°
[32} 0%y u'=2.51ny +5.5
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TABLE 3.2

VARIATION OF C WITH y*

ye c
1 1.01
| 0.55
| 9 2.36
f 16 4.00
- 25 4,94
:* 36 5.38
64 5.58
81 ' 5.58
100 5.57
121 5.56
144 5.55
196 5.54
i' 256 5.53
: 324 5.53
i 361 5.52
400 5.52
484 5.5
576 5.52
| 676 5.52
I 900 5,52

o

[

B
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TABLE 3.3

RESULTS OF THEORETICAL COMPUTATIONS

Re “av s+ y;: ++

ft/sec ;;—- or Zop f %
15067 18.97 511 0.62 1.1642 0.00188 0.01149 50.94
24284 30.57 773 0.63 1.4476  0.00155 0.01035 62.02
27116 34.14 855 0.64 1.6012 0.00155 0.01022 62.02
33322 41.95 1027 0.65 1.8090 0.00146  0.00986 65.90
47185 59.41 1397 0.65 2.1801 0.00129 0.00925 74.37
65004 81.84 1855 0.66 2.4953 0.00111  0.00867 86.31
75473  95.02 2124 0.67 2.8361 0.00110 0.00855 86.92
82299 103.T 2303 0.67 3.3424 0.00120 0.00867 79.97
88099  98.33 2203 0.67 3.6467 0.00137 0.00901 70.12
94405 118.86 2605 0.67 3.9796 0.00126 0.00869 76.00
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TABLE 3.3 ( CONTINUED )

2 = 13.8
»
Re ft/sZZ s Zé; 70 7, £ i%
S

9790  7.92 355 0.57 0,7866 0.00294 0.01204  32.67
20272 16.40 665 0.58 1.0286 0.00205 0.01006  46.76
30241  24.46 944 0.58 1.2849 0.00181 0.00936  53.15
48737  39.42 1445 0.60 1.7329 0.00159 0.00865  60.32
63383  51.27 1829 0.61 2.1384 0.00155 0.00840  61.88
85178  68.90 2383 0.61 2.6696 0.00149 0.00811  64.58
102294 82.74 2825 0.62 3.5835 0.00168 0.00825  57.03
111085 £9.82 3066 0.65 4.2333 0.00183 0.00836  52.39
129081  104.41 3529 0.66 5.2436 0.00197 0.00843  48.70
137395  111.13 3745 0.66 6.1838 0.00219 0.00864  43.81
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TABLE 3.3 ( CONTINUED )

LY

Re ft;:gc s’ zé;- Zg: Zor f %
S

1311 6.63 442 0.31 0.2607 0.00132 0.00905 72.77
28636 14.49 883 0.38 0.4714 0.00119 0.00787 80.97
44816 22.67 1332 0.42 0.6830 0.00115 0.00740 83.72
51293 25.95 1524 0.48 0.9905 0.00145 0.00758 66.04
67407 34.10 1952 0.49 1.4368 0.00165 0.00760 58.30
76950 38.93 2207 0.50 1.7939 0.00182 0.00767 52.80
90835 45,96 2600 0.55 2.5765 0.00222 0.00787 43.30
104648 52.95 2963 0.56 3.1818 0.00240 0.00793 39.96.
122108 61.78 3416 0.57 3.9553 0.00259 0.00799 37.06
143071 72.39 3965 0.59 5.0970 0.00288 0.00819 33.39
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TABLE 3.3 ( CONTINUED )

S = 295
qav + y++ ++
Re ft/sec ° ;%L Zor Zor f %
13638 5.64 472 0.36 0.0817 0.00043  0.00707 196.07
26318 10.89 851 0.43 0.1818 0.00060 0.00662 159.03
37218 15.40 1168 0.45 0.4292 0.00104 0.00698 92.37
59831 24.76 1798 0.49 0.6892 0.00108 0.00667 88.57
'71314 29.51 2112 0.51 0.8505 0.00114 0.00661 84.31
98432 40.73 2822 0.52 1.0576 0.00106  0.00633 90.60
123891 51.26 3484 0.53 1.3368 0.00108 0.00623 88.49
128974 53.37 3644 0.56 1.8827 0.00146 0.00658 65.74
142341  58.90 3995 0.57 2.2517 0.00159 0.00665 60.25
155533  64.35 4355 0.58 2.9219 0.00190 0.00685 50.61
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TABLE 4.1

RESULTS FROM PROFILE METHOD

2 = 8.6 x = 120 inch
Re C fr fs f Zoe 1
in m
12502 27.71 0.03762 0.00123 0.01943 0.02676  3.59
23221 16.79 0.04277 0.00237 0.02257 0.02616  3.67
28645 15.65 0.04984 0.00244 0.02614 0.03012 3.19
35138 13.42  0.04156 0.00258 0.02207 0.02568 3.73
46441 15.51 0.01396 0.00201 0.00799 0.00384  25.27
53333 10.01 0.00573 0.00267 0.00420 0.00024  365.79
64960 25.06 0.00269 0.00145 0.00207 0.000003 31857.90
71160 20.08 0.0149  0.00142 0.00818 0.00490 19.6T
79067 21.69 0.0240  0.00147 0.01275 0.01028 9.33
93218 18.99  0.03259 0.00171 0.01715 0.02118 5.46

e
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TABLE 4.2

S -
€

Re =

8.6

46441

x ==

120

inch

RESULTS WITH RESULTS WITH RESULTS WITH
EXPERIMENTAL YS Yo 0.1 mm Yo - 0.09 mm
% CHANGE % CHANGE
¢ = 15.51 13.73 1.5 17.35 +11.8
u_ = 5.258 ft/sec 5.168 1.7 5.340 + 1.6
T0;= 0.062 1bf/Ft 0.060 3.2 0.064 + 3.2
= 1997 fi/sec 2.116 +6.0  1.885 - 5.6
r o= 0.009 Tbf/ft? 0.010 +11.1  0.008 -1
f. = 0.0139 0.01348  -3.4  0.01440  + 3.2
f, = 0.00201 0.00226  +12.5  0.00179 - 11.0
f = 0.00799 0.00787  -1.5  0.00810 + 1.4
;- 000032 Ft 0.00029  -9.4  0.00034  + 6.3
L~ 2527 27.64 +9.3 23.35 - 7.6
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TABLE 5.1 Al

EXPERIMENTAL RESULTS

2 = 8.6 B =2
€ €
ég Tur T u u
dx Yor ws Tr s
Re  Mf/fP/in 5 B be/f? 1bfyfel /e Ti/sec
12865  0.01162 0.640 0.622 0.00615 0.00346 1.623 1.221
20410 0.02717 0.647 0.628 0.01454 0.00793 2.502 1.848
29618 0.03343 0.649 0.640 0.01794 0.00970 2.780 2.044
36380 0.04874 0.663 0.647 0.02632 0.01399 3.367 2.454
47620  0.09171 0.659 0.653 0.04998 0.02586 4.639 3.337
56079  0.16282 0.661 0.659 0.08900 0.04565 6.191 4.43
65348  0.21649 0.666 0.665 0.11924 0.05980 7.166 5.074

g 727178 0.26154 .675 0.671 0.14600 .07030  7.929 5.502

o o o o O

81368 0.24463 .682 0.671 0.13797 .06433 7.708 5.263

o o o o O

95932 0.34442 .684 0.671 0.19483 0.09001 7.100 6.226

A



TABLE 5.1 A1 ( CONTINUED )
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2 = 8.6 £ =
U Zor
Re ft/sec Rem fr fs f in —
12865 22.66 17208 0.01846 0.01038 0.01442 .00196 48.96
24410  36.15 27453 0.01212 0.00661 0.00936 .00160 59.84
29618 40.34 30631 0.01016 0.00549 0.00783 .00159 60.19
36389 49.43 37533 0.00987 0.00525 0.00756 .00151 63.73
47620 69.63 52877 0.01095 0.00566 0.00831 .00133 72.00
56079  95.47 72493 0.01406 0.00721 0.01063 .N0114 84.08
65348 110.75 84102 0.01387 0.00695 0.01041 .00114 84.52
72778 120.95 91841 0.01369 0.00659 0.01014 .00124 77.24
81368 115.12 87418 0.01035 0.00483 0.00759 .00141 68.01
95932 138.78 105335 0.01051 0.00486 0.00769 .00129 74.16

i
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TABLE 5.1 Bl

EXPERIMENTAL RESULTS

= 8.6 E. = 4
%%— Twr Tws uTr T
Re o Jor  or 2 2

1bf/ft™/in s s 1bf/ft 1bf/ft ft/sec ft/sec

10254 0.01054 0.729 0.716 0.00635 0.00236 1.679 1.024
20509 0.03829 0.738 0.729 0.02337 0.00830 3.221 1.919
30445 0.07380 0.748 0.744 0.04565 0.01538 4.502 2.613
40636 0.12718 0.780 0.758 0.08204 0.02314 6.035 3.205
46700 0.19843 0.790 0.779 0.12964 0.03446 7.586 3.911
51158 0.21027 0.799 0.78 0.13894 0.03495 7.853 3.939
55818 0.2738 0.804 0.793 0.18209 0.04439 8.990 4.439
60890 0.29614 0.814 0.800 0.19935 0.04555 9.407 4.497
66044 0.38758 0.817 0.808 0.26187 0.05866 10.781 5.103
71699 0.42425 0.822 0.815 0.28840 0.06245 11.314 5.265
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TABLE 5.1 B1 ( CONTINUED )

S - 3.6 E=- 4
Re " Rem f f f “or

ft/sec r S in =
10254 17.75 13075 0.02911 0.01082 0.01996 0.00864 11.12
20509 36.06 26563 0.02677 0.00950 0.01814 0.00685 14.02
30445 50.74 37377 0.02373 0.00800 0.01586 0.00678 14.16
40636 63.42 46719 0.02394 0.00675 0.01534 0.00937 10.25
46700 78.80 58051 0.02864 0.00761 0.01813 0.01000 9.60
51158 78176 58022 0.02558 0.00643 0.01601 0.01177 8.16
55818 89.72 66094 0.02816 0.00686 0.01751 0.01211  7.93
60890 90.64 66776 0.02591 0.00592 0.01591 0.01402 6.85
66044 103.95 76579  0.02893 0.00648 0.01770 0.01412 6.79
71699 107.18 78961  0.02703 0.00585 0.01644 0.01524 6.29

L
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TABLE 5.1 C1

EXPERIMENTAL RESULTS

2 = 8.6 B - 3
dp T T u Uz
Re dx ﬁr _y_m-r wy” wS T r S
bf/ft%/in S S 1bf/et?  1bf/Ft? ft/sec ft/sec
9920  0.01553 0.842 0.821 0.01081 0.00203 2.163 0.937
| 18112 0.04403 0.843 0.827 0,03084 0.00557 3.653 1.552
E ; 25615  0.08567 0.855 0.833 0.06057 0.01027 5.119 2.108
% 32018 0.13515 0.859 0.839 0.09601 0.01576 6.445 2.611
i 38422 0.18703 0.863 0.843 0.13348 0.02119 7.599 3,028
{ 43832 0.24847 0.867 0.846 0.17815 0.02733 8.779 3.438
47921  0.30867 0.870 0.851 0.22209 0.03319 9.801 3.789
52024  0.33652 0.874 0.855 0.24324 0.03507 10.258 3.895

0
55826 0.46649 0.879 0.861 0.33910 0.04668 12.111 4.494
0

58690 0.49434 0.885 0.867 0.36180 0.04701 12.510 4.510




TABLE 5.1 C1 ( CONTINUED )
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> = 8.6 E - 8
U Zor 1

Re ft/sec Rem fr fs f . o
9920 15.01 11349 0.05432 0.01019 0.03226 0.04227 2.27
18112 26.70 20185 0.04648 0.00840 0.02744 0.03673 2.61
25615 37.69 28489 0.04564 0.00774 0.02669 0.03624 2.64
32018 47.84 36162 0.04630 0.00760 0.02695 0.03563 2.69
38422 56.40 42635 0.04470 0.00710 0.02590 0.03581 2.68
43432 64.98 49119 0.04669 0.00716 0.02693 0.03623 2.65
47921 72.21 54585 0.04781 0.00714 0.02748 0.03695 2.60
52024 74.23 56113  0.04443 0.00641 0.02542 0.03911 2.44
55826 86.78 65598 0.05379 0.00741 0.03060 0.04054 2.37
58690 86.63 65487 0.05193 0.00675 0.02934 0.04493 2.14

b



-92-

TABLE 5.1 D1

EXPERIMENTAL RESULTS

5 = g6 B~ 16
€ €
u u
QP_ Tu)\" TmS TY‘ 1.S
Re dx Zgr Zmr
1bf/€t2/in s 16f/Ft>  1bf/Ft2 Ft/sec ft/sec

11052 0.01579 0.804 0.741 0.01050 0.00256 2.135 1.054
- 18047  0.03703 0.808

: 0.750 0.02475 0.00588 3.278 1.598
é 25523 0.07304 0.813 0.753 0.04911 0.01130 4.617 2.214
; 31904 0.11126 0.816 0.759 0.07508 0.01693 5.709 2.711
: 38284 0.15836 0.817 0.764 0.10700 0.02397 6.816 3.226
: 43276 0.20614 0.821 0.767 0.13397 0.03052 7.795 3.640
{ 47749 0.25529 0.825 0.771 0.'7418 0.,03695 8.696 4.005
f 51626 0.29318 0.831 0.775 0.20148 0.04098 9.352 4.218
é 55626 0.33789 0.836 0.779 0.23360 0.04583 10.970 4.460
é 59856 0.40922 0.839 0.786 0.28394 0.05449 11.102 4.864

i



TABLE 5.1 D1 _( CONTINUED )
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S - 8.6 E— 16
.um ZOY‘ 1

Re tt/sec Rem fr fs f . P
11052 18.16 13680 0.04233 0.01032 0.02632 0.02038 4.71
18047 29.05 21884 0.03742 0.00889 0.02316 0.01789 5.37
25523 42,01 31642 0.03714 0.00854 0.02284 0.01636 5.87
31904 52.64 39647 0.03634 0.00819 0.02227 0.01571 6.11
38284 63.86 48099 0.03596 0.00806 0.02201 0.01489 6.45
43276 73.04 55015 0.03681 0.00803 0.02242 0.01495 6.42
47749 81.15 61125 0.03763 0.00798 0.02281 0.01525 6.29
51837 85.82 64642 0.03694 0.00751 0.02222 0.01632 5.88
55626 91.18 68681 0.03719 0.00730 0.02224 0.01722 5.57
59856 100.09 75387 0.03904 0.00749 0.02327 0.01766 5.44

R

2\
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TABLE 5.1 A2

EXPERIMENTAL RESULTS

M |»

= 13.8 P -
€

d T T u u
H% wr wS T T

Re 2 yor Yoor 9 2
1bf/ft~/in s S 1bf/ft 1bf/ft ft/sec ft/sec

10901 0.00133 0.629 0.571 0.00111 0.000C6 0.689 0.529
‘ 22865 0.00478 0.638 0.576 0.00405 0.00230 1.314 0.990
g 33891 0.00988 0.647 0.580 0.00848 0.00463 1.903 1.405
i 54576 0.02375 0.656 0.598 0.02068 0.01084 2.971 2.152
E 67549 0.03892 0.664 0.607 0.03434 02.01738 3.829 2.724
i 91114 0.06799 0.673 0.611 0.06072 0.02950 5.092 3.549
? 113702 0.09980 0.687 0.625 0.09098 0.04145 6.233 4.207

E 1258790 0.11906 .691 0.647 0.10917 0.04882 6.828 4.566

o O

138799 0.16198 .699 0.660 0.15025 0.06470 8.009 5.256

156099 0.18800 0.701 0.664 0.17663 0.07285 8.684 5.577

r@ﬂ@i;ghmdm”




TABLE 5.1 A2 ( CONTINUED )
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2 = 13.8 k-
i

Re " Rem f. fe f ?or 1

ft/sec in m
10901 9.52 11347 .01135 0.00669 0.00902 0.00301 31.88
22865 19.34 23051 .00939 0.00533 0.00736 0.00213 45.17
33891 28.66 34162 0.00896 0.00489 0.00693 0.00186 51.49
54576 45.92 54739 .00843 0.00442 0.00642 0.00164 58.51
67549 59.58 71023 .00913 0.00462 0.00683 0.00161 60.14
91114 79.89 95233 .00888 0.00431 0.00659 0.00153 62.95
113702 86,10 174555 .00854 0.00389 0.00622 0.00174 55.20
125870 104.53 124614 .00836 0.00374 0.00605 0.00188 51.08
138799 121.70 145073 .00946 0.00408 0.00677 0.00201 47.79
156099 129.79 154728 .00880 0.00363 0.00621 0.00231 43.01
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TABLE 5.1 B2

EXPERIMENTAL RESULTS

m [

- 13.8 B =y
€

%% Tu)Y' TLUS aT uT

2 Jor mr
1bf/ft™/in s

<

<
-~
w

Re

(7]

bf/Ft2  1bf/Ft2  ft/sec ft/sec

‘ 12540 0.00205 0.684 0.589 0.00186 0.00086 0.831 0.565
§ , 26303  0.00922 0.698 0.620 0.00854 0.00369 1.178 1.171
E 39654  0.01749  0.702 0.631 0.01629 0.00692 2.459 1.602
? 50158  0.03003 0.711 0.668 0.02834 0.01152 3.243 2.068
32 61431  0.04454 0,726 0.673 0.04291 0.01619 3.991 2.452
. 73831 0.06758 0.735 0.683 0.06591 0.02376 4.946 2.970
é 102385 0.13311 0.744 0.694 0.13141 0.08522 6.984 4,097
E 115835  0.15631 0.753 0.705 0.15619 0.05124 7.614 4.361

127879 0.19522 0.762 0.715 0.19740 0.06166 8.560 4.784

138277 0.24027 0.771 0.726 0.24583 0.07302 9.552 5.206

s



TABLE 5.1

B2 ( COKTINCED )

S =138 E =y
Un Zor

Re Rem . fe f . 1

ft/sec in m
12540 10.39 14246 0.01650 0.00762 0.01206 0.00525 18.28
26303 23.45 32155 0.01722 0.00745 0.01234 0.00423 22.68
%E _ 39654 33.23 45569 0.01447 0.00614 0.01030 0.00376 25.51
% 50158 43.65 59862 0.01572 0.00639 0.01106 0.00407 23.60
3% 61431 52.71 72286 0.01587 0.00599 0.01093 0.00453 21.18
;% 73831 65.05 89200 0.01688 0.00609 0.01148 0.00471 20.40
.% 102385 92.66 127067 0.0750 0.00602 0.01176 0.00456 21.03
% 115835 98.91 135644 0.01625 0.00533 0.01079 0.00518 {8.53
i§ 127879 109.20 149754 0.01685 0.00526 0.01106 0.00577 16.65
% 138277 119.43 163772 0.01795 0.00533 0.01164 0.00648 14.80

)
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TABLE 5.1 C2

EXPERIMENTAL RESULTS

5 — 13.8 P -3
€ [ 4
dp T T u u
dx wr wS Tr Ts
Re 2 Xgr er 2 2
ibf/ft™/in s S 1bf/ft 1bf/ft ft/sec ft/sec

10778 0.00375 0.885 0.864 0.00441 0.00057 1.380 0.497
22608 0.01502 0.894 0.872 0.01782 0.00211 2.774 0.955
34083 0.03072 0.899 0.879 0.03664 0.00412 3.978 1.333
43112 0.05256 0.904 0.885 0.06305 0.00670 5.218 1.700
52801 0.07440 0.909 0.883 0.08975 0.00898 .6.225 1.970
63459 0.11468 0.913 0.898 0.13894 0.01324 7.746 2:39]
78711 0.17065 0.917 0.904 0.20766 0.01880 9.470 2.849
93133 0.24573 0.921 0.°11 0.30033 0.02576 11.388 3.335
102627 0.28669 0.923 0.918 0.35114 0.02929 12.314 3.557
113519 0.34283 0.925 0.924 0.42082 0.03412 13.480 3.839

-



TABLE 5.1 C2 ( CONTINUED )
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S =138 2 -
Un Zor

Re Rem f f f 1

ft/sec r s in m
10778 7.43 8759 0.04554 0.00592 0.02573 0.13293 0.72
22608 15.68 18485 0.04182 0.00496 0.02339 0.12055 0.80
34083 22.82 26896 0.03785 0.00425 0.02105 0.11759 0.82
43112 29.92 35264 0.04070 0.00432 0.02251 0.11852 0.8]
52801 35.25 41549 0.03863 0.00387 0.02125 0.12236 0.78
63459 43.39 51143 0.04140 0.00395 0.02267 0.12677 0.76
78711 52.52 61899 0.04022 0.00364 0.02193 0.13051 0.74
93133 62.16 73272 0.04155 0.00356 0.02256 0.13618 0.71
102627 66.13 77949 0.0400 0.00334 0.02167 0.14215 0.68
113519 71.38 84130 0.03918 0.00318 0.02118 0.14748 0.65

I fodd
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TABLE 5.1 D2

EXPERIMENTAL RESULTS

k S = 13.8 B =~ 16

¥ € €

dp T T u u

dx wr ws N r Ts

ﬁ ‘Re 2 ZQE. X@f 2 2

; 1bf/ft™/in s s 1bf/ft 1bf/ft ft/sec ft/sec
] 10721 0.00277 0.873 0.778 0.00321 0.00047  1.181 0.450
b 02489  0.01348 0.878 0.781 0.01571 0.00218  2.611 0.973
: 33904  0.02722 0.880 0.782 0.03179 0.00433  3.715 1.372
53 42885  0.04693 0.883 0.784 0.05499 0.00729  4.886 1.779
52 50523  0.06775 0.885 0.787 0.07956 0.01034  5.877 2.119
] 63125  0.09625 0.887 0.791 0.11329 0.01443  7.013 2.503
. 78297  0.14471 0.890 0.794 0.17091 0.02112  8.614 3.028
: 92643  0.20887 0.892 0.796 0.24724 0.02994 10.360 3.605
E 102087  0.25529 0.894 0.798 0.30286 0.03591 11.466 3.948
; 116792  0.31126 0.898 0.800 0.37092 0.04213  12.639 4.277
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TABLE 5.1 D2 ( CONTINUED )
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2 = 13.8 B = 16
U oy

Re Rem f f f 1

ft/sec r s in m
10721 7.16 8399 0.03336 0.00485 0.01911 0.09121 1.05
22489 17.32 20311 0.03707 .00515 0.02111 0.07296 1.32
33904 25.57 29984 0.03300 0.00450 0.01875 0.06609 1.45
42885 34,27 40181 0.03569 0.00473 0.02021 0.06290 1.53
52523 41.68 48864 0.03442 0.00447 0.01945 0.06123 1.57
63125 50.17 58817 0.03393 0.00432 0.01913 0.06003 1.60
78297 62.02 72720 0.03327 0.00411 0.01869 0.05913 1.62
92643 75.32 88397 0.03438 0.00416 0.,01927 0.05766 1.66
102087 83.29 97658 0.03469 0.00411 0.01940 0.05794 1.66
116792 90.97 106657 0.03246 .00369 0.01807 0.06034 1.59




EXPERIMENTAL RESULTS
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TABLE 5.1 A3

S - 2.2 B =2
[ €
dp T T u u
dx wr wS TY‘ TS
Re 5 Jor {mr 5 5
1bf/ft™/in s s 1bf/ft 1bf/ft ft/sec ft/sec
11211 0.00038 .593 0.294 0.00052 0.00036 0.471 0.391
21468 0.00155 .602 0.367 0.00218 0.00144 0.966 0.786
32148 0.00357 .611 0.403 0.00507 0.00323 1.475 1.177
51241 0.00478 .620 0.457 0.00689 0.00423 1.720 1.346
64079 0.00823 .638 0.466 0.01221 0.00693 2.289 1.724
86843 0.01079 .647 0.480 0.01624 0.00886 2.640 1.950
107536 0.01536 .656 0.530 0.02345 0.01230 3.172 2.297
119120 0.02048 .665 0.539 0.03169 0.01596 3.687 2.617
133076 0.02797 .674 0.548 0.04387 0.02122 4.338 3.017
147983 0.03877 .683 0.566 0.06162 0.02860 5.142 3.503
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TABLE 5.1 A3 ( CONTINUED )

S = .2 Il
U Zor

Re Rem fr fo f _ 1

ft/sec in m
1121 7.76 15236 0.01363 0.00935 0.01149 0.00094 101.71
21468 16.77 32915 0.01560 0.01032 0.071296 0.00082 116.47
32148 26.14 51311 0.01622 0.01033 0.01327 0.00078 122.76
51241 30.04 58962 0.00868 0.00532 0.00700 0.00098 97.71
64079 39.46 77456 0.00983 0.00558 0.00771 0.00110 87.52
86843 45.09 88505 0.00712 0.00388 0.00550 0.00120 79.81
107536 53.48 104969 0.00670 0.00351 0.00511 0.00145 66.15
119120 61.67 121040 0.00738 0.00372 0.00555 0.00158 61.56
133076 72.02 141359 0.00819 0.00396 0.00608 0.00167 57.62
147983 84.57 165987 0.00930 0.00432 0.00681 0.00183 52.46
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TABLE 5.1 B3

EXPERIMENTAL RESULTS

S~ u2 E =4
€ €
dp T T u u
Re 2 Zgr Zmr 5 >
1bf/ft™/in s S 1bf/ft 1bf/ft ft/sec ft/sec

10194 0.00051 0.700 0.552 0.00083 0.00036 0.609 0.399
21323 0.00179 0.709 0.617 0.00296 0.00121 1.147 0.735
31213 0.00341 0.714 0.663 0.00567 0.00227 1.588 1.005
49022 0.00802 0.719 0.695 0.01342 0.00524 2.443 1.528
62426 0.01229 0.724 0.700 0.02070 0.00789 3.035 1.874
82183 0.02543 0.728 0.716 0.04307 0.01609 4.378 2;676
101941 0.03328 0.733 0.720 0.05676 0.02068 5.025 3.033
111671 0.03771 0.738 0.729 0.06477 0.02299 5.368 3.198
128947 0.05495 0.743 0.733 0.09501 0.03286 6.501 3.824
142353 0.06826 0.747 0.741 0.11865 0.04019 7.266 4.228

r“—%ﬂs-mxvzr»:‘a TR N L TR T T T IR



TABLE 5.1 B3 ( CONTINUED )
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2 = 2.2 E =4
Un Zor

Re Rem f f 1

ft/sec r s in m
10194 7.46 14113 0.02558 0.01096 0.01827 0.00960 10.00
21323 14,57 27584 0.02073 0.00851 0.01462 0.00891 10.78
31213 21.41 38624 0.01856 0.00743 0.01299 0.00905 10.61
49022 32.22 60992 0.01780 0.00696 0.01238 0.00828 11.60
62426 40.40 76480 0.01693 0.00646 0.01170 0.00792 12.11
82188 59.72 113039 0.02033 0.00760 0.01396 0.00711-13.50
101941 68.53 129715 0.01741 0.00634 0.01188 0.00716 13.40
111671 72.43 137104 0.01656 0.00589 0.01122 0.00768 12.50
128947 88.16 166869 0.01822 0.00630 0.01226 0.00752 12.76
142353 98.23 185936 0.01867 0.,00632 0.01250 0.00773 12.43
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TABLE 5.1 C3

EXPERIMENTAL RESULTS

2 = 24,2 b =
€ €
dp Tur Tus u
] dx y y w w T Tg
€ 2 2 I 2 2
1bf/ft™/in s S 1bf/ft 1bf/ft ft/sec ft/sec
é 10419 0.00064 0.904 0.884 0.00135 0.00014 0.762 0.248
l
1 21793 0.00213 0.908 0.895 0.00451 0.00046 1.395 0.444
31902 0.00486 0.990 0.898 0.01030 0.00102 2.109 0.663
50104 0.01195 0.911 0.901 0.02532 0.00247 3.307 1.034
63803 0.01894 0.911 0.904 0.04016 0.00392 4.164 1.302
84001 0.03311 N.912 0.907 0.07026 0.00578 5.508 1?711
104191 0.05085 0.913 0.913 0.10804 0.01030 6.830 2.109
114135 0.06075 0.914 0.916 0.12921 0.01216 7.470 2.291
131792 0.07918 0.915 0.919 0.16859 0.01566 8.533 2.601
145494 0.09829 0.916 0.922 0.20952 0.0192] 9.512 2.880
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TABLE 5.1 C3 ( CONTINUED )

S - 2 B -8
Um Zor

Re Rem f f f 1

ft/sec r s in m
10419 3.53 6895 0.04083 0.00434 0.02258 0.32263 0.30
. 21793 6.85 13365 0.03125 0.00317 0.01721 0.29258 0.33
E 31902 10.84 21165 0.03332 0.00330 0.01831 0.26737 0.36
| 50104 17.96 35074 0.03321 0.00325 0.01823 0.23870 0.40
63803 23.27 45436 0.03248 0.00317 0.01783 0.22500 0.43
84001 31.63 61748 0.03278 0.00316 0.01797 0.21324 0.45
104191 39.72 77557 0.03277 0.00312 0.01796 0.20750 0.46
i 114191 43.44 84818 0.03266 0.00307 0.01787 0.20817 0.46
| 131792 49,89 97414 0.03196 0.00297 0.01746 0.20622 0.47
145494 55.72 108802 0.03259 0.00299 0.01779 0.20597 0.47
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TABLE 5.1 D3

EXPERIMENTAL RESULTS

S o~ 2.2 E =16
€ €
%g— Tu)r‘ TwS uTr u'rs
Re 9 io_r ﬁn_r 2 "
1bf/ft"/in s S Tbt/ft 1bf/fe~  ft/sec ftfsec

10390 0.00053 0.857 0.760 0.00106 0.00018 0.676 0.276
21732 0.00427 0.860 0.761 0.00420 0.00068 1.349 0.544
31813 0.00427 0.863 0.766 0.00857 -~ 0.00136 1.926 0.767
49964 0.01126 0.866 0.768 0.02270 0.00351 3.135 1.233
63626 0.01719 0.872 0.774 0.03489 0.00512 3.887 1.489
83767 0.03072 0.874 0.784 0.06247 0.00901  5.201 1.975
103900 0.03891 0.879 0.793 0.07958 0.01096 5.871 2.178
113817 0.05495 0.883 0.800 0.11291 0.01496 6.992 2.545
131425 0.07372 0.886 0.807 0.15199 0.01956 8.113 2.910
145089 0.09010 0.889 0.811 0.18640 0.02327 8.984 3.175
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TABLE 5.1 D3 ( CONTINUED )

S~ 2.2 E =16
€ ) €
Um Zor

Re Rem fr‘ fs f 1

ft/sec in m

10390 4,50 8755 0.03209 0.00535 0.01872 0.12357 0.78

21732 9.78 19042 0.02920 0.00475 0.01698 0.09739 0.99
31813 14.41 28064 $.02779 0.00441 0.01610 0.08938 1.07
49964 24.59 47886 0.02985 0.00462 0.01724 0.07751 1.24
63626 30.30 59002 0.02830 0.00415 .0.01622 0.07965 1.21
83767 41.36 80524 0.02923 0.00421 0.01672 0.07583 1.27

103900 45,91 89397 0.02421 0.00333 0.01377 0.08080 1.18
113817 54.43 105973 0.02862 0.00379 0.01620 0.08274 1.16
131425 62.94 122555 0.02889 0.00372 0.01631 0.08431 1.14
145089 69.19 134716 0.02907 0.00363 0.01635 0.08690 1.11
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TABLE 5.1 Ad

EXPERIMENTAL RESULTS

3 = 29,5 B =
€ €
dp T T u u
dx wr wS Tr Ts
Re 5 ng {mr 2 9
1bf/ft™/in s s 1bf/ft 1bf/ft ft/sec ft/sec

10493 0.00019 0.517 0.418 0.00027 0.00025 0.341 0.330
20922 0.00065 0.549 0.428 0.00101 0.00083 0.656 0.595
31393 0.00137 0.578 0.443 0.00231 0.00163 0.977 0.835

50003 0.00338 0.608 0.472 0.00581 0.00374 1.577 1.266
63292 0.00476 0.624 0.502 0.00840 0.00506 1.896 1.472

84476 0.00869 .630 0.517 0.01547 0.00909 2.574 1.972

116317 0.01550

0

105556 0.01353 0.638 0.533 0.02441 0.01385 3.233 2.435
0.654 0.557 0.02865 0.01516 3.502 2.548
0

129484 0.01906 .662 0.565 0.03567 0.01821 3.908 2.793

144033 0.02348 0.674 0.582 0.,04474 0.02164 4.377 3.044
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TABLE 5.1 A4 ( CONTINUED )

o |n
I
n
O
w

oo
I
(]

or

Re Rem fr fs f
ft/sec in

|-

10493 6.42 14912 0.01142 0.01067 0.01104 0.00064 150.40
z : 20922 12.43 28835 0.01063 0.00873 0.00968 0.00062 154.51
| 31393 18.10 42057 0.01047 0.00764 0.00905 0.00076 126.35
50003 28.59 66437 0.01074 0.00693 0.00883 0.00095 101.53
53292 33.58 78026 0.00970 0.00584 0.00777 0.00119  80.57
84476 46.28 107547 0.01002 0.00589 0.00796¢ 0.00110  87.37
105556 58.22 135284 0.01013 0.00575 0.00794 0.00112 85.64

116317 60.86 141413 0.00979 0.00518 0.07049 0.00151 63.61
129484 67.23 156217 0.00984 0.00502 0.00743 0.00164 53.48
144033 73.63 171098 0.00997 0.00482 0.00740 0.00197 48.80
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TABLE 5.1 B4

EXPERIMENTAL RESULTS

E -
€
%g— Tur Tos T, T,
Re o Xgr er 5 2
1bf/ft™/in s S 1bf/ft 1bf/ft ft/sec ft/sec
9929 0.00025 0.739 0.602 0.00052 0,00018 0.480 0.285
20768 0.00077 0.750 0.649 0.00163 0.00054 0.852 0.492
30401 0.00179 0.760 0.744 0.00385 0.00122 1.310 0.736
47747 0.00444 0.770 0.754 0.00966 0.00288 2.075 1.134
60803 0.00725 0.790 0.763 0.01622 0.00429 2.688 1.382
80051 0.01195 0.801 0.773 0.02705 0.00672 3.472 1.731
19291 0.01775 0.811 0.782 0.04069 0.00948 4.258 2.056
108768 0.02440 0.821 0.792 0.05664 0.01235 5.024 2.346
125594 0.02935 0.832 0.801 0.06904 0.01394 5.547 2.493
138652 0.03413 0.842 0.811 0.08124 0.01525 6.017 2.607

| Sl



TABLE 5.1 B4 ( CONTINUED )
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S = 295 B =
U Zor

Re Rem f f f 1

ft/sec r 3 in m
‘ 9929 5.15 11487 0.02327 0.00822 0.01574 0,02332 4.12
é : 20768 9.39 20954 0.01674 0.00558 0.01117 0.02231 4.30
; 30401 14.22 31721 0.01848 0.00584 0.01216 0.02738 3.50
i 47747 23.01 51346 0.01880 0.00562 0.01221 0.02523 3.81
60803 28.60 63816 0.01947 0.00514 0.01231 0.03061 3.14
80051 36.60 81672 0.01873 0.00465 0.01169 0.03222 2.98
99291 44.16 98527 0.01832 0.00427 0.01129 0.03493 2.75
108768 50.89 113549 0.02125 0.00463 0.01294 0.03895 2.46
125594 54.17 120872 0.01942 0.00392 0.01167 0.04554 2.11
138652 56.60 126302 0.01875 0.00352 0.01114 0.05323 1.80
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TABLE 5.1 C4

EXPERIMENTAL RESULTS

S — 29.5 E -3
€ €
dp T T u u
dx wr wS ‘rr TS
Re 2 Zgr er 2 2
1bf/ft™/in s S 1bf/ft 1bf/ft ft/sec ft/sec

9980 0.00037 0.900 0.897 0,00093 0.00010 0.652 0.214
20874 0.00123 0.902 0.902 0.00313 0.00034 1.177 0.388

30556 0.00256 0.904 0.904 0.00654 = 0.00069 1.700 0.554

47990 .00606 0.906 0.907 0.01553 0.00159 2.620 0.839

61112 .00981 0.909 0.910 0.02522 0.00252 3.338 1.056

80457 .01749 0.911 0.911 0.04505 0.00440 4.462 1.395

.00640 5.449 1.682

0
112905 .03447 0.915 0.919 0.08917 0.00828 6.278 1.913
0

126232 .04062 0.918 0.920 0.10540 .00942 6.825 2.040

0
0
0
99795 0.02602 0.913 0.915 0.06717
0
0
0.05120 0.921 0.923 0.13329 0.01143 7.676 2.248

139356
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TABLE 5.1 C4 ( CONTINUED )

S = 295 B =38
'm Zor

Re Rem £ fo f _ 1

ft/sec in m
9980 2.99 6734 0.04199 0.00467 0.02333 0.39363 0.24
: 20874 5.95 13388 0.03221 0.00350 0.01786 0.33774 0.28
i 30556 8.96 20174 0.03139 0.00333 0.01736 0.31042 0.31
; 47990 14.37 32356 0.03022 0.00310 0.01666 0.28578 0.34
1 61112 18.62 41907 0.03025 0,00303 0.01664 0.27648 0.35
80457 25.47 57339 0.03117 0.00305 0.01711 0.26284 0.37
99795 31.36 70593 0.03021 0.00288 0.01655 0.25879 0.37
112905 36.06 81176 0.03134 0.00291 0.01712 0.26109 0.37
126232 38.71 87137 0.02963 0.00265 0.01614 0.26911 0.36
139356 42.99 96770 0.03075 0.00264 0.01669 0.27773 0.35
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TABLE 5.1 D4

EXPERIMENTAL RESULTS

S = 29,5 P~ 16
€ €
dp T T u u
dx wr wS 'rr ’ts
Re 2 ng {mr 2 2
1bf/ft~/in s S 1bf/ft 1bf/ft ft/sec ft/sec
10311 0.00022 0.900 0.877 0.00056 0.00006 0.491 0.164
21567 0.00115 0.903 0.880 0.00294 0.00059 1.122 0.368
31570 0.00227 0.906 0.882 0.00581  0.00060 1.577 0.508
49583 0.00546 0.908 0.885 0.01402 0.00142 2.449 0.779
63140 0.00904 0.911 0.888 0.02329 0.00228 3.157 0.987
83128 0.01625 0.913 0.892 0.04195 0.00400 4.236 1.308
103108 0.02346 0.918 0.894 0.06089 0.00544 5.104 1.525
116653 0.03055 0.922 0.896 0.07962 0.00674 5.836 1.698
130422 0.03635 0.925 0.900 0.09505 0.00771 6.377 1.816
144902 0.04437 0.926 0.903 0.11615 0.00928 7.049 1.993




TABLE 5.1 D4 ( CONTINUED )
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=16
U Zor

Re Rem f f f ]

ft/sec r S in m
10311 2.26 5267 0.02457 0.00273 0.01365 0.39234 0.24
21567 5.80 13497 0.02926 0.00314 0.01620 0.31406 0.31
31570 8.41 19556 0.02700 0.00280 0.01490 0.29552 0.32
49583 13.69 31833 0.02639 0.00267' 0.01453 0.26751 0.35
63140 17.84 41495 0.02704 0.00264 0.01484 0.26178 0.37
83128 24,44 56865 0.02810 0.00268 0.01539 0.25069 0.38
103108 29.03 67530 0.02651 0.00237 0.01444 0.2599 0.37
116653 32.68 76014 0.02708 0.00229 0.01469 0.26966 0.36
130422 35.09 81606 0.02586 0.00210 0.01398 0.28166 0.34
144902 38.82 90283 0.02560 0.00205 0.01383 0.28209 0.34
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b. Channel Assembly

Figure 4.2 General View of Experimental Apparatus
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Figure 4.10 Hot-Wire Calibration Apparatus
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