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SYNOPSIS

Adequate information is already available
on flow through pipes and on flat plates under
constant pressure. In pipes, where the stress
does not vary along the wall, the veloéity
distribution is logarithmic for most of the flow
region. For flat plates, where the wall stress
decrcases systematically in the downstream
direction, the velocity profile concaves around
the logarithmic iaw. Between these two cases
remains a gap to be closed.

| This thesis concerns a theoretical and
experimental investigation'on a turbulent
boundary layer where the pressure distribufion
is so arranged to give a constant stress along
the wall as in pipes. Various sand roughnesses
were used, and the distributions of mean velocity,
pressure, and turbulence were measured at various
sections.

Chapter ITI concerns the theoretical and
experimental study of the flow in this particular
type of boundary layer, whereas in Chapter III

the mean velocity distributions are examined iun



3
the light of earlier work on both rough and
smooth walls, and the effect of roughness is
investigated. Also a law for the velocity
profile close to a smooth wall id derived, and
an experiment on separation from a rough wall
is reported.

Chapter IV deals with turbulence measurements
near rough walls, whereas Chapter V examines the
usual methods ofvcalculation for turbulent
boundary layers under pressure gradients.

In Chapter VI, loose sand was used for the
boundary and the movement of grains was examined

and compared with that in parallel flow.
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8.

CHAPTER I

FULLY DEVELOPED TURBULENT PLOW AND

CONCEPT OF THE BOUNDARY LAYER

l.1l, FPully Developed Turbulent PFlow

A fully developed turbulent flow may be defined
as a flow where the velocity and the pressure a% any
point perform very irregular fluctuations of high
~frequency through the mixing of very small parcels of
fluid (Dryden, 1939; Hinze, 1959),

The first mathematical attack on this motion is due
to Osborne Reynolds (1895), who separated the instant-
aneous motion at any point in the turbulent flow into
two parts; a mean flow whose components are uw, v, w,
and a superposed fluctuating flow whose components are
ﬁ, vﬂ wﬂ the mean values of which are zero. As a
result of these fluctuations the fluid exhibits an.
apparent increase in the resistance to deformation
through what is called "apparent shear stresses".

The methods available so far for the calculation
of turbulent flows are based on hypotheses aimed at
establishing a relationship between these apparent shear

stresses and the mean values of the velocity components



l.1.1l, DMomentum Transfer Theory

In the Kinematic theory of gases as discussed
by Roberts in (Heat and Thermodynamics, 1933),
viscosity is explained as a result of momentum
transfer from one layer to another, through the
thermal action of molecules., In turbulent fluid
motion there is a similar process of transfer,
though ona larger scale; the main difference being
that the Kinematic theory of gases concerns itself
with the microscopic motion of molecules, whereas
for turbulent flows the concept deals with the
microgcopic motion of lumps of the fluid particles
which results iﬂ momentun transfer from one layer
of the fluid to another.

Prandtl (1925) in his theory for the transfer
of momentum begins by neglecting the viscosity
effect on the turbulent process on the basis that
the additional turbulent stresses are much greater
than those due to viscosity. Consequently the
eddying motion as Reynolds showed will be controled

by such apparent shear stresses T .
T= -pd¥ (1.1)

where /O is the fluid density.
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In developing this concept, Prandtl considered
an element of the fluid at a point A where the mean
velocity is u as moving across the flow a distance
I called "the mixing length" without any change of
veloecity and comsequently without any change of
momentum, to another point B where it mixes with the
surrounding fluid. Such mixing process is supposed
to take place in both directions, and during the
process, particles from faster layers of the flow will
enter the slower layers accelerating them and vice
versa, and the mutual action of this process is such
as if friction were present.

If 1 is small, the velocity at point B will be
(u + 1 %%), where %% is the velocity gradient in the
direction y normal to the main flow, and consequently

the displaced fluid element on arrival at B has a

)
dy‘°*
At this stage, to substitute for T in equation

fluctuating velocity component w, equal to - 1 (

(l.i) some gssumption about v’has to be made, and ﬁence
Prandtl assumes that v may arise from the faect that

two elements of the fluid having different velocities
and occupying different positions in front of one
another may collide and move sideways from one another

much in the mannser of solid bodies. Conéequently'f
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may be assumed t0 be of the same order of magnitude
4 ’ du

of u, thus v 1 (=),
3 o (dy)

U7 = u ¥ it then follows that:

On the assumption that

(1.2)

T= pi1? g-%’ s
Here 1 is considered to contain any necessary

numerical coefficients, which will actually mean
somewhat different definition for 1 from thst of
the mixing length. The straight bars surrounding

du in the above equation indicate that the numerical

Ay
value is taken reckoned positive always, so allowing

for a change of sign of T with a change in sign of

du
dy*

Bquation (1.2) can be written in a form similar

to that for laminar flow as follows:

T=p¥T (%—1;-) . (1.3)
where the quantity p¥1 has the dimensions of
viscosity, and has been descfibed as an "apparent
viscosity". Contrary to the Kinematic viscosity
which is a physical constant of the fluid only, the
apparent viscosity varies from point to point in the
flow Being a function also of the velocity.

In view of (1,2), the apparent viscosity in
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equation (1.%) will vanish where %% is equal to B
zero, i.e at points of maximum or minimum velocities,
and this actually is not the case because the
turbulent mixing does not vanish at points of maximum
velocities (Fage, 1936; Laufer, 1953; Klebanoff,
1954). To overcome this difficulty, Frandtl (1942)

introduced an alternative approximation for TG in the
form:

' 2. 2 1%
T =pF [(%-;- )+ £ (5B ] (@

where Iy is a new length to be determined experiment-
ally. However this form is inconvenient for analytical
purposes, and is of interest only for problems in

which equation (1.2) would fail.

1l,1.2, Vorticity Transfer Theory

In his theory for the vorticity transfer, Taylor
(1932) assumes that cach element of the fluid retains
the vorticity of the layer from which it parted and
not the momentum as supposed in Frandtl's theory.

This assumption rcalizes the fact that, in two-
dimensional motion, the local differences of pressure

do not affect the vorticity of an element, whereas

they may affect its momentum. Apart from that, Taylor's

theory resembles Prandtl's theory in that an element is
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supposed to move a distance 1 before mixing with the
surrounding fluid,
For two-dimensional motion, the vorticity of

the fluid @ at any point can be expressed as:

- ou, ovi
where w and v are the instantaneous components of
the velocity in the x and y~directions respectively,

and if the flow is uniform in the x - direction &

will equal % 55 which varies with time.
dy
Neglecting the effect of viscosity, the equation

of motion for a two-dimensional flow takes the form:

- 2 )_U.,
F’ )FE' bt+u‘ = TN )y (1.4)
where 9f  is the pressure gradient causing the flow.
dx

This equation can be written convenlently as.

-2 .'+u'2+v2\‘ )u + v,
dx\p 2 2} T bx

or
-~ (P, +ul v, =2y, +2v, & 3
ol tam )t e 2y | (2.5)
When the turbulent motion is uniform in the flow

direction, the time mean values of%?L and %}_ (v,%,%)
t X

will equal to zeroj; on the other hand the temporal

averages of QR and of 2v. € will be different from
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zero. Consequently equation (1.5) takes the form:

_1L-2v& \\.

VI T
(1.6)

where the bér denotes the time averagce values.

Now, an element of the fluid is transfered from
one layer to ~snother after travelling a distance .1
without any change in its vorticity until it mixes
with the new laysr. This element will posses‘a
vorticity greater by an amount - =1—%= gy (% ) than
that of the layer with WHich'it mixes. Taklng v as

the velocity fluctuation v/, then:

1aF-¥1 (&)
P o Eal

(1.7)

For uniform flow EL;ALET thus:
bxay -

%;—f P71 (cw2> (1.8)
which is identical with Frandtl's equation (1.3), only
if ¥I is independent of y,

#¥hen the motion is not two-dimensional, the
vorticity components are not conserved (Goldstien
pp. 211) and hence they are not transferable, but will
change contineously duc to the action of the three-~

dimensional turbulence field., To account for this,
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Taylor (1932) in his generalized vorticity transfer
theory extended the original one to a three
dimensional case of flow, but the new expression
became intractable for practical application. To
gain simplicity, Taylor (1935) wmodified the
generalized theory by assuming that the vorticity
remains conserved in a three dimensional flow, an.
assumption justified when the turbulance is

isotropic,

1.1.% Von Karmen's Similarity Hypothesis (1930)

According to this hypothesis, the turbulent
fluctuations are similar at all points in the flow
field, and they differ from point to point only by
s, length scale and a velocity scale. For the
velocity scale, Von Karman uses the shear stress
velocity Vg and for the length scale he uses the
mixing length 1 due to Prandtl,

To establish the dependence of the mixing length
on space co~ordinates, Karman assumed that it is
independent of the magnitude of the velocity, and
is a function of the velocity distribution only.

To define this characteristic length scale, the ratio
between the first and second derivatives of the mean

velocity was chosen, thus:
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2
1 = )’gg/du (1.9)
dy dy2

where Y is a constant to be determined experimentally.
A mathematical argument to deduce equation (1.9) is
found in Schlichting's (Boundary layer theory, 1955
pp. 392 - 393).

Substituting from equation (1.9) into (1.2), then:

ey ()

and this equation is clearly invalid in regions where

2
QQ% is =mero,

dy
l1.l.4, Comparison Between The Theories

(1.10)

In order to test which of the two theories, the
momentum transfer theory and the vorticity transfer
theory, is most nearly correct, Fage and Palkner (1932)
Eonducted a series of velocity and temperature measure-
ments in the wake behind a heated cylinder. These
measurements gave support in this particular case of
flow to the vorticity transfer theory, the predicted
distributions of velocity and temperature agreeing
closely with those obtained by direct measurements.

As indicated by Reynolds (1874), the transport of

heat by turbulent mixing is similar to the transport of
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momentum, and therefore the temperature and veloclity
distributions based on the momentum transfer theory
will be similar. On the other hand, Fage (1932) has
shown that the vorticity transfer theory predicts
different distributions for the temperature and the
velocity. Therefore in flows where the distributions of
temperature and-velocity are similar, Prandtl's theory
will offer a better approximation such as in the case

of the flow along plates (Elias, 1929), whereas Taylor's
theory will offer a better representation where the
distributions of temperature‘and velocity are not
similar such as in the case of flow selected by Fage

and Falkner (193%2). A detailed comparison between the
two theories is contained in Goldstien (pp. 646-673).

1.2 Concept Of The Boundary Layer

This concept was introduced by Prandtl (1904) who
showed that the flow near a solid surface can be
divided into two regions; a thin region near the wall
where the friction forces are of appreciable magnitude
(boundary layer), and an outside region where the
friction forces are negligible and where the theory
of perfect fluids offers an exact solution (Potential
flow)., While there is no* sharp limit between these

two regions, it is convenient for analytical purposes
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to assume there is, and that friction cffects are
wholy restricted to the layer whose thickness is .

Due to the retarding effect of the friction
forces in the boundary layer, there is an energy
gradient across the flow, and this is supposed to
vanish outside the layer. The rcgion of the retarded
flow becomes thicker with distance in the down-
stream direction as more and more fluid become
gffected by the friction at the wall,

The equations of motion for two-dimensional

incompressible viscous flow can be written in the form:

u+ uAu+v __ﬁ Ei} + 32
3)7 > ¥ T35 (axz ﬂz)

(1.11)
and
dy + u OV +
t = 27\ W

“where u and v are the mean velocity components in the

L ERE)

x and y-directions respectively, P is the static
‘pressure, and A and ¥ are the density and the
Kinematic viscosity of the fluid respectively. The

accompanying equation of continuity is:
bu+bv =0

x Wy
Prandtl simplified these equations by dropping

the small terms and finally he arrived at the form:
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Udu+viu=-l P+ DU (1.12)

which together with the continuity equetion:

Ju+dv =0 (1.13)
Y |

and the boundory conditions:

at y=0, u=v=20 and at y = 80 u= Ux

are sufficient to describe the motion.
o =Y —dﬁg 1 3 0
If we substitute farfx( ay ) by the shear

stress U, then eguation (1.12) can be reduced to:

u%%+v%=-‘%%§+}b_%:§ (1.14)

which is valid for both laminar and turbulcnt flows.

l.2.1, Boundary lLayer, Displacement, and Momentum
Thicknesses.,

The definition of §, the boundary layer thickness
is to a certain extent arbitrary, because the velocity
of the flow in the boundary layer approaches that of
the main stream asymptotically. However it is often
an advantage to have some numerical iimit and an
arbitrary value such as u=0.99T wiil serve,

To avoid such uncertainties in the definition
of the boundary layer thickness, certain mathematical
quantities which are more accurately defined are usually

used, such as the displacement thickness 5*, and the
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momentum thickness © .

The displacement thickness is defined as:

8, - [

¥y=0

y=00
1 - %) dy (1.15)

and it indicates the distance by which the external
stream lines are shifted due to the formation of the
boundary layer.

The momentum thickness on the other hand is

defined by the integral:

o- (7%
= u (1-u) @
J___O T 5 Y (1.16)

and it is proportional to the loss of momentum in the
boundary layer, since /9U29 is the difference between
the momentum of the mass inside the layer flowing with
the potential velocity U, ,Ovaoi dy and between the
actual momentum R 5 u2 dy (i

The quantitiessﬁ and & have the advantage that
they are independent of the upper limit of 8 s since
& negligible increase is obtained from the integrals
when extending the integration beyond the thickness 5.

into the main stream.

1.2.2, Von Karman's Momentum Eguation

The solution of the boundary layer cquations

(1.12 and 1.13) for a given flow field is in many cases
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very difficult and time consuming. Therefore it
becomes convenient to posses at least approximate
methods of solution where an exact solution of the
boundary layer equations can not be obtained with a
reasonable =zmount of work,

Most of these approximate methods are based on a
monmentum equation which can be derived from the
equation of motion by integration. This momentum
equation was introduced by Von Karman (1930) and is valid
both for laminar and for turbulent flows with or without
a pressure gradient,

For a steady incompressible two-dimensiongl flow,
upon integrating the boundary layer equation (1.14)

with respect to y to y = h (arcater than§ ), then:

h
{(u%‘;—vg?—Ugg)dy-a—‘%

where T, 1s the wall shear stress. Substituting for
v the gquantity -afyb Gy from the
A4 .

continuity equation, then:

(v du - du dfbu dy—UdU)dy -T;

x Oy dx
Integrating by parts we get
f d Lu(U-u)J dy + dU Jh (U-u) "t_ (1.17)

which is the original form of the momentum equation.

Since the values of the integrals in equation (1.17)
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do not depend on the limit h as long as it is greater
than the bdundary layer thickness, h can be given
any value short of o0 provided it exceeds 6 o

Now introducing the definitions of the
displacement thickness and the momentum thickness
(equations 1.15 and 1.16), equation (1.17) can be

reduced to:

& ax .
°oF T . a8 + @ Ju (H+2) (1.18) "
AU° dx U dx
where H ;%F = a "shape'" factor for the velocity

profile. This is the form of the momentum eguation

given by Gruschwitz (1931).

1.3, Universal Velocity Distribution Law

The velocity distribution in a pipe or a
rectangular channel can be obtained from the mixing
length hypotheses as follows:

According to Prandtl's momentum transfer theory,
the turbulent shear stress T is expressible as:

<. p 1:z gﬂ 2
Assuming that T r Wains constant with y in the

immediate neighbourhood of the wall, then:

2

TT-p1 ) (1.19)

. Cy
At this stage, a statement about the mixing

~
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length I has to be made, and for that Prandtl
introduces the experimental observation that 1 is
unaffected by viscosity in which case the only
length we have at our disposal on Which 1 could
depend, is the distance from the wall y. The only

dimensionally correct formula for 1 is thercfore:

where )’is a congtant,

Substituting into equation (1.19), we get:

2 .

T, =(°¥ y (%yu) , (1.20)
or du "‘:g_O_ o 1

( ==) 1 =

dy R ¢

on integrating we get:

u_ = 1 lmy + constant (1.21)

Vx ¥
where Vx = J_%? = The shear stress velocity.

To evaluate the constant in equation (1.21) the
condition at the wall is used, namely u = o at a

certain distance y, from the wall, thus:

w =1 [In y-1In yJ
Vi ¥
or u_ = ] In §~

Ve Y
For smooth walls, the viscosity becomes important

in the immediate neighbourhood of the wall and
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thercfore Prandtl suggests that:

= v
Vi 'ﬁV;
which is dimensionally correct withfas a dinension-
less conmstant. fLccordingly equation (1.22) takes

the form:
=1 fin Y% - 1mpB]
y v

Vi

or = 4 log yV,  + B

u_

which is called the universal velocity distribution
law for smooth pipes with A and B as constants.

In the case of rough walls, to determine Vs 2
second length is available here, namely the roughness

height k, and the question is now -whether the length
i
Vx

of these two 1engths§¥§ which may be regarded as a

is involved or not. The criterion is the ratio

Reynolds number characteristic of the single bump.
If li‘gii. is sufficiently 1arge,'!)‘f becomes small in
¥
compariscn with k and yj is taken zs a fraction of the

roughness height, thus:

B =%k
where ®is a constant depending on the type, shape
and arrangement of the roughness elements., Substitut-

ing for y1 into equation (1.22), then:
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u, =1 EU11-1nD€]
V. Y * k

= 4 log Y/ + By (1.24)
where A and By are constants. A detailed study of
the variation of y, with wall conditions is found

in a paper by C.M. White and C.P. Colebrook¥ (1937).

Von Karman's formuls for ¥ in the form:

T_pY (%)4/ (%;%)2 (1.25)
will have an advantage over Prandtl's formula (equation
1.2) only if ¥ proves to be constant with y. To
check this we have at our disposal thce experimental
velocity distributions from the present test. From
figures (3.5 to 3.8), the velocity distribution is
logarithnic for most of the boundary layer thickness
and as will be shown in section (3.3) can be represented

by the equation:

V%
Differentiating and substituting into (1.25), then:

T=py (2.5, )4/ (2.5Vg )°
or T =6.25y2° Vv
r

u = 5,75 log %_ + constant

here ; will remain constant only if-;%-does not vary
0
with y, i.e if 3T = 0 which actually is not the ease,
y

* "iExperiments with fluid friction with roughned
pipes", Proc. Roy. Soc. of london, Ser.i, 161.
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since the equation of motion is reduced to 3TE=%£
v X
for the bcundery layer under test as will be shown

in section (%.,3) and 8P is in fact considerably
X
different from zero,
Hrd we assumed a linear relationship for 0

in the form:

;gf.ﬁ%?l where R is the pipe radius, equation
.0
{ 125) can lead to s velocity distribution of the
form:
U _‘-} u :--%‘; [111 - —E ) +|/ 1 - ] (1.26)
x

which seems less easier than Irandtl's equation
(equation 1.22), and in the same time is in less
agreenment with the experimental results for pipes
(schlichting pp. 409), indeed a simple calculation of

the value of U - u at, for example y = 0,5R, gives:
V¢

U-u = 1,298 according to Von Kerman's (1.26)
UX .
and U -u = 1.73 according to Prandtl's (1.22)
Vi

whereas experimental values for pipes range from 1.68
to 1.88. 1In the present experiments the velccities in

the boundary layer gave the following values:
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- x/k (Eﬁifg) y = 0.50
1.56 320 1.68
1.96 252 - 1.62
3.16 220 1.70
4,75 123 1.68

So it appears that the simpler form due to

Prandtl better represents the facts.



28.
CHAPTER IT

NOZZLE OF CONSTAHT DRAG

2.1 Concept of the Nozzle of Constant Drag.

The concept of the nozzle of constant drag was
originally introduced by C.M. White (1940) in his
paper "The equilibrium of grains on the bed of a
stream”. * The nozzle was designed such as to insure
a constant shear stress along its bed, through
accelerating the main flow nearly exponentially in
the downstream direction. The turbulence in thig case
was restricted to the boundary layer on the rough
surface with the grains on the bed as the origin of
“turbulence, while the flow in the mainstream was
steady and invicid,

In the theory, White assumes that the velocity
distribution on the rough surface is like that near
the wall of a rough pipe, where the longitudinal mean

velocity component u may be described by the law:

u=2.5V% 1In —gr-— ©(2.1)
]

* Proceedings of the Royal Society of Iondon series A
No., 958, wvol. 174 pp. 322-338, Feb. 1940.
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where V§€ is the shear velocity = /% and y, is the shift of origin
which accounts for the turbulent nixing thet persists even where u —3) o.
Now equation (2.1) implies thet, for a constant V; and for values
of y smaller than the thickness of the houndsry layer 8 s the stream
function is indenendent of x, and hence the strecam lincs will be parallel
to the wall. Consequently there exists a certain discontinuity =t the edge
of the boundery layer, outside which the stream lincs are somewhat inclined
and ggcgziering the boundary layer, they widd: turn evsupdly through e small
engle (Figurc 2.1).
Since the pressure increase across the boundary llayer is very
or ZEro
smo.ll[ the pressure normazl to the lsyer is practically constant, end
the pressure inside the layer is determined by the outside flow. Thus

from figure (2.1), for the cquilibrium of an element of the boundary

layer, we have zccording to White :

ta- [ -r)w
© Jt

where ‘CO is the wall shear stress, and x is the distance from the

leading edge of the wall, bHheush—this—erpression—ao—ohowt-
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by frem 20 to 30%.

Since P is determined by the irrotational
notion outside the boundary layer, and since once
it has entered the layer, the speed of a stream line

remains unchanged, equation (2.2) may be written as:

b
2 |
v .x=%y’j W - u?) g (2,3%)

¥ .
where U is the wvelocity of the flow at.the edge of
the relevant boundary layer.

Substituting X for _U and z for the
two limits Zz= 1.0 and z =ji correspond respectively
I

to m 2z =0 and Inz =Y, and equation (2.3) is

thus reduced to:

X
x = 6.25 jﬂ (X2- 1n° z) dz
2 1

Ji1
or
X 2
x =M (X-1) - K+ (2.4)
6.25, ¢

which is the general equation for the nozzle of
constant drag.

To substitute for y1, White (1940) used the
value y, = % given by Schlichting (1936) for
loosely packed spherical particles 1.50 diameters

apart, since it more nearly represcnted the test

conditions better than the value yr = k_
33



32-

corresponding to Nikuradse's closely packed grains
cenented to the wall of a pipe. Therefore equation

(2.4) takes the form:

1.5 x/k =ex(7<-1)-};_2+1 (2.5)
where k represcents the mean diameter of the grains.

Strictly speaking, equation (2.5) implies that
each sige of the sand requires a different nozzle, but
the differences are small, and in erosion experiments
when a nozzle is used with an inappropriate size of
sand, the srror is compensated by the bed adjusting
itself in a slightly curved form.

To measure the average drag along the bed, White
used a suspended metsl strip rounted on a micrometer
bar by two fine short.cotton threads. The strip in
this case was cocted with sand grains similar in size
and shape to those of the bed, and a travelling
microscoype was used %0 measure the displacement of
the strip which has been relatzd to the bed shear

stress., On measuring the shear stress at X = 45,

&
the hanging strip after allowing for the form drag,
gave 19% greater drag than that predicted from theory.

1
[&1 < Uy
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Further details of the
2.2, ¥edifiod Theory For The Nozzle of Constant Drag

Considering an element dx of the steady two-
dimensional boundary luyer, at distance x from the
nose of the platec and bounded by the conirol sur-
face ABCD (figure 2.2). PFor constant wall‘stress
and sccording to White's concept, the stream function
is independent of x, ~nd the stream lines once they
enter the boundary layer will continue to be
parallel to the wall sincc there is no change in
their speeds with distance. Thus there is no change
in the momentum flux between.ﬁD and ﬁC. On the
other hand the flﬁx of fluid per unit time leaving
across fB will be: | 1
dx g% ffiﬂﬂw \
and the correspending outward flux of momentum will
thus be:

~dx + D yfspuzdy

X
From continuity snd-—due—to—the—ineolination

-

~ o) ¥

fluid must cnter through AL and AB, the sum of
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which is equal to that leaving through BE. The

flux of fluid crossing AL per unit time is £ U.AD
gnd the corresponding inward flux of momentum. is -
FU’ A8, whereas the fluid fluy cressing 4B per

unit time will ve ( ax. %_ f udy - oU. Ad ),

and the corresponding inward flux of momentum will

thus be: ) 2

(. pu 2 [puay=pu . Ab )
R

Now considering the equilibrium of the

forces acting on ABCD in the x-direction we getb:

:co.dx - dx. bbi ;Slouzdy + pUQ.A8+ ax.,oU 5);_{

d
yfudy -pt?. 08 - . ax. $-4p.468 -
the termAP.08 is of %hre sccond order and may be

neglected, then:

-T - bb_ )jé)uzay + pU D J‘Su cy -‘%& =0

-T-I Jé/ouay+f’Ub yfsudy+pubuu 0 (2.6)
On thb previous as umptloh thet u is described

by the velocity distribution law for pipes

°©
e

U= 2.5 Vs In L
4]

equation (2,6) takes the form: '

‘5}-. 5(2 5v) in y__dy+U§_j 25v 1nxdy+8UdU

oubutltutln A for_U_=nd z for = 0 (2. 7)
g 2'5V3£ BX;T y Tthen
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5= Y,CX and the two limite z = 1 and 2z = ﬁ.
: v,

cerrespond respectively to lmz = 0 and In z = X

snd thus equation (2.7) is trancicrmoed to:

2 e 2 K
-V -6.25y j v 1n22dz+6.25V7(.y..l [ V. 1n zdz
® ! 'ﬁ 1 X * )x *
+ 2.5V Ky, et U
Since V. is independent of x, thens:
e eX 2
- V2, - V:2 g_ {exlnz z dz +?(.V§£ ) /g In zdﬁ-ﬁvs‘ixex.gl( =0
'GTE'Sy‘ * dx . . an_c dx
er € 2 ¢ A ol X =0
I olz + X2 ) Inhzdz +XE =
6.25y,. —;ﬁfi In 2 ale i
Integrating end substituting between the limits
X . d xexex
z =1 and z = ¢, then: X'J?( e |
2 X X x = x
- 1 ~£_([7(e-2xe + 26 -?_j+7(-%ar)(e.d7<=0
6.25y, dx

; on 2d:'L‘fferent:Lat:'Llrl,g we got:' _ éx%l.j
~ &5y, ~[>( N 42X - axeNa 26X 4 2d% | ;1:79@3@5(9( aX =0

- ax dx
1o = PR ay
EESy' '

or

By integrating this equation then:

x =;.2?< ’?FY ;‘K 2
6.25y, ‘ >

2

at x =0, X=0 znd hence ¢ =-3, thus:

X "'Gl{—'gé——é%*—})——ﬁa:—é
6.25y, 2 (2.8)%
discontinuity
which takes into account the Imetimretden of the
on eni’eripﬂ
Strean L&ns 3 =t

D

* the boundary layer, and £P, |
. tﬂ.n anebraic error has been duly sorrected here- e
(2.8) uncorrected was used ,Fo;: jhe- noz zle (p.yof,h t N
resulting Jiffevences ave Listed on p.4f aund allecﬁ?eg-
0f bhese can just be detected in Fig. 2.0 ,p.47]

el
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differs from the previous approximate formulsa (2.4)
‘5mo.“. ., D , ,x.z
by the[amcunt éﬁ%ﬁr——#4+4-4¥——$ 5
Por rough walls (lf# >6(5>, ¥ can be
substituted byek, where & is a fraction of the
roughness height k, depending on the type, shape and
arrangement of the roughness and conscquently equation

(2.8) can be reduced to:

e® (K- 4|
¢ x =X (3% o 3%s 3) 3 | (2.9)
k 2

where ¢ is a constant.

| For smooth walls on the othor hand, c¢quation
(2.8) is still valid, and asccording  to White and
Colebrook (1937), y can be subs.ituted by 0,10 _ég

E.3
and equation (2.8), then takes the form:

eX(x-1)+ )
x - ‘.’7( /\2 Y 1.741\ z
5.675@) A |
V; (2,10)

2.3 Apparatus and Iguipment

2.3.1. Construction of Apparatus

The general lay out of the apparatus is shown
in figure (2,3%). The main nozzle in this apparatus
consisted of three parts, the smooth curved surface,
the rough straight surface and the smooth sides.

The corrcct shape of the curve was important

in this investigation, and special care was dirccted
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to its construction. The theorcctical curve was
caleulated using cquation (2.8) for a sand roughness
of 1.56 mm, dismcter, with the help of o flow net,
and the resulting dimensions for the curve are given
in Table (2.1), where the noze of the plate is taken

as the crigin for measuring the co-ordinates x and y.

TABIE (2.1)

Co~ordinates of Nozzle according to guotion (2.8)im its originel
Form.

X dinches Y inches X inches Y inches X inches Y dnches

0.94 4.94 2.50 3.20 9.50 2041
1.00 4,70 2,75 3.10 16,0 2.3%8
1.10 4.40 3.00 3.02 11,00 2434
1.20 4,22 3.25 2.97 12.60 2430
1.30 4,03 3.50 2.93 13.00 2,28
1.40 3.92 4.00 2.86 14,00 24206
1.50 3.83 4,50 2,79 16,00 2423
1.60 3¢ T4 5.00 2.74 18.00 2,20
1.70 3.65 5.50 2.7C 20.00 2.165
1.80 3.58 6.C0 2.66 22,00 2,130
1.90 3.51 6.50 2.62 24,00 2.10
2.0 344 7.00 2.58 26,00 2,07
2.10 3438 7.50 2.54 28.00 2,04
2,20 3¢33 8.0 2.50 30,00 2,02
2.30 5.28 8.50 2.47 32,00 2.00

2'40 3'24 9.()0 2.44
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It is interesting to note that both equations
(2.4 and (2.8), except for small values of'%, give
practically the sawne shape cof curve, since the ratio

%%%%%g is found tc be substantially conétant except
near the nose c¢f the plate. For example if we tzke
v, = k/9 the values of X basic to the two equations

will be as fcllows:

TABIE (2,2)

x/k A (equation 2.4) X(eqn 2.8)  X(2.8) X (2.8)eorrecte

X2.4) X (-4

50 3,45 ' 3,12 0.905 0.982

100 3.95 3,46 c.875 0990

260 4.48 3.85 0.860 0.992
300 4,76 4,09 0,860
500 5.20 4, 42 0.850
800 5.58 4,70 0.840
1000 5.70 4,82 0.840
3000 6.62 5.56 C,840
5000 7.12 5.95 0,835
10000 7.67 6.40 G.835
20000 8.32 6.93 0,835
50000 9.10 7.62 0.835

80000 9,54 7.97 0.835 0.977

i — ~

4 _from o
et —

e

eiﬂag then—thot plﬂfbdif\t nation (O_LL) and nay well

fal
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After obtaining the co-ordinates of the curve,
the curve was plotted full size on a tenplate of
card bozrd which was used in cutting two symmetrical
plates of hard timber (32" x 12" x %')which were fixed
together by spacers at convenient distances to form
the suprorting frame for the curve. A thin sheet of
perspex, 6.0 inches wide and 1/16" thick was fixed
to the supporting frame, thus forming a smooth clean
surface free fron kinks and irregulsrities. This
surface was extended at the upstream end tangent to
the theorétical curve in order to avoid disturbing
the flow at the entrance. The curve was provided
with a set of pressure tappings, together with
tappings for total head explorations.

The streaight rough wall was nmade from a %"
thick plate of hard timber, 32 inches long and 6.0
inches wide, tapercd from the back at its leading
cdge, and rcugh.neaf; by closely sieved sand grains..
The sand was stuck tc the plate by Durofix, and care
wos directed to. form as nearly as possible one layer

only of grains on the surface.
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The sides ¢f the nozzle were made fron swooth
clean plates of perspex, and were extended consider-
ably upstream to insure two-dimensional flow et the
¢ntrance, Fressure tappings for neasuring the
static pressure szlong the boundory layer were
provided on the upper side, together with another
set of tappings for mceasuring the static pressure

across the flow at the various stations,

b

The different perts of the nogzzle were asscubled

L

together with the rough wall vertical, using two
identical templates of card beard having exaétly the
sane shape of thc space between the curve and the
straight wall. After fixing the differcnt parts
together, codhesive tape and plasticine were used

to meke the nozgzle air-tight, and the tappings were
sealed by rubber secls when they were not in use.

| Asnother smooth curved surface, similar in shape
to the main curve, was used to form a symmetrical
nozzle with the back of the rough surface and was
given a slight divergence at its downstream end.

The secondary nozgle served to make the flow symmet-
rical abecut the lecding edge of the rough wall, thus
helping to prevent zny possible seporation of the

flow on c¢cntering the main nozzle. Smoke applied to



44.

the flow showed that separation at the nose of the
plate did not take place in the mein nozzle., Also
the slight divergence given tc the secondary nozzle
at its downstrean end helped to establish steady
conditions at the ncse of the plate.

The whole apparatus was connected to the
intoke of an open circult wind tumnel (pigure 2.4),
having a 55.C P blower discharing inte the surround-
ing space through a baffled diffuser., The discharge
of the air through the nozzle was contrcled either
by changing the¢ motor speed or by means of a flap

valve in thes wind tunnel.

2.3.2, Wall Roughnesscs.

four differcnt sizcs of closely cieved sands
vvere used in the present investigation to form
the roughness cf the plate. In each ers, the
surface wns as even as possible with cne layer only
of grains,

To determine the meun sige of the grains, a
few hundred grains were weighed, after deternining
their specific gravity, and on the assumption that
they were perfect spheres, the mean dicmeter k was

calculated. The values of k obtained by this
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method proved to be an average between the value§
obtained by taking the mean value of 20 readings
with a travelling nicroscope and those obtaincd

using the sieve size., The following table gives

the results of these neasurements:

| Toble 2.3
BOUGHNLSS| P.ASSED BY SIEVE RETAINED ON STEVE (k mms. kmms. [kums.
mesh opening | mesh opening| from travel-{ by
No. mns . No. mms. |Sieve ling weight.
812€. NICYD~
scnpe.
A 12 1.40 14 1.20 {1.30 1.87 1.56
B 10 1.68 12 1.40 (1.5 2.39 1.96
c 6,' 2.80 T 2.40 [2.60 3.40 3.16
D I% 4.73 5 3.35 |4.04 5.60 475

L

The travelling microscope will lead to values
of k in agreement with those obtained by weight,
provided that the measurements include the third
dimension of the grain which usually is relatively
small. [For examplc taking three readings for each
grain including the smallest dimension, the average
size of 10 grains from sand "A" was found to be
1.54 mms, and the corresponding value for sand B

wag found to be 1.98 nms.

2.3.3, Static Pressurec Tappings.

Static pressure tappings were provided for
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measuring the static pressure along the boundary
layer of the rough wall, éiong the curve and
across the flow at the various stations where
total head explorations were madea.

The tappings for the static pressure along the
boundary layer were located on the upper side
of the nozzle. The first 1% of these tappings
were spaced at distances of %" due to the steep
pressure gradient in this region of the flow, whereas
the next 10 tappings were spaced at 1.0" intervals
and fhe rest of the tappings at 2.0" intervals
as the variations in the pressure.become smaller,
"The first 13 tappings were located at a height of
0.10 inches sbove the surface of the roughness
- ¢lements whereas the other tappings were kept at
a height of C.20 inches as the boundary layer becane
thicker., These tappings were nade from brass tubes
which were screwed in the perspex side to a depth
of 0.32 inches, then the rest of the perspex thick-
ness was drilled by a No. 60 drill to form the
tapping hole. The conhections betwegn,these
tappings and the perspex side were nade air-tight

by the use of white lecad and hemp.
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Pressure tappings were also provided on the
upper side of the nozzle for measuring the variation
of static pressure across the flow and were the sane

a5 mentioned above,

2.3.4, Total Head Measurements.

Total head explorations in the flow were made
using a smnall total head pitot tube made from stain-
less steel tube 0,10 inches external diamater and
0.0415" internal dismeter. The pitot tube was
introduced in the flow through the total head
tappings provided on the curved surface, andthe
nouth of the tube could travel normal to the rough
wall by meens of a micrometer gauge which served
as a carrier for the tube. The micrometer gauge
was subdivided to 0,002" and was supported on a
brass angle provided with holes at the various
stations to house the nicrometer gauge (figure 2.3).
The angle was fixed to the supporting frame at a |
known distance from the plane .of thé rough wall,
thus helping to check the loéation of the pitot
tube with respect to the refrence wall,

The effect of viscosity on the reading of a
total head pitot tube was studied by Miss Baker
(1922), who showed that the velocity of the flow“
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can be found accurately from the difference between
the pitot tube reading and the static pressure
reading opposite to its mouth, provided that u'd>60
where d is the diameter of the pitot orening, and
for smgller values of %ﬁi the veloeity would be
overestimaﬁed due to viscosity effect. In the
present investigation, howevery this difficulty does
not arise. J3ince the minimum velocity measured in
the test was about 35.30 ft./cec., and the linematic
viscosity for air was 160 x 107% £t.%/sec., the
corresponding value of Qgé.thus was 760 which is well
above the danger zone given by Miss Baker.

The turbulent velocity fluctuationé on the other
hand as pointed out by Goldstien (1936) may have a
falsifying'effect on the readings of the pitot tube,
As indicated by Tillmann (1946) the tinme averages of
the squares cof vélocity, as measured byithe pitot

tube, can be approximatgd by:

2 !
Uy = o + v

or T = I [ _..Q/:z‘) ] o (2.11)

where Up is the velocity measured by the pitot tube,
@ is the true mean velocity andu' is the long-

itudinal velocity fluctuation about the mean.: Since

—2

u
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is a positive quantity, the pitot tule always
tends to overestimate the velocity. 1In thé present
investigation, however, the maximum value of ff?i
measured in the tests (section #4.3) was 0.165 ;;d
the corresponding error in u according to (2.11) will "~
be of the order of 1.4%. However, tne value of
Vgigwas usually much smaller than 0.165, and the
effect of turbulence on the present pitot tube

readings can be ignored.

2.3.5, Mancmeters

2.3.5.1, Single Arm Swivel Manometer.

Both the static pressure and the total head
pressure were recorded on a single tube swivel arm
manometer (made in Berlin by R. Fuess) with alcohol
as metering fluid (plate 2). The arm of the manometer
could be set in any one of five different ineclin-
ations having factcrs of 0,80, 0,40, 0,20, 0.10, or
0.05 to give the equivelent height of the vertical
column of water in each case (based on 0,80 specific
gravity for alcohol), the reading being the
difference between the atmospheric pressure and the
measured pressure in millimeters. The manometer
was leveled repeatedly during the readings and the

time average values for the pressures were recorded.
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This manometer has an advantage over a multi-
tube manometer in eliminsting errors resulting from
slightly different inclinations of the individual

tubes in the multi-tube case.

2.3.,5.,2. Refrence Manometer.

To have all measurements for a single roughness
done under the same flow conditions, a separste
manometer was used to check the flow during the
measurcments. The manometer used for this purpose
was an inclined differential alcohol manometer
which could be kept at any suitable inclination,
and after being leveled, was connected to a pressure
tapping on the side of the nozzle. The reading of
this manometer was maintained constant during the
measurements, either by slightly adjusting the motor
speed or by adjusting the opening of a flap valve
in the wind tunnel, thus ensuring the same discharge

throughout the particular measurements.

2.4 Experimental Results

2.4,1. Velocity and pressure surveys.

Mean velocity distributicns for the boundary
layer were estimated from the total head explor-

ations made with the pitot tube, together with the
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measured static pressure variation across the flow.
Por each roughness, several velocity profiles were
megsured along lines normal tec the rough wall, and
in all cases the normal distance y was measured from
the centre line of the grains. When changing the
roughness, the plane of the rough wall was shifted
rarallel tc itself so that the line passing through
the centre of the grains occupied the same position
in all cases,

The measured velocity distributions for the
varicus roughnessesg are scen in figures (2.7 to 2.10)
plotted against the normal distance y, and their
positions are shown relative to the noze of the
plate (x = C). The corresponding pressure distribut-
icn along the boundary layer of the rough wall, as
obtained from the pressure tappings, are plotted in
its correct position below the velocity distributions,
and the pressures are given in cms of water below
atmospheric pressure, The figures alsc show the
approximate pressure gradient dP obtained by
differentiating the pressure éi:tribution, and again
plotted against the same distance scale of x. As

seen from the figures, the pressure gradient is

maximum at the noze of the plate and drops systematic-
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cally in the downstream direction in a near
expanential manner, i.e. _dPtends slowly to zero
as x tends to o0 . Figgie (2.11) shows the
variation, in the downstream dircction of the
velocity for various values of y in the case of
the 1.56 mms sand, and as seen from this figure u
is substantiaily constant for small values of ¥y
which is in line with the theory.
A plot of the type of figure (2.11) seems convenien¢- for presenting
the velocity distribution within the flow for any case of pressure

distribution, For comparison, figure {2.11a) was plotted for the case

of a constant pressure, though on a smooth wall, and the figure shows

clearly the variation of u with x and y.

24,2, Evaluation of the Wall Shear Stress

To calcuiate the shear stress at the wall,ﬂcc,
a method based cn the momentum equation is intro-
duced. This method invclves the use of the
experimental surveys of the total pressure, stétic
pressure and mean volociﬁies in the boundary 1ayer
ag follows:

Considering a steady two-dimensional flow along
a Flat wall under the influence of a pressure

gradient, and taking a rectangular control surface

»BCD (Figure 2.12) placed in the flow such as to have
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the side AD parsllel tc the wall and at such a

distance h from it greater than the thickness of

the boundary layer. The forces acting on the

control surface in the x-direction will thus be:

that due to the friotion at the wall -T dx, that

U

—— Y

H ‘/411111/'//;D
4 1 E/_/
Control Surface—— J/'/"
ex_1.— [
! dars !0.3/, | E
Bou—":/ A ‘ 7
. /I g
| P h A
1 I
1 | 4 |
1
| j i y
A 1 g ,
" wall 8] 1.%& _ [c

o U e

|
i
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F16.2-12) D eyiviation of

CO T 7T T 7T ITFTFTITIVFIFTIFTTITITT>>27 r//‘

Velocity Profile” |

" Total Pressure’ Momentum

J Zaatz'oy

due to the pressure gradient - dx, h. QE

dx

; and those

contributed by the change of mcmentum in the x -

direction.
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Due to continuity, fluid must leave through
AD, the quantity leaving being egual to the
difference between that entering thrcugh AB and
that leaving through CD, i.e. equal to dx.,_Q f'pu
dy , and the ccrresponding momentum flux Derlknlt
time acrcss AD will thus be dx.olU d J‘ u dy .
Similarly the force due to the differefice in the
mememtum flux betwezen the inflowing masses through
AB and the nutgoing masses through CD will equal
-ax /o J u2 dy .
'gr tne equilibrium of the forces acting on
the centrel surface in the x—dlregtlon we have:
- hg—i— ‘a% y/"hpuzdy +/GUX§E ij: udy -‘CO =0
h h

h
f 2(P+ ﬂua) dy - 2 Jr P dy -0U __3_ J udy-;.TZ; =
VA X '

J
Y IRA = 5=

or h h h

r 0 ;
% ‘J[ 2P'dy - _?2. y Pay -,oUbD_ J udy+'f-o = 0 (2.12)
' ax t X ¥,
where P' = total pressure = p +1@pu2

From the definiticn of the displacement thick-
ness §, (equation 1.15) we have:

h
bo=f O-way
U

[o]

f udy(\: v (h —5*)

I
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Substituting from (2.13) intc equetion (2.12), then:
h
by - - ]
= 7 2 Ptdy - O J Pdy -,oU%EJ(h-S*)] +’g-

f Pldy - J’ Pdy + pUE;o 8, -pU U dU (n-6, )+ =0
¥ x

°1cu

-

_:Q j 2P'dy - ¥ fj Pdy +/eU2 S?ZS : Qg%(h-&.,)ﬁto = 0
ox ¥ . (2.14)
how writing p = Pyt Ap Wwhaere Ph is the

static pressure at y = h, then:

h .
_f}?dy + _@__f Ap ay (5.15)

b PR A
Substituting from (2,15) into equation (2.14) then:

T .- J‘ 2p'dy + ) jhAP dy+b —ﬁUel’_ §
° S'y, ox ¥ & (2.16)

which is the exact sclution fcr the flow ccnsidered,
The term 3 AP dy was usually very small,

Dx
in which case equation (2.16) reduce§ to:

= -2 2 Play - pU° 2 P
T 5:?5?1,)‘ y-p 935*+S*_bx
(2.17)

a8 comparcd tc CGruschwitz's formulas

= U° de %;_(2e+5)



66.

Bquation (2.17) seems easier due tc the fact
that it avoids the momentum thickncss e
To avoid the differentiation of three
different quantitites in equaticn (2,17), the total
shear force D can be used instsad ofT%, and by
(]

X
definitiocn is egqual to vf b o dx. Thus
o]

integrating equation (2.17) with respect tc x we get:

h
E(T dx = = 2 P'dy - j‘bez 91_8_*_ dx + f&*gg dx
. 0 dx o dx

D--w2f Play - ijdU&

(2.18)

To evaluate the first term of the above equation,
the total pressure p was plotted tc base y and the
area bounded by this curve was then integrated
azraphically up tc a value of h greater than the thick-
ness cof the boundary layer everywhere, thus twice
this area gave the texrm 2 ' P! dy . The resulting
values for 2 P' ady are shcewn plotted in
figures (2.13 to 2.16) against the distance x from
the noze c¢f the plate. These diagrams also show the
variation with x of the displacement thickness 8,,: {
(1-u)dy. For the purpcse of evaluating the second ‘

i}
term in equation (2.18), the velocity U at y = h, was
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7.
plotted to base of U§,, ror varicus distances
from the noze of the plate, and the area under
this curve was then integrated up to the point
under consideration. The final distribution for
the total drag D is shown in Figures (2.17 to
2.20) for the various roughnesses. By inspecting
these figures it appears that the variation of the
drag with x is substantially linear and a
straight line 1is seen satisfactorily in agree-
ment with the points. Accordingly the localshmn~
streas TB is substantially constant, since
by definition is equal to ¥ D. However, to
check if there is any system;tic change in
(D), apart from the experimental scatter,
specially for the bigger roughnesses, the local
slope of the line D against x was calculated at
the intermediate values of x on the assumption
that a broken line joins between the points.
Agein the resulting values for T% showed no
systematic change with x apart from a certain
amount of scatter above and below the average
value obtained from the slope of the lines in
Pigures (2,17 to 2.20), bearing in mind that an

error of + 2.0% in D at some points may lead to
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an error of more than 4 25% in (. in this method

In equation (2.17) for T, the term % 4;A»P dy
has been assumed negligible. However, in tge '
equation for the total drag (equation 2.18) this
term changes to y{‘hAP dy which may not be

negligible and the equstion thus becomes:

h h X S
D=J2P'dy+ fAde-JPUdUb*
y| yt ©

h X
D=fh2P' dy+y{ (P—Ph)dy--l[ ,oUdUS,,

Y (2.19)

or

The evaluation of the term VrIXP-Ph) dy
showed, as seen from the values a;gompanying
tables (III) in the appendix, that it had an
appreciable value at small distances from the noze
of the plate and decreases raﬁidly with increasing
distance, the accuracy of the calculation was thus
improved by adding this term. In general however,
the scatter in the points of D against x is small
and may be due partly t& the use of graphical

integration and partly to experimental errors.

2.4.3, Effect of Roughness on the Design of the Nozzle.

The experimental values of X = U are
2QSV*
seen plotted against log i? in figures (2.21 to 2.24) -
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for the various roughnesses used., In determining
these values, the average value of V¥ was used and
the values of U were obtained from the inter-
section found by extrapolating the velocity pro-
file of the boundary layer and thet of the main
stream as shown later in section (3.3). For
comparison the corresponding curves from equation
(2.8) are shown on the same figures. In calcul-
ating these curves from equation (2.8) the average
value of 3 is required. To obtain (y) average,
the velocity distributions of the boundary layer
were plotted against log y and the intersections
found with the axis u = 0 gave the local values
of y, at the different stations, thus (y) average
was determined from: 1

(y,) = [tr)y x (30, % (3,05 % —=mmmmm x &)

' “average

—

n

This method for determining (X) average seems of
more advantage than taking the arithmatic mean
value, since errors in () local will have a small
effect on (y) average.

By inspecting figures (2.21 to 2.24), it seems
that the design of the nozzle is tolerent to
changes in the wall roughness since the diagrams

showed very small deviations from equation (2.8)
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in the range of y from 0.00618" to 0.0209", i,.e
about 3.4 times fold range of y, .

However, from continuity the amount of flow
passing across any section is the same, and since
Vx is substantially constant, the shape of the
curve is in fact determined by the successive
values of the ratio %{I where ‘)(r is the value of
Xat some arbitrery refrence point, the ratio
being independent of the absolute velue of Vx,

In other words, the ratio between the width of the
nozzle at x = x4 aﬁd X = X5 is simply ;é%i «

Now to check theoretically the chang; in the
curve due to the change in roughness, equation
(2.8) was solved numerically for the various
roughnesses used and the ratio XY was deftermined
at various distances from the noze of the plate.
The reference value was taken at x = 27.5 inches
in all cases and the results of the calculations

are given in the following table:



Table 2.4,

Effect of Roughness on the Shape of the Curve.

83,

ROUGHNESS AL ROUGHNESS B ROU?HNESS c R?UGHNESS D
¥,=0.00618% y,=0.0073"| y,=0,01120' y,= 0.02050
x inches | wr X ?_(% X 7%{1_: % %
3.5 3,257 1?%@58 3,165 1.3552 | 2,964 1.361q 2.717| 1.3618
5.5 3.488 1.25663.385) 1.2673| 3.174 1.2723 2.898) 1.2787
7.5 3,643 1,2033]3,543] 1.2106 | 3.329% 1.2130 3.040] 1.2190
9.5 3.766 1.163813.675| 1.1673 | 3.451| 1,1707| 3.146] 1,1779
11.5 3.878 1.1302|3.780] 1.1348 | 3.542] 1.1376] 3.237]| 1.1438
15.5 4,040 1.085 |3.951]1.0857 | 3.705|1.0898{3.39 | 1.093
19.5 4,174 1,0500 [4.089| 1.0505 | 3.838| 1.0520{3.509 | 1.056
23.5 4.292'1.0214 4.200[1.0218 | 3.94011.024713.609 | 1.0269
27.5 4.383{1.00 4.290{1.00 | %.038{1,000 |3.706{ 1.000

As seen from the above table, the differences

are small and were compensated when the plate was

shifted parallel to itself in the case of the larger

roughnesses,

As an example, if the width of the

nozzle at x = 27.5" was 1.0 inch, the width at x =3.5
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inches will be 1.3458 inchés for roughness 'A! and
1.3618 inches for roughness 'D', thus o difference '
of 0.016 inches is obtained from the theory. In
other words, the error in the width of the nozzle
due to the use of roughness 'D' with a curve de-
signed for roughness ’A'.will be of the order of
1.,20% which is very small particularly because 'D'
is 3.4 times greater than roughness 'A', There-
fore it may be concluded that one design for the
curve can be used, without much error, for a wide

range of roughnesses.



CHAPTER ITI 85.

MEAN VEIOCITY DISTRIBUTION

3.1 Velocity Distribution In Pipes

~ In 1932, the experiments of Nikuradse on
fully developed turbulent flow through pipes
established that the velocity near the wall can be

expressed by the functional relationship:

k2

where w: is the mean velooityvét distance y from
the 'wall, Vx is the shear velocity and ¥ is the
kingmatiq viscosity of the fluid.

LThe experimentally observed velocity distribd=~
ution, as given by Nikuradse (1932) for a number
of smooth circular pipes, is plotted in figure
(3.1) in the form & against log Q%;&. and is
represented by a hgg;ily marked strip of experimental
points.

For most of the flow region between the wall’
and the axis of the pipe, the experimental results
are in good agreement with Prandtl's logarithmice .
velocity distribution law in the forﬁ:

_'=Alogﬂ + B (3.2)

u
Ve : Y,



/M
”/

30.0 ‘;
Wy Avea of experimental data M
26-0 - ‘/M
W =5.75 log J4 +5.50
W Va 2
—\}: 2.0 . }J///‘
MW
'8.0 ‘ :

4.0 M
7
7
lo.oJ/ /! : : '09 %!
0 80 260 340 4.26

F16. (3.1.) Velocity D¢ SLribicllol) #0r Smooth FLrES.
(after T. mvikuradse)

5.0

98




87,
with the constants A = 5,75 and B = 5.5,

Equation (3.2) being one for turbulent flow is
valid only in regions where the viscous stresses can
be neglected in comparison with the turbulent shearing
stresses, and this is the case for nearly the whole
flow region except very close to the wgll, 1In the
region very close to the wall, the turbulent velocity
components and so the apparent turbulent stresses
approach zero at the wall itself where the viscous
stresses predominate., Consequently the velocity
distribution in this region ténds to deviate from
equation (3.2) and this can be seen frum Nikuradse's
results (figure 3.1) where the recorded velocities
become smaller than those indicated by equation (3.2)
for small values of YV .

Regarding the beﬁgviour of the veloeity profile
in this region, we have on record the experimental
results of Iaufer (1953) and Reichardt (1940). The
measurements by Laufer were carried out with air
flowing through a smooth pipe of 9.72 inches internal
diameter at a velocity of 10 and 100 ft/sec. and a
corresponding Reynolds number of 50,000 and 500,000
respectively based on the pipe diameter. His measure-

ments in the region very close to the wall are ghown
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in figure (3.2) plotted in the form u_ against log
Vae

YV, ., The relevant measurements by Reichardt on

7

the flow through a rectangular channel are also

shown on the same figure,
To compare the experimental evidence with

theory, the logarithmic law (equation 3.2) and the

law for laminer flow ( u=yv, ) are shown
on the diagram. It seeggtc;Zér from this diagram
thet the relation [_13 = f (ny)] deviates
from its logarithmic‘g;rm ;;; values of W,

w———

smaller than 30. TFor values of ¥V, of the ogder
of 5.0 or less, although the expe;gmental results
in general fall below the curve for laminar flow,
the descrepencies are not very large. With
increasing distance from the wall, the contrbiution
from the turbulent stresses becomes larger, and

the errors introduced through using the laminar

law to describe the velocity profile, become
greater,

To arrive at the shape of the turbulent
velocity profile in this region of the flow, the
following analysis is used:

For a steady incompressible turbulent flow,

the Reynolds equation in cylindrical co-ordinates in
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the x-direction has the following form:

x )r T of 5 gx ¥ T r
? outw!) +¥¢ u
58
whére

In this equation, u, v z2nd w are the mean veloeity
components in the x, r and # directions respect-
ively, and u) v'and w' are the turbulent velocity

fluctuations in the same directions respectively.

For a fully developed pipe flow, the veloecity
field is independent of x. Also we have v=w=0 and

= 0, thus the equation is reduced to:

A~

Lb__li=-;__(1 ru'v +9 d2u +1 g_g_)
o ox r dr dr2 r dr
.-.-l_d_r(u'v'-ﬂdu)
. rdr dr
Integrating, then:
__1_‘_?_2_13_ =-r(uv! -vau)+ec
20 Jx : ar
' (3.3)
At the centre of the pipe, r = O and %% = 0,

hence € = 0, and equation' (3,3) can be reduced to:

L (3a04)
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where R is the pipe radius.

Replacing r by (R-y), equation (3.4) takes

the form:
e 2
du = - u'v' + V% (By)
dy v v R

Integrating, we get;
v = -fyﬁ"dy+_‘£§_{(li—y£2)+c
S vV TR
At the wall where y=C, u = ¢ and u'v' = 0, hence
¢ =0, | |
For small valueé.of v, the equation is
reduced to: 4
=V —Jy u'v! dy
T (3.5)

Which gives the general shape of the velocity pro-

<:|s:

¥

file for the region of the flow close to the wall,
and it contains the effect of both the viscous
stresses and the Reynolds stresses on the velocity.
In order to be able to eveluate the second
term on the R.H.5. of equation (3.5), the limit of
integration as well as the variation 6f.a:?with y
have to be known. At y = O, U =v =0 and so is
utv! , whe;e as for the upper limit of integration,

the particular distance where the turbulent stresses
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become maximum is a possible point at which the
velocity distribution has to join the logarithmic
law,

Assuming, as a first approximation, a

linear distribution for u'v' with respect to y

(figure 3.%), equrtion (3.5) will take the form:

o=y -1 yVy=1 yV,
Ve TV e =y 2 5

From the experimental velocity distribution

(figure 3.2), the point where %_==% ¥V lies
* =

Power law (A "‘:"’}"‘Caﬂ

linear (. 77)=cy.

IITE T T IIYFITITIFIYININIS

-+ Zo

F16. (3.3 YASsum P jons for Zhe 7Turbiknt Shearing Stesses .
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at ¥, = 26 and the resulting velocity profile

v
takes the shape of curve I. The assumption of

thie linear distribution for u'v' involves a
point of discontinuity at the upper limit of y.

However, had we assumed a power law distribution

for W'V'of the form: y = constant (RPu'v' )% ;
cquation (3.5) would take ths form:

and the reSultlng ve1001ty proflle (curve II) is
‘also included in figure (3.2). In calculating
curve II, the value yVg = 34 has been used as

the upper limit of igéegration as this value gives
best agreement.

From these two curves, it seems that.
equation (3.5) accurately agrecs with the observed"
velocity distribution near the wall; any ﬁracticél
&istribution of turbulent shear stress having a
power law with the power between 1.0 and %‘ with.
'the corresponding upper limit for y lying between
26V and %gz_ y Will provide the necessary

VBE
assumptions for .valuating the integral.

3.2 Velocity Distribution For Constant Pressure
Boundary Lavers
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Flow conditions for a flat plate are different
from those for a pipe. First, a pressure gradient
is essential to maintain the flow through a pipe;
but not along a plate. Second, in a pipe, far
enough from the entrance, the oppsoite boundary
layers meet at the centre line and the velocity
field becomes indepéndent of the x-direction;
whereas for a flat plate the flow field undergoes
a process of gradual change with distance in the
downstream direction, and strictly speaking,
there is no guarantee that the flow will display
gimilar velocity profiles at successive sections.

The difference between the two types of
- flow can be seen from the boundary layer

equations which write as follows:
Pudu+ pvdu = -2+ T
> 3y 5 4
and Ju+dv =0
X 5y
thus:
o du- pdu [ Juay--2+ 20
Xy

5 §x
W (3.6)

In a pipe with a developed flow, we have;

W =0 and v = O, thus T 1is wholey determined

X
by the pressure gradient. On the other hand, for
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a Tlat plate where 9P = O, a change in u with x
is necessary, accordzgg to equation (3.6), to
overcome the wall friction and one must expect a
different velocdty profile for every different
distance.

In general, the whole proocess of a boundary
layer is one of gradual diffusion outwards of the
wall condition. That is to say, the wvelocity pro-
file near the wall is governed primar ily by the siress
at the wall, whereas well away from the plate the
fluid has a memory of a quite different stress
occuring nearer the noze of the plate., Thus
rormally the velocity profile tends to concave
upwards when plotted against log y. This curva-
ture in the velocity profile can be seen in
figure (3.4) which shows two velocity profiles
on flat plates measured in the Cottingen
Institute by Tillmann (1946 ).

The first profile is for the flow slong a
smooth plate at constant main stream velocity of
31.0 meters/sec., whereas the second profile is
for the flow along a rough plafe a£ & constant
velocity of 17.8 meters/sec. For comparison, the

pipe formula (equation 3.2) is plotted. The



30 ) ’ l

o ~—
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figure indicates that the velocity profile for a
flat plate, wheather smooth or rough, is different
from that for a pipe in the sense that it sags
around it. The figure also indicates that the
velocity profile for a rough wall is shifted down-
wards parallel to that for a smooth wall, when
plotted in the form %; againsﬁ log z%; .
Regarding the region near to the wall where

the Qelocity profile is governed primarily by

the local wall stress, reference may be made to

the experiments by Schultz-Grunow (1941), ILudweig
and Tillman (1949); end Klebanoff and Diehl (1951)
all of whom experimented with smooth flat plates

at constant pressure, Thése experiments indicate
that the velocity distribution is logarithmic
for values of ZZE between 30 and 500, and beyond
that the data d;;iate from the logarithmic
relation, This range corresponds to values of

¥y < 0.15 where § is the boundary layer thickness,
Tge\experiments however do give slightly different
values for the constant 4 in equation (3.2). On
the average they give A = 5.6 as comparesd with
5.75 found from velocity distribution measurements
in pipes, or 5.65 found from resistance measurements

in pipes,
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3,3, A Particular Case of The Boundary layer

The nozzle of constant drag constitutes a
particular case of the boundary lasyer where the

flow accelerates according to the equation:

X =ex(7(2-3](+3)-7_% -3
6.25y,

which was derived on the assumption that the
stream lines inside the boundary layer are
parallel to the wall( This was confirmed by the
velocity surveys (figures 2.7 to 2.11) where u
was found to be substantially constant,'at
different sections in the flow, for equal values
of y smaller than the boundary layer thickness.
Thus inside the boundary layer, %% = 0 and
equation (3.6) reduces to:

P
b3S

which resembles that for a pipe. Therefore one

>/ jo
% |

might expect that the velocity distribution in
the present boundary layer will possess some
resemblence to that in a pipe.

To test this resemblence, some of the
megsured velocity profiles were plotted in a

gemi-~logarithmic form in figures (3.5 to 3.8)
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for different wall roughnesses, In all figures,
the experimental results fall nicely on straight
lines for most of the boundary layer thickness.
Due to the pressure gradient acting on the flow,
the velocity in the main stream outside the
boundary layer tends to increase, though very
slightly, with distance from the wall, The
figures also ghow that this part of the velocity
profile connects smoothly with the logarithmic
part in the boundary layer.

Regarding the definition of the boundary
layer thickness S y, usually some arbitrary
definition such as u = 0.99 U is used for flat
plates, and it involves a certain amount of
uncertainties since u apprecaches U moreorless
asymptotically. When the velocity in the main
stream is not constant, such definition becomes
impractical, However, in figures (3.5 to 3.8), §
can be fairly well defined from the intersection
found by extrapolating the velocity profile of
the boundary layer and that of the main stream.
Using this definition, the uncertainty in $ is
reduc>’ considerably since the two lines will

meet 2t one point only.



Comparing the veloecity profiles with those
for flat plates, it is noticed that the present
profiles follow avlogarithmic relationship for.
values of _% up to 0,90 or more according to
figures (3.5 to 3.8) compared to a value of T%'
= 0.15 which was found by Schultz-Grunow (1941)
and Klebanoff and biehl (1951) for flat plates
and beyond which the velocity distribution was
found to deviate from the logarithmic law.

The difference in the behaviour of the two
boundary layers is understandable since for a
flat plate, the outside part of the velocity
profile is determined as seen in section (3.2)
by a wall stress occuring nearer the nose of the
plate and which is different from the local

stress; whereas in the present boundary layer,

104,

although the relevant part of the velocity profile

is determined by an earlier shear stress, it
still behaves as if it was determined by a local
one since G, 1is substantially constant along the
wall. This mekes the velocity profile in the
present boundary layer similar to that in a pipe
as will be shown in more detail later in this

chapter.
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This boundary layer also resembles thet for
a flat plate in the sense that the part of the
velocity profile next to the wall is determined
in both cases by the local wall stresé, and this
part, as indicated by Schultz-~Grunow (1941), oce-
upics only 0.15 of the boundary layer thickness,
In other words, it can be said that a boundary
layer of the present form offers a link between
the pipe flow and the flat plate flow, and
reduces the gap between them.

It is also noticed from the velocity profiles
(figures 3.5 to 3.8) that the first point nearest
the wall often deviates from the logarithmic law
ard gives a slightly greater velocity. This
may partly be explained by the possibility that,
when the pitot tube is in contact with the
roughness elements which were loosely packed, its
reading is falsified by the pressure rise in the
wake behind the particle just upstream of its
nose; andpartly by the fact that in a velocity
gradient, a pitot tube tends to read the pressure
at a point slightly to one side of its centre
always tending to read high.

To analyse in more detail the experimentally
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obtained velocity distribution, we have Frandtl's
logarithmic law for pipes as follows:

= & logy_

u_
v
* T (3.7)

whare yn is the distance from the wall of the point
where u = 0, and the law is valid for both smooth
and rough pipes. In 1937, C.M. White z2nd C.F.
Colebrook from studies on f£luid friction in
roughned o»ipes, showed that for values of Vs k >
60 when the resistance becomes independent ofy
viscosity, the value y can in effect be replaced

by & fraction of the grain size k so that y = _k

messured frowm the centre line of the greins >
inwards; whereas on the other hand, for values of
vk <4  the rough pipes become indistinguishable
frEQ perfectly smooth ones and y» becomes equal

to 0.1 ¥_ . Detween these two extremes, there

is a rang?e (4<Vgk 60 ) in which both

viscosity and grgin size influence the resistance

to the flow =nd yi will vary graduslly between

0.1 %ﬁ and %3 and can be expressed in the form:

ZEZL = ¢1(235)
v v (3.8)
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Prom Nikuredse's resistance measurcments in
pipes, the obscrved resistance law was satisfact-
orily expressed according to Kerman-Prandtl theory
in the general form:

T -2

o =1 (2 1og 0.225 R)
72 8
Vadil Y
(3.9)

" For both smooth and rough pipes, where R is the

pipe radius and U is the mean velocity of the flow
as obtained by integrating the logarithmic law

over the corss-sectional arza of the pipe. For
values of Yy k¥ 560, the equation then takes the

v
rarticular form:

Lo, = 1 (2 105 148 )
LU 8 k

(3.10)
Now combining equations (3.8) and (3.10), White
and Colebrook cbteined a general form of the law of
the wall in the form:
2 log Te4R - =
S~ ’7{%\7! 7 (L?;‘E) (3.11)
To trace the variation of the function ¢2 for
uniform roughness, Nikuradse's results on rough
pipes (1933) were plotted according to equation (3.11)

in figure (3.9). This dizgram is not just a
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correlation of resistance coefficients, but actually
describes the veloocity disbtribution for the different
well conditions. The smooth law appears as the
sloping straight linc on the left and equation

(3,11) will reduce in this case to:

T_=y/8 (2 log 2425 RV,) = 5.65 log 2.25 RVy

x | v 2
or L, = 5465 log yVg + 5465

Vg YV

where U has been substituted by w at y = 0.255 R
as obtained by integrating the velocity profile
across the pipes The horizontal line to the right,
on the other hand, indicates that the completely
rough conditions have been obtained, and in this

case equation (3.11) takes the form:
= 8 21],’ . Rc 06 1 oL'R
/8 o T4 B) = 5.65 log 7.4 B

i

v

k3
or = 5.65 1 + 9.60 (3.12,
where U has been substituted by u at y = 0.255 R.
The values of the constants in equation (3.12)
differ slightly from the values 5.75 and 8.5 given
by Nikuradse (1933), the differcnces being 1.75% and
1.10% respectively are less than the uncertainty in

the measurements of the velocit& distributions.
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Plotting the velocity distribution for the
present boundary layer in the form %;against log
% for the roughnesses used, figures (3.10 to 3.13)
were obtained. The resulting curves follow the
rough pipes formula, except for the value of the
constant 8.6 which is seen here to vary between
5.47 and 6.12, However, in Nikuradse's experiments
on rough pipes, the roughness elemcents were
glued to the wall as closeiy as possible, i.e.

- with maximum packing density, whereas in most
practical cases the roughness density is consider-
ably smaller than that of Nikuradse and consequently
¥, would be different from k/33.

Writing equation (3.12) in the general form:

u_ =4alogy+ Alogk
Vs k I
the values of k_ were calculated from figures (3.10

to 3.13) and wZ;e found to vary between 9.0 and 11.2,
which are within the range of the values originally
given by Schlichting (1936) for loosely packed
spherical particles. ;

Now it may be of interest to proceed further
by analysing the effect of the roughness parameter
Vg k on the velocity profile for the fully rough

v
conditions ( Vgk > 60 )e In- 1935 Prandtl -
]
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pointed out that, when plotted in the form u_
V.

Versus log ny, the logarithmic part of the

velocity proflle for rough walls is displaced

downwards parallel to that for smooth walls byan amount
Au - depending on the roughness parameter

' %
Vi k

v

This displacement in the velocity profile

is seen from thé Gottingen Institute measurements
(figure 3.4), where the profile has undergone a
shlftnm of approximately 8.7 for a roughness
parameter_iﬁ_ = 112, the effect of the roughness
being to reduce the ve1001ty by the amount au.
This shift in the velocity profile is seen to be
self evidenf from the velocity distribution law

for rough pipes which may be written as follows:

= 5,75 1 8.
ir‘y' 575og%_f 5

r

]

5.75 1og ¥V + 5.5 = (5.75 1og kyVy = 3.0)
v v
B 1 Vi + 5.5 - KAu
5.75 083’__1_/_;5 55 AV; (3.13)

i

hence:

% = 5.75 log k :;x - 3.0 | (%.14)
where k. 1is the equivelent sand dismeter, i.e.
correspc1ding to Nikuradse's conditions.

To demonstrate the physical significance of
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the quantity Au we use the following analysis:
For smooth pipes we have:

“ = 5'75 1Og RV?{ + 5'5 = 4 AU Smo(_\,th

Va v To (3.15)

where T, is the coefficient of skin friction. For
PuL

rough pipes on the other hand we have according

to equation (3,13):

U = 5.75 log RV, + 5.5 =4u = ypy? rough (3.16)
T > =  To
Substracting equation (3.16) from equation (3.15) then:

Qu = ¢aﬁ§ smooth = V/OUZ rough = U_ smoonth - g_.rough
V= To To Va Ve

thus the quantity & u indicates the loss of velocity
due to the increasg&in the pipe resistance for the
same pressure drop.

To trace the quantity &u for the profiles
megsured in the present bouggary layer, figures
(3.14 and 3.15) werc plotted as_%_ versus log ¥V .
The law for smooth pipes was alsoxinoluded in t;;
figures for comparison. By measuring the shift
by from the figures, the parameter Vi kg was

Vs 2
caleulated from equation (3.14) and is shown on

the relevant profiles.
Bascd on this method, the nozzle of constant
drag offers a convenient and accurate way for

determining the equivelent sand roughness of
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artificial roughnesses, ship and aircraft pesints,
e¢te. Bince it was found in section (2.4.3.), that
the cruve required for the nozzle wall is inscensctive
to the particular value of the wall roﬁghnuss uéed
in calculating the curve, cne design can be used
- without nmuch cerror for meosuring a wide range of
roughnesses., Indeed it seems the logical develop-
ment of the method originally described by
vchlichting (1936).

Instezd of using the equivlent sand diameter
in deriving equation (3.14) from equation (3.7),
the actual diameter may be used and equation (3.7
will then be:

w_ = 5751og y_
Vo & k
(3.17)
where X =¥, , & being a function of the type, shape,
' & ,
and spacing of the roughness elements. On com~
bining (3.17) with (3.13), & is cbtained in the

form:

575 log X =8u - 5.751log Vk =~ 5.5
Ve > (3.18)

By measuring é%g from figures (3.14 and 3.15), the
=X

value of X was found from equation (3.18) to vary

botween 0,089 and 0.11 for the four different
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roughnesses as compared to an average value of
0.03 for the roughnesses used by hikuradse (1933),
the differcnce being mainly due to the spacing of
the roughnesses, In Rikuradse's experiments on
pipes (1933), the grains were packed together as
closely as possible; whereas plates (7 to 10) for
the present roughnesscs show a relatively wide
spacing between the grains. These plates are
arranged for stereoscepic vicwing and were taken
by & camera at a distance of 12 inches from the
plates, the shift of camera being 3.0 inches and
the angle of overlap 28°,

It is interesting to note that the original
experiments by Schlichting (193%6) on artificially
roughend plates have shown clearly thaot the
effective size of the roughness depends greatly
on their spacing; =2nd figure (3.16) calculated
from Schlichtings experiments with spherces shows
the variation of k. , i.e. of 31 with the spacing
ratio | % . Begiihing from high values of‘% ,
the figure shows that a2t first %T decreascs in |
a power lew with a decrease in the spacing ratio,
ard attains 2 minimum before beginning to increasé

eggain with still closer spacing. Thus from this
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figure for perfect spheres, ¢ can be five times
greater than that found by Nikuradse, Figure (3.17)
calculated from data by Stevenson (1960), shows
again the same trend for two-dimensional wire
roughnesses.

The shape of the roughness, on the other hand,
as indicatcd by Schlichtings experiments on cones
and spherical segements (1936), is a2lso of import-
ance in determining their equivalent size, and scme
of the sands of the preéent experiments nay have
been more angular than those of Nikuradse, so
partly acccunting for the larger values of ™® in

the present experiments,

3.4 Turbulent Velocity Frofile at Separation

3.,4,1., Mechanism and Definition c¢f Sepzration

In a flow with a pressure rise along s rigid
wall, the boundary laver increases its thickness
considerably in the downstream direction untill
it reaches a place where the pressure is so high
that the fluid no longer has sufficient energy to
advance further dcwnstream, and scme of the flow then

becomes reversed.

According to Schubauer and Klebanoff (195C),
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since the kinetic energy of the flow is vanishingly
small at the wall, and since the pressure is least
at a point of minimum pressure, the potential
energy mnust be minimum at that point. After this
point of pressure minimum, the flow at the wall
could never advance downstrean against the rising
pressure, unless it received energy from the flow
farther out. This transfer of energy takes

place through the turbulent shearing stresses

and consequently a turbulent boundary layer will
have a greater resistance for separation than &
laminar boundary layer due to the fact that the
former exhibits greater stresses.

The direct measurements by Schubauer and
Klebanoff (1950) on the turdulent shearing
stresses in boundary layers in the region of
separation indicated that these stresses have
their maximun values gway from the wall, and
the point of maximum value is shifted outwards
as the flow passes downstream. Thus a stress
gradient 18 towards the wall and they argued
that the region between the wall and. the point
of maximum stress is receiving energy from the
region beyond through the action of turbulent

mixing.



127.

These measurements by Schubauer and Klebanoff
confirmed the older ones by Dryden (1947) which
showed that the maximum values of the turbulent
stresses are found at greater distances from the
wall as the flow approaches the point of separ-
ation. This also seems clear from Prandtl's
boundary layer equation. At the wall l2==ﬁf
and for g positive pressure gradient, biz a}éhould
be positive too, i.,e. the point of maxf%&m
shearing stress should be away from the wall,

The point of separation itself is determined,
and indeed defined, by the condition that the
velocity gradient at the wall should vanish, i.e.

(d'l.l) = 0.
y=20 at separation,

S3.4,2, Prediction of Separation Foint

Certain charachterstice of the main flow

have been used to predict separstion point, such

as the dimensionless number 52 %%%— = -12,
v
given by Fohlhausen (1921) for laminar separation,

where & is the boundary layer thickness and %%

is a measure of the pressure gradient. However,

besides the boundary layer thickness and the local
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préssure gradient, the evidence seems to point
also to a dependence of the flow separation upon
the previous history of the flow before it reaches
separation point. This was shown by Von Karman
and Millikan (1934), in a more complete mathemat-
ical treatment for laminar separation. IYor cases
in which the potential flow undergoes a pressure
drop to some point then undergoes a pressure rise,
they showed that when the distance along the wall
from the upstream stagnation point to the point
of maxinum velocity is increased, the potential
velocity at which separation occurs is found

to approach more and more closely to the point

of maxinunm velocity.

For turbulent separation on the other hand,
the "shape parameters H or 1? have been used to
predict the separation point. According to
Gruschwitz (1931), imninent separation occurs at
'7 = 0.8 or H = 1,80, while.the value H = 2,8
was found by both Schubsuer and Klébanoff (1950)
and Sandborn (1953) for separation on smooth
etraight walls, and the value H = 2,7 was given by

Dryden (1947) for flows on aerofoil-like sections,
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In general however from various published
observations, it seems that lower values for H
occur at separation on boundaries having a short
length of boundary layer growth and large
pressure gradients; whereas separation occurs
with higher values of H after a grester length
of boundary layer growth and smaller pressure
gradients, This shows that the wvalue of H at
sejaration is closely linked with the previous

history of the flow.

3.4,%, Separation Test.

In separation tests, in order to restrict
separation to one only of the walls, a boundary
layer control system is desirable at the other
sides fo remove any displacement effect on the
flow at the other sides, so insuring that
separation occurs on the measurements side
only. However, in the present test a simple
but effective alternative nethod was used which
avoids the use of such control systems. The
boundary layer on the rough wall of the nozzle
was forced to separate using a flap plate at the

downstream end of the measurements side as indicated
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in figure (3.18). The plate was pointing in an
upstream direction and having the same width as
the nozzle. Its length as well as its angle with
the wall were varied until separation was finally
Obtained at a station 24.5 inches from the leading
edge of the wall. The separation profile was
measured at that station which was half an inch
upstrean of the plate. The plate's final length
was 7.0 inches, with its upstream end 1.25 inches
from the wall.

The presence of the plate in the flow
induced a region of pressure rise that extended
approximately 3.0 inches upstream, Figure (3.18)
gives the pressure distribution in relation to
the position of the plate and to the distance along-
the wall.

The hot wire anemometer of section (4.2) was
used for measuring the velocity profile at
separation particularly because the pitot tube
which normally is more reliable and simple would
here have been subject to errors due to the large
velocity fluctuations associated with separation,
and also the local variation of static pressure

presented difficulties.
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The approximate thickness of the boundary
layer at separation was 1.8 inches and the dis-
placement thickness was 0,69 inches, while the
shape factor H was found to be equal to 2.8.

It is interesting to compare the velocity
profile obtained for the smoothest of thé rough
walls with a profile for a smooth wall, one
profile for which has been given by Schubauer and
Kelbanoff (1950) who use a hot wire as in the
present test for measuring the velocities, and
whose final shape factor H had the same value
2.8 as in the present test although the boundary
layer and displacement thickness were 9.0 and
3.81 inches respectively. The pressure gradients
for the rough wall and the smooth wall were
respectively 0,018 gnd 0.021 inches of water
head/inch length; and the two profiles are plotted
non-dimensionally in figure (3%.19).

Due to the unsteady nature of the flow at
separation, the pdsition of separation fluct-
uates along an appreciable length of the wall
and in this case the hot wire readings in the
neighbourhood of the wall will represent an

average for the velocity along this zone of
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separation, PFor the smooth wall, Schubauer and
Kelbanoff (1950) reported thatthe position of
separation was'observed to fluctuate along a
distance of approximately 5.0 inches; whereas in
the present test this distance was considerably
smaller due to the presence of the plate in the
close neighbourhood of separation. Also in the
présent case, the pressure drop farther upstream
had a stabilizing effeect on the flow before it
recached separation,

The Pohlhausen parameter Sa_gg in the
dx

1%
present test was ~-1360 at scparation, i.e. the

present boundary layer is about 115 times as
stable as the laminar boundary layer for which

Pohlhausen predicted a value of -12 as the limit.,
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CHAPTER IV

TURBULENCE INTERSITY MEASUREMENTS IN THE

PLOW PAST ROUGH WALLS

4,1 Turbulence Charscteristics

Turbulence is introduced into a stream, through
some small random fluctuations of the velocity with
time and space co-ordinates at relatively high
- frequencies (Dryden, 1939)., According to Taylor and
Von Karman (1937), turbulence can be generated by
friction forces gt fixed walls as in the case of
pipe, channel, and boundary layer flows (wall
turbulence); or by the flow of layers of the fluid
with different velocitics past one another as in
jets and wakes behind bodies (free turbulence).

The characteristics of turbulence in a stream
can be spescified by distinct statistical average
values of the intensity, scale, and microscale of
turbulence (¥Hinze, 1959). The turbulence intensity
is usually defined as the statistical root-mecan-~
square of the velocity fluctuations about the mean,
which is a convenient measure of the magnitude of
the fluctuations in the velocity; If u is the mean

velocity along the flow at any point, and W is the
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velocity fluctuation about the mean at any time,
then the longitudinal component of intensity
will be %E‘ . oimilarly the other two components
of intensity normal to the flow direction will be
\ﬁil and.J§1 » The scale of turbulence is a
length mcasure of the average size of eddies
present in the flow in any direction, while the micro-
scale of turbulence is a measure of the average
size of the small eddies which are responsible
for the viscous dissipation of turbulent energy.

In the past, Fage (1936), Laufer (1953%), and
others have made systematic progress in measuring
the characteristics of turbulence, though almost
all the early work concerned boundaries where
the surfsces were smooth. However regarding the
effect of roughness, very few experiments are on
record. Apart from the turbulence intensity profiles
given by Fage (1934) for rough square pipes, by
Tillmann (1946) for a sand roughned plate with zero
pressure gradient, and by Corrsin and Kistler (1954)
for constant pressure flow along a corrugated wall,
there seems to be no other available information
about the turbulence characteristics for the flow

vast rough walls.
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These measurements by Fage, Tillman, and Corrsin
and Kistler, indicate that the intensity of tuybulence
and the rate of disscipation of turbulent energy are
greater for rough walls than for smooth wallsj; but
they leave unanswered, the question as how the
fluctuations develop as the flow passes along the
wall in the downstream direction,

In the present investigation, to explore the
development of these turbulent fluctuations along the
boundary layer, a series of experiments were under-
taken to measure the longitudinal component of
turbulence intensity in flows past rough walls with

three different roughness arrangements.

4,2. Hot Wire Anemometer

4,2.1, FPrinciple of the Hot Wire Anemometer

The principle of the hot wire anemometer is
based on King's semi-emperical law for the thermal
equilibrium of electrically heated wires, When a
wire is heated or cooled, its resistance changes
with temperature, and this change of resistance can
be related to the air speed cuasing the change.

For thermal equilibrium of the wire, the heat

generated per unit time by the current heating the
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wire, should equal the heat transferred to the
fluid from the wire per unit time; thus according

to King:

IR = (4 + BvVE) B, - 8) (4.1)
where R is the wire's total resistant, I is the
wire's current, A and B are constants to be deter-
mined experimentally, and Gw and 9f are the temper-.
atures of the wire and the £luid respectively which
are related directly to the corresponding resistances,
As seen from equation (4.1), the relation between 12
and yu  is substantially linear.

Por measuring the fluctuations in the spsed, the
temperature of the wire and consequently its
resistance vary rapidely with the speed fluctuations
and two different methods are in use for megsuring
these fluctuations.

In the first method, the temperature of the
wire and so its electric resistance is kept constant,
and the fluctuations in the current necessary to do
this are measured and correlated with the fluct-
uations in the speed; whereas in the second method,

the heating current is kept constant and therefore

the temperature and the resistance flucuate with
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the speed. The constant temperature method, al-
though is has the advéntage of giving higher
accuracy, requires a feed-back system to keep the
wire's temperature constant, and such systems are
cften unstable.

for the constant current method which was
used in the present investigation, a very fine
wire was placed in the stream and connected to
one arm of a Wheatstone bridge, which was then
adjusted to bring the galvanometer to zero, the
balance thus obtained concerns the time average.
Actually the temperature of the wire and consequent-
ly its resistance are fluctuating with the
fluctuating velocity in the stream, though the
resulting potential fluctuations are too small
to be measured directly with an A.C. instrument,
Accordingly the bridge is coupled to an amplifier
which receives the out-of-balance signal, and the

amplifier's output is measured by a thermo-couple

type ammeter, The relation between the voltage
fluctuations and the speed fluctuations can be
calculated, since the electrical constants of the
Wheatstone bridge and the amplifier together with

the calibration parameters of the hot wire are known.
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4,2,2, Circuit for measuring the ﬁ component

of Turbulent Intensity

A circuit for measuring‘rﬁ,’:2 was constructed
as shown in fipure (4.1). The hot wire was
inserted in one arm of a Wheatstone bridge with
500 ohms ratio-arm resistances, and the fourth arm
of the bridge was formed by a variable constantan
resistance R3 . Another variable resistance R2
connected in series with the circuit provided
a convenient control for balancing the bridge,
and this resistance consisted of two variable
resistances, one of 1000 ohms and the other of
50 ohms for fine adjustment.

In order to avoid heating the wire when
measuring its cold resistance, a very large

resistance R, of 100,000 ohms was tenporarily

1
inserted in the circuit., The power supply to

the circuit was a 24 volts D.C. battery. An A.C.
spot galvanometer (230 volts, 50 ohms, 50 C/S)
was adjusted for zero reading to indicate the
balance of the bhridge, and the milliammeter
reading then gives double the wire's current.

After determining the cold resistance of

the wive, Rl was disconnected thus allowing the
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bridge current to increase and heat the wire
to about 15000 above the atmospheric temperature.
R3 was set to a chosen suitable value (usually
1.20 to 1.50 times the wire's cold resistance),
and with the hot wire in the air stream, the
bridge was then 'balanced by méans of-RQ. Due to
the veloecityfluctuations causing the wire's
resistance to fluctuate, the bridge was
temporally unbalanced and this out-of-balance was
fed to an amplifier to be magnified, and the
cutput was then read on the thermo-couple-type
milliammeter,

The thermo-couple measures directly the
mean square value of the current corresponding
to the voltage signal picked by the amplifier,
or in éther words, the reading of the milliammeter
is porportional to the R.M.S. of the fluctuating

voltage,

4,2.3, Material and Dimensions of the Hot Wire

Platinum, Nickel, or Tungstun, pure metals
with accurately known electrical constants are

used for hot wires; but Platinum is used most,

chiefly because of its chemical inertness at high
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temperatures,

The dimensions of the hot wire should be
small, not only to cause a minimum disturbance
to the flow, but also to have sensitivity for
recording fluctuations of small size., Also from
. the strength point of view, the length-diameter
ratio of the wire should not exceed 200.

In order to record rapid fluctuétions of
velocity accurately, the wire should be heated
and cooled instantaneocusly, but due to the
finite thermal inertia of the wire, there is a
delay and a comsequent reduction in reading.
Thinner wires will have smaller thermal inertia,
thus helping to minimize the compensation required
to cover for that delay., The effect of the delay
becomes more pronounced at velocity fluctuations
with high freguencies and the turbulence intensity
would be underestimsted.

The raw material for the wire used in the
present experiments was a silver Walston wire,
0.001 inches diameter with a core of Platinum
0.0001 inches in diameter. A piece of this wire
about 2.0 mm, long was soft-soldered to the wire

holder (figure 4:2), and a length of about 0.50 mm.
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0of the Platinum core was then exposed by removing
the silver cover at the middle by a process of
etching and electrelysis. The wire centre was
immersed in a bubble of dilute nitriec acid, and
an electrolysing potential of 1.50 volts was
applied across the electrolyte for about five
seconds.

After soldering the hot wire to its holder,
the holder was mounted on a microgauge and was
inserted into the air stream. By careful
adjustment of the gauge, the wire was brought
very close to the roughness elements without
touching them. The plane of the wall for the
velocity fluctuations profiles was assumed to
be at the mid-height of the roughness elements.

For measuring Vﬁ? the wire was always kept
normal to the flow direction, and in this
position it does not record the v component
whose effect is negligible compared with that of

the d'component.

4,2,4, Calibration of the Hot Wire

J;i
The formula used for the calculation of V4

was derived by Betchov and Kuyper (1947), from
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King's law and hased on the assumption that the
velocity fluctuation d,follows a simple periodic
function with angular frequency«’?, and that the
change in the average current due to rapid changes
in the wire's resistance can be neglected. This

formula can be written as follows:

1 [
Vot . 4 lER. <d( 17 R)) + ?R][R* B]' 3 (4.2)
u (12 - 13). 8 . Ay
and a suitable compensation circuit is used to

compensate for the finite thermal inertia of the
wire. in equation (4.2), u is the local mean
velocity, I is the wire's current, R and Ra are
the actual and cold resistances of the wire
respectively, Io is the wire's current corresponding
to u =0, O is the ratio arm resistance of the |
Vheatstone bridge, and Al and e; are the amplifier's
gain and out put respectively,

The values of the different constants in
equation (4.2), were determined by placing the
hot wire og the centre-line of an air jet whose
speed was varied and known from pitot tube
readings, and the working range of the wire's

resistance values was then explored. The current

required to heat the wire in each case was
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recorded, together with the resistance and the
corresponding wind speed., By extrapolating the
curves of I? to zero velocity in figure (4.3),
the 120 values were determined for each value of
the wire's resistance., To determine the values
in the equation, the current I was
plotted against %5 for different wind speeds
(figure 4.4), and the slope of the resulting lines
was measured at the corresponding wind speeds
and then plotted versus u to give a curve
convenient in using equation (4.2).

A change in the atmospheric pressure,
temperature or degree of humidity of the air
usually affected the performance of thchot wire,
Also the accumilation of dust changed the thermal
conditions at the surface, s0 ugually one or two

calibrations were needed every day.

4,2.5, Calibration of thes Amplificr

The amplifier's gain 4 was determined for
& range of fresquencies varying from 50 C/S to
20 K.C/S, by applying‘a signal of known frequency
from a generator and measuring the amplifier's
input by a millivoltmeter. The output was measured

by a thermo-couple-type milliammeter. The
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variation of the»amplifioation with frequency
is shown in figure (4.5), a curve which has a
flat slope in the range of working frequencies
between 100 and 1000 C/S.

When desired, the amplifier's output was
connected to a cathode-ray oscillograph giving
a visual represcntation of the veloecity fluct-
uations. Plates (12 and 13) show typical
oscillograms for the velocity fluctuations, both
at the wall and outside the boundary layer of
the 4,75 mm, sand-roughned plate. These
oscillograms were taken at x = 20,5 inches from
the leading edge of the plate, and the correspond-

‘:,i

ing values of W were 0,066 and 0.01%5 respect-
ively. A calibgation frequency of 50 G/S is
shown on both plates for comparison, and the
velocity fluctuationsin plate (13) are shown

to a scale three times larger than that in plate

(12),

4,%, Experimental Results

Measurement of the fﬁ? component in the
present investigation were carried out for the

flow in the nozzle of constant drag under the
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influence of a negative pressure gradient. For
roughning the wall, sands A, C and D with grain
diameters of 1.56, 3.16 and 4.75 mms rcspectively
were used.

In cach case theﬁ:&" values were measured
at different stations along the boundary layer,
for heights above the rougn wall extending into
the main stream; Fiéures (4.6a to 4.8a) show
the\riz values in terms of the local mean velocities,
whil> figures (4.6b to 4.8b) give the V&2 values
in terms of the velocity at the edge of the
relevant boundary layer. The distribution of szz
in figures (4.6 to 4.8) shows the same gencral
shape as that obtained by Corrsin and Kistler
(1954) and Tillmann (1946) who dealt with rough
walls under constant pressure. They also
resemble the curves of Fage (1934 and 193%6) and
iaufer (1953) for flow in pipes.

By inspection of figures (4.6b to 4.8b),
the \Fi’" values reach é maximum in a region close
to the wall, and since the diagrams disclose a
clear dependence on the roughness height, it
seems clear the the velocity fluctuations due

to the presence of the wall extend far outside
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the region of the boundary layer into the main

Vot
T
tend to infinity as the distance

stream itself, In the profiles of the

Vigd
m

from the wall y tends to zero, though strictly

valucs of

speaking these values are indeterminate, because
both Viil and u tend to zero at the wall, The

!SZ? values (figures 4.6b to 4.8b) however after
passing through the maximum, tend to zero as the
wall is approached where the absolute values of

the fluctuations are zero. From the figures

it is a2lso clear that, except close to the well,
dfi‘ is greatest where the gradient of mean

velocity is greatest and viece versa.

Pigures (4.9 and 4.10) show the variation of

[u
Vx
all, nine curves are included ezch for a different

with-g_for two of the roughnesses tegted., In

distance from the noze of the plate, and as can

be secen in these figures the turbulence varies
considefably from place to place along the

boundary becoming steadily greater in the down-
stream direction., For example in the distance from
%% = 85 to %%— = 230 for the 3.16 mms. sand, the u
component increases more than 40%. sgain in figure

(4.10) for the 4.75 mms sand, the u component
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increases about 80% in the distance from %%

= 35 to %% = 151. Since Vx was substantially
constant throughout the length of the boundary,
the growth of the turbulence can be attributed
only to the grester speeds downstream, or more
precisely to the greater values of the dimension—
less ratio %%% .

To compare rough walls with smooth, figure
(4.11) was plotted from the results of Schubauer
and Klebanoff (1950) who experimented on a smooth

wall, though in this case with a rising pressure.

As can be seen from this figure, the values of
Vit
*

steadily with %%. in a way similer to rough walls.
%

41s0 the results of smooth pipes by Fage (1936)

varies along the flow again increasing

who experimented on the maximum fluctuations
using an ultramicroscope, and by Laufer (1953)
who experimented on the R.M.S. values using a
hot wire, showed a tendancy for u max. and
at . . U v
=———%t0 increase with xX_. , Thus for a constant
* =2 *
Vx, is expected to incresgse with U, and
% ‘J}
when U is constant —<—
Vi

decrease with V& as found in the experiments by

has a tendancy to

Klebanoff and Diehl (1951) in boundary layers
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where U was constant.,

to increase with —
*- *
also seems consistent with the turbulent enecrgy

Vit 7
Vv

This tendancy of

equation as seen from the following argument:

As G.I. Taylor (1935) pointed out, the rate
of production of turbulent energy per unit volume,
which is mainly duce to the work done by the
shearing stresses on the mean flow, can be
represented by the term T i—%‘ . Taylor (1935)
showed that the rate of dissipation of this
crnergy in a pipe, on the assumption that

-2 -2 -2
v W, can be expressed by the term

r = o=
Vi
15 p2 . i where A is a length scale

depending on the size of eddies. In order to
represent the energy balance across the pipe,
another term is needed, namely to represent the
rete of energy diffusion from places where the
rate of production of energy excceds the rate

of dissipation to placeswhere the opposite ocecurs.
For this term, Laufer (1951) deduced the

e S
) d n' e V' O+ W
expression 7~ (ov! 5 + v'P)

in the case of a channel or a pipe based on the
deynold's equation., Therefore the energy balance

across the pipe can satisfactorily be represented
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by

-2 2 2 2
T.d;ﬂ = 150pu + a_ (./ov'
dy A2 dy 2

dividing by T s thens

2 2 .2
——L
T du _ low u' { %vu'+v'+w' v'P ) 4,3
oy - Ko @7 Evg 75 (4.3)

There scems no doubt that, in = plpe,d-“
VA
tends to ineressc with U, and therefore S
£l
a.cording to eguation (4,3) will have a tendancy
to increase with U, which secms in line with

observation. Accordingly we may conclude hcre

7

that ~ has a tendancy, both theorctically
*_
end experimentally, to increase with -%} .
*

Unexpectedly, the individual curves of
figures (4.9 end 4.10) for rough walls converge

to single curves when plotted in the form
Vi vt .
v [y os seen in figurcs (4.12 and 4.13),

Also the data on smooth walls fall on

Vr‘z
UL

values considersbly smaller than thosL for rough

viz?

walls. That the curves of £ should converge

another singlc curve, though with

2 Ve
when multiplied by .léi is a paradox sxplained
U

partly by the following:
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By definition we have:
T -

T £Qu' v\ = ~-Alim 1 fu'v' dt
‘ T->co T “o

u'

V=2 [lim JT w'? at ] 3

(4.4)

and

Ve

where t is time.

il
1
et
[
g
=
<~
N
[o%
pars
. |
W

As seen from these expressions, T differs from
/0 \ﬁi’z. Vo2 by including two independent
variables and to correclate between the two a
coefficient K has been introduced (Goldstien,

p 194) such that:

L =2 =2 =2 =2
/2 du' . \r;' = u' . v' = 1 (4.5)
T v X =)
‘According to (4.5), the values of YU

oA

depend on the value of K. PFrom the experigghts
on smooth walls by Klebanoff (1954) K was found
to be substantially constant across the flow

between %$~ = 0,05 and %%-: 0.8, whereas on the
other hand K was found to vary considerably from

o
Rz

section to section depending on

as seen
in figure (4.15) which contains the results of

various investigators. Thus according to figure
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(4,15) we have:

which together with (4.5) seem to tic with the

behaviour of _ELE in figures (4.12 to 4.14).
A physicQT.explanation for the varistion of

K however seems, according to expressions (4.4),

to be connected with the manner in which both

U and v‘vary with time, i.e. it is cxpected to

depend on the frequency, the amplitude and the

phase between the two oscillations, an aspect

of the problem which lies beyond the scope of

this work.
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CHAPTER V

CALCULATION OF TURBULEWT BOUNDARY LAYFRS UNDER

A PRESSURT GRADIZINT

5.1 Laminar Boundary Layers

The growth of the boundary layer in a pres-
sure gradient depends on the geometrical conditions
and the pressure field within the flow, and the
purpose of the investigation described below is
to predict the friction at the wall and to determine
the shape of the velocity profile at different
distances along the boundary and thus to predict
beforehand wheather sepsration is going to occur.

For the calculation of laminar boundary
layers, Pohlhausen (1921) introduced an original
method in which he makes use of g differential
equation of Ksrman's type. To characterige the
shape of the velocity profile, fohlhausen assumed
a polynomial of the fourth degree for the velocity
furniction in terms of the dimensionless distance
from the wall z = —i— , Where 8 is the boundary

§

layer thickness, thus:

2 4

~%ﬂ = Az + Bz“ + 023 + Dg

(5.1)
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In order to determine the constants in this

equation, the boundary conditions are:

2
At z=0,vdu =-Ud0 andy=0
zyz dax

2
and at z = 1, % 1, du = 0 and 0

The first of the aboéy-condltlonérﬁlvss B=:§i au,

2V dx
vhereas the other constants 4, C and D are

obtained in terms of B, thus:

=2-B , C=-2-Band D=1+ %, and
equation (5.1) reduces to:
u = (2z - 275 + zh) + Az (1-2)3
T 6 (5.2)
‘ 2
where A = -2B = 9_ aU
v dx
At scparstion where (%% }_equ&ls zZero,
equation (5.1) gives 4 = 0 ox §3 au = 12,

) dax
£1s0 the relation between the displacement thick-

ness §,, the momentum thickness & and the bound-
ary layer thickness § can be obtained by
substituting u from equation (5.2) into the
expressions for S5 ond @ (equations 1.15 and

1.16), thus:

_‘&E: -/\ and Q“

s 1T s s
and also -t = = U(2+A)

? o 3y> =0 g% (3 2

In order tc determine the parameter & du

v ax
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at different locations along the flow, Pohlhausen
substitutes 3_2 in his diffcrential equation
which is then solved in steps. A detailed
account of this method and further suggestions
are containaed in Schlichting, 1955, p 206.

A8 seen above, the presence of the second
power of z in equation (5.1) is basic for includ-
ing the pressurc gradient in Pohlhausen's method,
and also the presencc of the first power of 2z
is essential for determining separation point.

In this method, the psrameter 3 %2 is
in fact a parémeter for representinéjthexlocal
value of the prazssure gradient, and hence it
can hardly rcpresent the shape of the velocity
profile whose development depends as well on
the previous history farther upstream. The
importance of the upstream history in determine
ing the shape of the velocity profile is seen
from the boundary layer eguation which when
integrated with respect to y between y = C and

y =h >§, can lead to: ,
h n

To*h AP0 ["£y2 gy + 00 ) ud

T:z;xj; Pﬁg y

Integrating with respect to x, then:
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X X

{ P = ya(y)
frooe [ e yompog
o o 0

(5.3)

from which it is seen that the shape of the
velocity profile as represcnted by the integral on
the R.H.S5., depends upon the accumulatced effects of
both the pressure gradient and the friction at the
wall, as well as upon the local values of § and
U. Consequently the measured value of§° du  is
expected to differ from those predictedﬁ gg}ticularly
near Separation, depending on the different
nemories of the flow.

For high positive values of gi au y the
velocity distribution predicted frgé e§§ation

. . 2
(5.2) becomes crroncous. For example, when & dU

Vv &
= +18, equation (5.2) gives % = 1 both at ?
= C,50 and ¥ = 1. JAigain when ji au = +30,
. . § v o ax
it gives u = 1 both at y = 0,25 and g;
_.l v 8

However, in spite of its limitations and
approximations, Fohlhausen's method has been shown

to agree with many cases of laminar flow,

5.2 Turbulent Boundary lavers

The usual methods for calculating the growth
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of turbulent boundary layers under a pressure
gradient assume that turbulent velocity profilss
can be described by o single parameter. Differcent
methods usec dififersnt parameters for describing

the veleeity profile, as for example, the shape

factors E = Sx used by Von Dochoff and Tetervin
) -
(1943) or M = [1 -(@)Z‘J used by
[¥)

Gruschwitz (1931), and unlike the laminer case,
they cmerge from experimental observations only.
Instead of the boundary layer thickness

the momentun thickness © is often prefered as
the length scale for plotting the veloeity pro-
file (Gruschwitz, 1931; Wicghardt and Tillmann,
1951). The displacement thickness Sg seens,
however, casier than 0 and thus ofiers a more
convenient length scalc for the velocity profile.
o test this, the data by the Iowa Institute for
‘Hydraulic Research (Landweber and Siao, 1958)

on smooth walls under a constant pressure are
shown in figure (5.1) plotted in the form u
against Y _. x8 seen from this figure, th;]
points faliE closely on & single curve, gnd bearing
in mind the wide range involved, viz. 5.40 x 107

< Ux < 5.40 % 106, it scems that thz velocity profile
1%
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for the constént pregsure case can accurately
be reprcscnted by a gingle function involving %
and j?% « The same data are alsc plotted scmi-
logarithmically in figurce (5.2) which clearly
shows that the velocity profile deviates from its
logarithmic fcornm b:yond j% = 0.15, a value again
in agrecement with those previously discussed in
scetions (3.2 and 3.3).

Similarly for the casc where the boundary
layer is under s pressure drop, a group of 25

differcnt velocity profiles from data by

Schubzuer and Klgbanoff (1950) were plotted in

the fornm u against jﬁ , and although Ei cU
U #* 2 ax
,zreached at times the value 4240, i.e.
1%“ %% = 5,70, the resulting profiles were

found to deviate only slightly from that for
constant pressure as shown by the dotted curve
in figure (5.3)

Por pressure rise on the other hard, the
velocity profilg in the form % agaégst 3¥£
undergocs a systematic change with %? %% as
shown in figure (5.3). The two profiles included

in this figure for the pressure rise case were

a
plotted from the data by Schubuer and Klebanoff
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(1950)for a smooth wall, Howcver, since the
curves of figure (5.3) do not intersect at a
single point and since they have their maxinmun
velus of u at differcent values of g[, it is
difficult io represent all profiles gy a

single function

5.2.1 Buri's Method

The first method for calculating turbulent
boundary layers with pressure gradients was
introduced by Buri (1931) who used his own ex-
periments on accelerated flows as well as. those
of Nikuradise (1929) on both accelerated and
retarded flows.,

To describe the shape of the velocity pro-
file, Buri_used the following analysis:

Por a steady two-dimensional incompressible
flow, Prandtl's boundary layer equation writes
ass

wdu+voy =-1 +

oooel 218
X ~ Y
4t the wall, bOln uw andy miet yenich and the

equation reduces to:

@ = [T = -pU U
ax L Jy ) y=0 ax

Since the shape of the velocity profile depends



180.

on the pressure gradient, Burl therefore uses

L%é]y=o . though in a non-dinensiocnal fornm, to
.

describe the shape of the velocity profile,

hence: -
a(T)

=i T -
. |
D fyoo
e

The shape factorl; in the zbove equation

T (5.4)

involves the wall stress Ty which can not be
directly measured, and to elininate it from
the equation Buri uses Blasius law of resistance

in the form:

-t
Lo - E ue *
P2 -‘7> (5.5)

In the case where U is constant, € has the
constént value 0.01256, whereas when U is varying
Buri assumes that § would vary too, depending on
the pressure gradient, i.e. onf; , and is
expected to increase in the case of a pressure
drop, and to diminish in the case of a pressure

rise. OSubstituting from (5.5) into (5.4), then:

i
r = - ..].:- _Q— Q'IJ- (LJ-Q) *
a € T d& v

Introducing the new shape factor [ = fg s then:
(- o w @t
U dx v
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It is interesting to note that this parameter
reserbles Pohlhausen's parameter % dU  which

ax
can be written as § (138), the difference

U dx
between the twoe pararieters being the power %

only, since © is related to 8 in Pohlhausen's
nethod.
Now combining the nomentum equation

'Eo = 48 +9 (2+H) QU
<

PR T&x T
ogether with Blasius equetion (5.5) the

following equation is obtained:

< o erls R-g @ o« + 1)

x V}4 v ax v % (5.6)
This equation can be readily checked as follows:

Differentiating the L. H S. we get:

£ (e _U_Q)ﬂ= 5 C8 (U0)4 + * Q dU (U@)7§
L/ T T T v (5.7

Substituting into equation (5.6), then
48 + 9 (2+H) au = € (Ue)™= -
x T [53 v
which is the momentum cquation with the term

E(ggﬁ? substituted for Lo  from Blasius equation.
v P2
The terms on the R.H.3. of equation (5.6)
involve r, H and € 211 functions c* the shape
factor [, therefore Buri writes equation (5.6)

convenicently as:

-d%[eggf}f () (5.8)
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1

Plotting the experimental values of %___ [9 (%)il’
X

against [’, Buri obtained a linear relation for

equation (5.8) in the form:
Q_E(LT_G_)%]=a-br
dx vV
where a = C,01475 and b = 3,945 for accelerated
flow, and s = 0,0175 and b = 4.15 for retarded
flow, Separation ir this method will occur at
a value of [* = 0,06, Buri found also that
Blasius resistance formula describes the friction
2t the wall in waried flow provided the local
values of U and ® are used together with a
constant mean value for € = 0.0116. This constant
value for € may be o good approximation for Buri's
range of Reynolds number (2 x 10°<R6 < 2 x 103),
though strictly speaking ¢ is expected to vary

with the pressure gradient and the Reynolds number.

5.2.2. Gruschwitz Method

At about the seme time as Buri's Gruschwitz
(1931) introduced ancther method for the calculation
of turbulent boundary layers. To describe the
shape of the velocity profile, Gruschwitz uses the
monentum thickness @ as the length scale, and

he chooses the value of u at the particular
U
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Gistance from the wall % = 1, to form his "shape'
parameter'?, thus:

-1 - (ue)?
-

where Wg  is the veloeity at y =€ . Since 77 and
H each independently can describe the shape of
the velocity profilo, it is expected thet the two
would be closely related. Indeed, Pretsch (1942)
by using a power thcorm for the veloecity profilc
of the form g = x) y arrived at the

following rvlqtlon between and H:

(H-l)
T ] (5.9)

which i1s in good zgrecnent with Gruschwitz »
experiments (figure 5.4). According to Gruschwitz,
N is sualler than 0.45 in the case of a pressure
drcp and is greater than 0.45 in the case of a
pressure rise where it reaches .80 st separation,
Lo trace the variation of 17 in the down-
streem direction, Gruschwitz uses a dimensional
argunent and deduces a rclation between U)and the
pressure gredient similar to Buri's equation

(5.8), thus:

= (%FU2'7) Y (5.10)
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Flotting the experimental reéults, Gruschwi tz
obtained, as in Buri's case, a linear relstion for
the function in equation (5.10), namely:
Lpp8 = b
- R em -
207 ax 5.11)
where a = U,C0894 and b = 0,00461

Tfor the friction &t the wzall, Uruschwitz

uses Blasius law according to which U is constant

and the % power lsw as s basis, thus:
< : -4
/5%2 = 0.01256 %Q) (5.12)

though strictly speaking this law is valid only

for a limited range of Reynolds number and in the

particular case where there is no pressure gradient,
Unce the necessary relcotions are established

(equations 5.9, 5.11 and 5.12) the calculation

procedure in this method will be as follows:

: . T, ~
1 - Using the momentum equation ,o'%2 = 30 + o (H+2) @J
dx

. . dx U
as a diff-rential equetion in® , constant nean
values for Lo and H are asssumed as a first
Pu

approximation, and knowing an initial value for 8
the equation is differentiated tc obtain the
successive values of ¢ . It is clear that the

errors introduced in the momentum equation due to
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the possible error in the assumed value of H
would be small due to the fact that H“always
occur in tho group (H + 2). On the cther hand,
the possible errcrs in the assumed value of ;;%2
will have a correspondingly large effect on the @
values obtained from this step.

2 - The approximate velues of ® from step (1)
are then used in equation (5.11) to obtain the
corresponding values of M provided an initiel
value for 7} is known. Equation (5.9) is then
used to obtsin the corresponding vslues of H.

3 - Gruschwitz now returns to the momentum
equation with the quantity H improved and the
quantityj%%? deternined more p ccisely from
Blasius formula. Ee works out a second approx-
imetion for 6, and hence the different parameters

can be improved furthernore.,

2.2:3, Kehl's Msthod

In an attenpt to improve Gruschwitz nmcthod,

Kehl (1943) conducted & serics of experiments on
converging and diverging flows which covered a

range of Reynolds number seven times larger than

thot of GruschwitZ, i.c. up to U8 = 3.5 x 10%.

v
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To tgke into account the effect of the
inclination of the channel walls, Xehl corrected
the momentum equation by adding the term e

X+xo
where xo is the distance from the entrance section

of the point where the two walls meet when
extended, xo being positive for diverging channels
and negative for convergent chennels. The new

forn of the momentum equation will thus write:

e+o(m2)am+e  =Tlo
dx U dx x+xo U<

and the additional term will tend to zero as
X0 increases.,

Tc investigaté the variation along the flow
of Gruschwitz shape parameter 3 for the now
wider range of Reynolds number, Kehl plotted
his experimentol values of 17 againstﬁgﬁ %}.{ (/OUZ"’})
in a similar way to Gruschwitz. Instead of a
single line as in Gruschwitz’s case, Kehl
obtainazd a set of parallel lines, the shift of
each line being dependent on the Reynolds number
whose effect was not clear in Gruschwitz's linited
range. Consequently the constant b in Gruschwitz's
equetions

) Uz. =an=->
sz & T e
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was replaced by a function of Rg in the form:

b = 0.0146 - 0.85
log Rg Ry . 300

where the second term beconss insignificant for
high Reynolds numbers nnd b can thus be sub-

stituted by the variable (,0146 alone,
log Rg

Apart from these modificaticns, the calcul-

ation procedure in this method is exactly the
same a8 in Gruschwitz's method. The various
methods of calculation are summerized in table
(5.1).

As seen from the table, the methods are
similar in the sense that they all use the
momemtum equation and an auxiliary equation
for the shgpe parameter, together with a suitable
law for the friction along the wall, Since the
experimental data from which the suxiliary
equation is obtained in each method cover only
a limited range of flow conditions, the results
likewise are limited to a particular range.
Also in these methods, no account is taken of

how the velocity gradient %g is related to the



TABLE 5.I

Mecthods of Calculation for Turbulent Boundary Layers

Formula for

Shape . .
Investigator Factor |.cparation Auxiliary Equation Skin Friction
4 Blasius
. % d T 9-(.U_Q)‘] =a-bl 4
Buri i93)) [M=0dUus d = -
| * v € (B
_ e 4 Loy Blasius
. - B4 (eutn)=orcossuy 4
Keh! (1343) a|-f U8 " put dx Co.0I25 uey 4
1 (-U') _ zQ.}Q':: . ;0...3;6 = m0-0 6 (—,3-)
Squire-Young
Von Doenhotf du_[_s. -1.268) - 20U 2
&e He % ea.;_[zossm '2“{ z%:.gﬂ ) [ S
Tetervin (1943) ] « @ 68CH-2975) 5-89 Log 4.075 Ug

Garner (1944)

H= 2~
B

du _ [ o-0l35(1-1-4) _ @ v
ol's'g Re ¥ %JE

] 65 (H-1:4)

Falkner
Uxy 7
= ©.0131 (——)

681




skin friction. Indeed, Page and Raymer (1946)
used both Von Doenhoff~Tetervin's and Garner's
methods, both based on the same experimentsl
data, and found for an identical case of flow
with H = constant, two quite different results,
Further, it has yet to be proved that the
velocity profile of a turbulent boundary layer
can be specified implicitly by a single para-
meter only, since as seen from equation (5.3),
the shape of the profile is affected by the

previous history farther upstream.

190¢
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CHAPTER V1

THI MOVEMENT OF GRAINS ON STRBal: BEDS

6,1 Approaches to the Problem

The movement of grains, on a stream bed has
been explained in several ways; by the impact or
momentun of water against the grains, by the
drag exerted on the bed by the flow, and by the
hydraulic 1ift resulting from the difference in
pressure at its bottom and top.

6.1.1. "Impact’ or lomentum iApprosch

The simplest and perhaps the oldest approach
to the problem dates back to Brahms who in 1753
explained the movement of grains as a result of the
fluid pressures on the grain, which are determined
by the velocity of the stream, Irahms and indeed
many others using this apprcach arrived at the
sixth-power law for the velocities necessary to
initiate the grains movement, and the deriviastion
can be summarized as fcllows:

llovement of an individual grain on the bed
starts when the force component tending to push

the grain up a slope angle ¢ , becomes equal to
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the oppositely directed componant of its weight
(figure 6.1).

The dynamic force on the grain due to-
nonentur, is % (4. W) (wk 4) , where /Ip
is the fluid density, u is the velocity, k is the
grain diameter, and W is a coefficient depending
partly on the proportion of the force that
actually is exerted on the grain and partly
on the proportion of the grain exposed to the
flow.

The component of this force acting up the
slope angle ﬂ is thus:

n (/; u? )-(Wk2/4 ) cos/{/

which must balance the component of the weight

U

before the movement starts, hence:
D'((/’qu2 ) . (1'(k2/4) cosﬂ; -:/.;'g.il'_lg3 sin'}/
é
” 2
or _§___,ogk tan & = A (6.1)
X
where 0 is the effective density of the grains

naterisl in water,
Equation (6.1) becomes the sixth-power law,

when both rides of3the gquation are cubed, thus

kgcu

or u ol W1/6
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where W is the submerged weight of the grain, and
the law has been formulated independently by
Brabms, 1753%; Hopkins, 1844; Airy, 1855; Gilbert,
1914: and many others.

This law however, is based upon a velocity
u which is not precisely defined. In fact, u
varies greatly with height, and it is difficult
to relate it to the neasursble nean velocity of

the strean.

6.1.2 "Drag or Shearing Force" Approach

The "criticsl drag" approvach is of more
practical significance to engineers, since it
relates the sizes of the moving grains to éertain
rea ily measurable quantities, namely the depth
of water, and slope of streanm.

Based on the theories of Du Buat (1786), and
du Boys (1879) many investigators have‘approached
the problem of grains movenent, using the tractive
force exerted by the flow on a unit area of the
bed, as a criterion for the movement. This
tractive force T can be satisfactorily aepproximated
in the casc of open channels by:

Z’ -.:,Ofgid (6.2)
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where 4 is the weter depth, i: 1s the slope of
total energy gradient, and g is the acceleration
due to gravity. There seens no doubt that when
the grain is about to move, the force T
exerted by the flow is equnl and oppesite to
the resisting force offercd by the grain. The
former is easily obtained fron (6.2), whereas
on the other hand, the later is more complex
and depends upon the density, size, and shape
of the grain os well as upon the arrangement
of the grains on the bed,
Following this approach, nany fornulae

for Z%_have energed, though most are enperical
being based on experimental findings. Most can
be repfesented by a functional relationship of
the form:

To ﬁxﬂ g. k. £ (chape and arrangement of

grains) (6.3)

in which f is represcnted by o different paranster
ir. eacch case. TFor example, Kremer (1935) used
the unifermity mcdulus M defined as the ratio
between the areas below and above the (50%
finer by weight) line in the grading curve for

the sand mixture (figure 6.2), and his formula
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writes 2g follows:

T(': in gms/ c:m2 :_69'9 . (/.)'. g ko ). nlg (6.4)

which was modified by the U.S. Waterways experiment

staticn (1935), later experiments hoving shown

that the squere root of the right hand side with

a suitable new constant better follow the facts.
Instead of M, Chang (1939) used the

parameter O, defined as the ratio between the

longest and shortest side of a sand grain, and

his formula is written as:

1/3
—CC = constant.(ﬁ'__l?_)» 0 for k>0,50 mms .
_ /of 1
’ 5 1/6
and Tc = constant . (%_LE_) . O for k @,50 s .
.

Cheng's experiments include a wide range of grain
siges verying from 0.134 pms to 8,09 nms and will
be discussed later with reference to the present
experinents,

In a more¢ refined treatment, Shields (1936),
using the modern concept of flow near a boundary,
considered the shear stress term ih non-dimension-
al form when divided by/%?k, i.e. in the form —&¢

N’ -k
and rcelated this to %:f in 2 sinilsr manner to

the varistion of the cocfficient of frietion with Vek
=2
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for rough pipes. Thus for high velues of E%#
the term;égi.was shown to be constant ond equal
to 0.060; ggzwever Whitz's subscquent sxperimsnts
(1940) and elsc the present tests show that this
tern vories considerebly between 0.04 and 0.151
in the range of !%F_ between 27.0 and 128C, Also
the experinments by the U.3., Waterways exreriment
staticn (1935) show that2?%§;(iepends to o great
extent on the shape of the grains, which there-
fore requires an sdditional term in the formula.
Instesad of/&E;K , White and Quraishy (1942)
introduced the term-%zy where Vs 1s the settling

veloelty of the grain in the fluid thus consider-
ing the dynamic and not the static equilibrium

of the grains as in Shield's case. On the
assunption thet the moving layer of the grains

cn the top of the bed is seperated on the whole
from the stationary bed by a thin fluid f£ilm,
White ond Quraishy through a mathematical
anﬁlysis, arrived at the following functional

reletionship for the critical tractive force:

Ve = F( Yk )
Vs Y,
_or (6.5)
Ve = f ( Vgk )
v W
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The use of the settling velocity VS as an
independent variable in equation (6,5) simplifies
the analysis to a great extent since it combines
the effect of gravity and the grain size, shape,
surface character and density. For the same
size, grains of light material for which VS
is relatively small will be set in motion at
relatively less shear stress than grains of a
heavy material, Also grains of complex surface
texture for which VS is relatively greater, will
be set in motion at much higher shear stresses
than grains approaching Sﬁherical shape as
required by the particﬁlar combination of Ve
and V_ in equations (6.5).

On analysing the experimental data on T
from various sources, Quraishy came to the
conclusion that; for values of Ve ko between
2.1 and 2.4, the inception of gr;;n movement is
largely controlled by viscosity and 7. can be

represented by an equation in the form:

T

2
L, = A Vg T ( log Yok )

On the other hand for high values of ek
v
greater than 100, the fluid's viscosity plays
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no part and the inertia of the fluid is the

controlling factor, and consequently %?i is

independent of 3%§; and assumes a é;nstant
value. DBetween these two extremes there is a
transitional range where both viscosity and
inertia play equally important roles.

In 1940, a new approach to the problem of
grains movement on stream beds was introduced
by C.M. White who used the following analysis:

The flowing fluid on a loose granular bed
tends to move the grains forward, and they in
turn will exert a drag on the fluid depending
upon the speed and nature of the stream. The
shearing stresses at the bed will be transmitted
wholey by the grains in the uppermost layer,
and each such grain will transmit a small force
depending on its diameter and its location
relative to the adjacent grains, as well as on
the type of motion of the fluid, though it is
now the local motion which is concerned rather
than that of the main stream.

White (1940), considers two extreme cases

for the equilibrium of an individual grain:
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a) At slow speeds and with small grains (\&K|<

—_—

ey
3.5), the force exerted by the viscous tang-

ential stresses becomes important, and these
stresses are dominant in determining the
resultant force applied to the grain. Since
these tangential stresses act on the exposed
upper half of the grain surface, the resultant
force will not pass through the centre of
gfavity, but lies at a point somewhat above it
and can be transmitted to the centre by an equal
force and a couple, Consequently the grain in
this case has a tendancy to rolling than to
sliding motion (figure 6.3a)., When the grain is

about to move we have:

T, = D(T(%/O' g k tan f (6.6)

where Y| is a packing coefficient defined as
k2 times the number of grains per unit area and
consequently expresses the closeness of the grains,

‘ﬂ’is the wetted angle of repose of the surface
layer of grains and & is an experimental coeff-
icient taking into account the effect of the shift
of the resulting drag.

b) At higher speeds and with large grains (%%5;>



@) WR/v< 3.4 | (b) eR/2 > 3.5

Plane of Beal

For £9cilibriem T = xn étﬁgktaﬂﬁ

For £gceifibriam z,7 z AgRtan Ié

Fi6.(6-3) Mode/ for Equilibrivm  of an Individadl Sand Grain
a (8fter _c.mM. WHITE (1940) )
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3.5), the viscous shear stresses become relatively
negligible compared with the forces due to
pressure difference., In this case, the pressure
distribution on the two sides of the grain will
not be symmetrical, but less over the downstream
half. The resultant force which is the integral
of the pressures on the grain surface area will
pass through the centre of gravity of the grain
(figure 6,.3b), and the particle will have more
tendancy to slide than to roll. When the grain
is about to move, taking intoc account theupthrust

neglected by wWhite, we have:

T, :—-'DZ.('_g_,g‘gk—up/kz)tanﬁ (6.7)

In the range of " Vek  between 33.0 and
1280, the observed drag‘gn.White's experiments,
which were made in a nozzle with a non-turbulent
main flow, was ingeneral half that predicted from
theory, the differenge being attributed by
“hite to local turbulence, though clearly in the
 light of later work, the difference was mainly
due to neglect of the uplift pressure. That this
must have been the case is seen from the present
experiments on the turbulent fluctuations in air

flow (section 4.2.5.) which show that the u
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fluctuation has a freguency in the range of 500
¢/S for the 4.75 mm. sand. Assuming that the
dimensionless number %ﬁiz has the same
value for both air and water flow in the nozzle,
where n is the frequency of the o fluctuation,
d is a length scale describing the sigze of the
apparatus, and o is the lLinematic viscosity of

the fluid, then:

2 2
n 4 = n d ‘
(2 Yy

where s and w refer to air and water respectively.

Since EE was 1.5 in the present
experiments,aand. g%f" was approximately 0.080,
then n, is expected to be in the range of 18 a/8.
Consequently the duration of a single pulsation
on a 4.75 mm., grain will be about %g of a

second, whereas the duration of the shear stress

velocity Vz on the same grain is approximately
L
17
fore the turbulent pulsations are relstively rapid

of a second according to table (6.2). There-

and while they may have accounted for some of
the excess drag, particularly of the finer grains,
they can hardly have accounted for the two fold

difference measured by White,
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White indeed pointed out that later
gxperiments on lift gave considerable values
Tfor the 1ift, which when included in equation

(6.7) explains the discrepcncy.

boelo3., Lift Magnitude

The lifting effect on solid bodies immersed
in moving fluid has been the subject of invest-
igations by Jeffreys (1929), Einstien and
BEl-Samnni (1949), White snd Feir (1954) and many
others. This lifting effect on a grain resting
on a stream bed has been attributed by Rubey
(1937), and Chang (1939) to the velocity gradient,
that 1s to say, they regard it as a result of
the difference in velocities gt the top and
bottom of the grain, though theoretically
speaking this requircs the assumption that
Bernolli's egquation is valid near the bed which
is not the case because of the rotation due to
the friction,

Prandtl (1952) on the other hand, in a
discussion on the movement of solid bodies in
noving water (Essentiale of Fluid Dynamics, p 335)

stated that, when a grain begins to move there
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seems to be a lifting effect due to eddies,
similar to that in a waterspout, which first

rgsés the grain - a little so that its resistance

to horigontal movement is decreased. The -
existance of eddies near a rough bed has indeed
been observed by Gilbert who in 1914 during
experiments on flume transportation observed the
formation of vortex rings with transverse axes
near the bed, . However, there seems no doubt

that vortices are formed in the wake behind
obstacles immersed in the flow, and for two~
dimensional obstacles such as cylinders or the
roughness pattern photographed by White (plate 14)
using alluminium dust, the vortices afe established
with their axes normal to the flow direction.

When the obstacles are three-dimensional such

. as spherés or gand grains, the vortices are
expected to have different inclinations for their
axes from those for two-dimensional obstaclés._
The spaces between the grains in the top layer

of a deposit of perfect spheres can in fact be
cbnsidered és consisting of a series of hollows
of curved shape, and a Potasium Perminginate dye

applied to a series of hollows of similar shape
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in the bottom of a flume revealed that the
vortices formed in these hollows had their axes
inclined to the normels to the flow direction
(figure 6.4). Thus a suction exists tending to
1ift the grains upwards, This lifting effecd
relieves the bed below the grains of part of
their weight which is transferred to the fluid
in the pores, thus resulting in a higher
pressure for the fluid in theselpores. Accord-
ingly the lifting forces on the grains could

be estimated by measuring the pressure increase
in the pores as was suggested by Einstien in
1939 and verified by him and El-Samni (1949)
and also by White and Feir (1954).

It is interesting to note here that an
experiment made in the present tests with a
deposit of four layers of glass spheres 2,93
mms, in diameter showed that, the sphefes in the
top layer vibrated vertically for some time before
being pushed along the bed by the flow, thus
confirming Prandtl's statement that the lifting
forces raise the grains a little before they
move, which results in their resistance to

movement being decreased.
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The lifting phenomenon has also been
interpreted in a mathematical way by circulation.¥
For example, on the assumptiomn that Bernolli's
equation is still valid in the region of the
flow near the bed, then on replacing the grain
by an immaginary cylinder, circulation leads to
a lift on the body equal to A, w 'l , where /?
is the fluid density, u is the velocity of the
flow and [ is the circulation which tends to

be proportional to u. In other words this kind

of theory leads to the 1ift being proportional
2

to /g @ .+ Although the assumption of Bernolli's
validity near the bed is certainly not ture, the

proportionality between the 1lift and ,? ut is

tacitly assumed in most investigations concerned
with this problem. For example, Jeffreys (1929)
treated mathematically a two~-dimensional
potential flow over a cylinderical strut resting
on the bed of a deep stream and showed that the
cylinder tends to 1lift when:

1.4299 A, u° _pt. g T

*"The Elements of the Prandtl-Lanchester Theory

of aeroplane Lift and Drag", Engineering, Vol.
67,1924,
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where u 1§ the stream velocity and r is the
radius of the cylinder. Comparing velocities
predicted by this equation with experimental
observations, Jeffreys found that the later
are arout four to five times greater. However,
when an individual grain on the bed is surrcund-
ed by other grains and in contact with them
at many points, the flow pattern around the
body will be a complicated three-dimensional
one whose lifting forces would be different
from those in the two-dimensional case.
Regarding the three-dirensional case we
have on record two different groups of exper-
imental results. The first group is due to
Einstien and El-Samni (1949) who undertook a
series of experiments on the 1lift acting on
en idealized sediment deposit consisting of
hemi-spheres 0.225 ft, in diameter and arranged
in a hexagonal pattern on the boftom of &
flume., Since 1lift exerted by the flow on the
hemispheres would relief the bed of that part
of their weight which can be transfered to
the fluid between the particles, then the

1ift can be measured as an increase of the



210,

general pressure existing in the pores of
the bed. These measurements led Einstien
and Bl-Samni to an empirical formula for the

1ift in the form:

L = 0.178 ({2'-’i W) (6.8)
where L is the average lift per unit area of
the bed; and v is the velocity at y = 0.35 k
from the reference line for the velocity pro-
file, Substituting from the universal velocity

distribution law, the equation can be written as:

L = 2.95 log® ( 0.3%k) (6.9)
¥ :
Taking the limits of y, to vary between § for
loose arrangement of the grains and between.§§

for very close arrangement, the 1ift to drag
ratio according to (6.9) will vary between 0.75
and 3.3, i.e, the 1lift can be as high as three
times the drag.,

The second group of experimental results
is due to Vhite and Feir (1954) who experimented
with air flow in a circular pipe containing a
loose grain bed, on three sizes of grains. The
1ift in this case was measured as a difference

in pressure bhetween the bottom and top of the
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grains., This difference in pressure was eX-—

pressed in terms of a 1ift velocity uLin the

form:
Pe . 2
e L

Prom the measurements, White and Feir found that

L = (6.10)

the 1lift velocity is lincarly related to the bed

shear velocity and on the average varies between

1.78 V% and 2.20VE where Vx is the shear velocity

at the bed. This means that according to equation

(6.10), the 1ift to drag ratio roughly varies

in the range between 1,59 and 2.42 which confirms

with the value 2.0 quoted by C.M. White in 1948

{proceedings of U.G.G.I., Oslo Mesting, p. 263).
Another simple relation between the 1lift

and drag on a grain starting to move was given

by Charng (1939). Acoérding to Chang , the

grain will tend to 1lift just before the upthrust

balances its effective weight in water, thus the

balance can be expressed by:

3

/af 2
— T a2 gk
0 (6.11)

2
u;, . Bk _
2 L 7 =

On the other hand, the shear velocity Vs, necessary

to overcome the frictional resistance of the bed

can be expressed by:

Ap \lxz_ . 7Tk2 = T 0 =€ k> tan p (6.12)
6

4
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Dividing equation (6.11) by (6.12), then:

u
s = Vg

Ve tan
The measured value of tan ;5 for the sands used
in the present experiments actually varied betwcen
0.55 and 0.58 and accordingly the 1ift to drag
ratio deduced from (6.14) lies between 1.73% and
1.82 which seems in fiar agreement with the value
2.0 predicted by C.M. White.

It is also interesting to note that (6.14)
when insertcd in White's expression for the
critical drag explains completely the difference
between theory and observation as follows:

The forces acting on the individual grain are:

a) own weight in fluid = -7%-,0' g X

b) Drag force exerted by the flow T, K2 M
¢) Lifting force exerted by the flow kaz/q‘
d) Reaction forces from negigtbouring grains

Thus for equilibrium we have:

('n‘p gk - bk ) ) tan f _ "Cc'zkz

bubstltutlng for L from equation (6.14), then:

(6,13)

(6,14)
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' o k3 tan Q’ —_ 21—0 %{_
'['C = Vk %/0‘ gktanyf (6.15)

which accounts for the 1lift and is in exccllent

agreement with White's original measurements.

6.2. Experimental

6.2.1. Apparatus

To insure constant shear stress throughout

the length of the bed for the critical tractive

force experiments, the nozzle of section (2.2)
designed for constant drag was used. The gencral
layout of the apparatus is shown in figures (6.5).
The nozzle consisted of three main psrts, a smooth
curved surface, a straight sand bed, and two smooth
sides. The curved surface was made from a smooth
thin sheet of alluminium designed according to
equation (2,.,8) and was supported on a frame of
hard timber with stiffners at the back of the
curve to prevent it from buckling under the

water pressure. The bed of the nozzle was

formed by closely sieved sand laid to a depth

of 0,40 inches on a straight plate of perspex

fixed to the sides of the nozzle, and the bed was
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6.0 inches wide and 48.0 inches long. To pre-
vent the sand ncar the leading edge being washed
away by the flow, a piece of perspex 0.40 inches
thick tapered from the front and carrying grains
cenented to it, was used to replace the sand
of the first two inches of the bed. The sides
of the nogzle were made from smooth perspex
allowing visual observation of the grains move-
ment.

The water was supplied to the nozzle through
a 3.0 inches diameter pipe discharging into a
22 x 22 x 22 inches tank which was provided
by a series of baffles and a gravel screen to
distribute the flow. The tank was connected
diagonally to the nozzle (figure 6.5) and the
junction between the two was provided by eliptical
shoulders to avoid separation at the entrance,
The water level in the tank was controled by
a movable overflow pipe 2.0 inches diameter
enlarged to 3.0 inches at the top. The flow
out of the nozzle passed through a chamber 12.0
inches long before discharging into the atmosphere
through a 3.0 inches pipe provided with a valve

to control the discharge.
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The sand grains eroded from the bed were
trapped in a sand trap made from wax stream lined
in shape. To insure a satisfactory flow at the
leading edge of the bed, a secondary conduit 2.0
inches deep was constructed under the bed, and
the flow through it was regulated by a valve on
the exit pipe. - The shearing stresses at the
bed were determined from the pressure gradient
in the neczzle in cenjunction with the velocity
profiles located at distances of 20 and 35
inches respectively from the leading edge of
the bed. The velocity at any poeint on the
profile was determined by measuring the total
head at that point by a pitot tube, together
with the static pressure measured through
pressure tappings on the side of the nozzle,

The pitot tubes were supported in the flow
by means cf a micrometer mcunting, and the

bPressures were recorded on an inclined manometer,

6.2.2. Geometrical Preoperties of the Sands.

#ight different closely sieved sands were
used in the present tests, and the sizes of the

grains were determined, as discussed before in
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section (2.%.2), using three different methods,
the travelling microscope, the sieve size and by
weighing. The sizes obtained by weighing a few
hundred sand grains on the assumption that they
were perfect spheres proved to be a good average
between the other two methnods, and were therefore
used in the analysis.

The density and the angle of internal
friction in water for each sand were determined
and are given in table (6.1) together with the
other properties of the sands. The coefficient
of packing ‘7 in this table was determined for
each sand by counting the top grains on the bed.
All sands except sands 4 and 8 were from the same
pit.

TABLE 6.1

Geometrical Properties cof the Grains

Sand Fassed by Hetained. kﬁ§m Averdge of 7 3

No. Sieve No. on Sieve weighing gm/ cm

1 18 20 1.04 800grains 2,61 0,58
2 14 16 1.42 500 " 2.61 0.58
3 12 14 1.56 500 " 2.58 0.55
4 12 14 1.57 500 " 2.61 0,58
5 10 12 1,96 500 " 2.61 0,58
6 8 10 2,55 500 2.608 0.55
7 6 7 5.16 300 2.60 0,55
8" 3" 5 4,75 200 v 2.61 0.58

o
%’
Ny
~

0,34
0.40
0,40
0,40
0.40
0,60
0.40
0.65
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The sieve numbers in this table relate 4o B.S.

sieves and indicate the number of wires per inch,

6.2.3., Experimental Results

In beginning a test run, the sand bed was
leveled and the coefficient of packing was deter-
mined by counting the top grains. Water was then
introduced by gradually opening the valve in the
feed pipe, and the water level in the head tank
was kept constant at a height of 15.5 inches
above the bed by means of the movable overflow
pipe. The pressure drop along the nozzle was
then increased gradually using the valve on the
exit pipe until the grains began moving; usually
grains were scoured simaltaneously from &ll parts
of the bed, so confirming that the drag was
substantially uniform.

To estimate the drag along the bed, the
pressure distribution along the bed was measured
through the pressure tappings on the side, and
the total head distribution across the flow was
measured at sections 20 inches and 35 inches from
the noze of the bed. Using the measured pressure
gradient and total head for the various tests, the

bed shear stress 7, was determined from equation
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(2.17). The pressure distributions at which
grains started wmoving are shown in figure (6.6)
for the various sands and the experimental results
arc summarized in table (6.2) which also contains
two other groups of experimental results on
converging streams. The first of these groups is
due to White (1940) who conducted g series of
experiments on the equilibrium of grains in a
nozzle of constant drag, in which the main flow
was accelerating and invieid, and the turbulence
was restricted only to the boundary layer on the
bed. The calculated drag on the bed in his
experiments was also checked by measuring the
displacement of a hanging strip of metal coated
with sand grains similar in size andshape to
those of the bed.

The second group of experimental results
is due to Chang (1939) who experimentcd in open
channels with horizontal beds, His observations
on the grains movement were made in a part of the
channel 6 feet long and converging from a width
of 12 inches to a width of 6 inches which caused the
flow to accelerate considerably in the downstream

direction. In order to determine the bed shear






TABLE 6.2.

CONVERGING STREAMS

_— P R tan.g | 1 tan © |Actual Draq|Zc (£9n. 6.15)| & met V. L
experiment | bed material oms/crll mms. z_yneszmg ;;nff/f,,a/s) e Ca/cgfé. vh AR
pre sent Ilsand in water [ 26f |1.O4[0.58 |0.34 | O.0 6.50 8.40 0.78 |27 [0.04
expcrimcnts2 P 2.6l L42 {058 [0.40] 0.0 13.0 13.50 0.96 51 0.058

3 » 258 |1.56 |0.55]0.40 | 0.0 13.50 4.0 0.96 |56 0.055
4 » 2.6l |1.57 |O0.58(0.40 | O.0 13.20 15.10 0.88 | 57 |0.0535
5 v 2.6l {1.9610.58|/0.40| 0.0 16.20 18.70 0.87 |78 .053
6 o 2608 2.55| 0.55(0.60| 00O 29.50 34.80 0.86 | 137 .O74
7 » 2.60 |3.16 | 0.55|0.40 | 0.0 30.80 28.60. .07 175 [0.062
8 » 2.6l 1475[0.58|0.65| O.0| 67.0 74.0 0.9l 390 |0.09
White’s 4 ” 2.60 |0.90| .LO |0.40| 0.0 16.90 i4.80 .14 33 pP.ll9
(1940) 5|steel shots » |7.90 [0.71{0.685{040| 0.0 | 30.80 32.70 0.94 [35 10.064
6|sand In air 2.60 |090] I.O |0.40| O.O | 22.50 24.0 094 (|80 [0.098
7{sand in water [ 2.60 (560 1LO (0.40/|.0.45| 50.0 46.20 .08 360 [0.057
8 " 2.60 |5.60| 1.LO {0.40| 0.0 89.0 93.0 0.96 480 hO.lOI
9 N 2.60 5.60. .LO | 0.40} 0.50| 133.0 .23.0 1.08 590 [O.5l
IOlsand in air 2.60]5.60| .LO |0.40| 0.0 | 146.0 149.0 - 0.98 | 1280 O.I02
Chang’s 620S|sand in water | 2.547 | 8.09|(l.0) [(0.40) 0.0 | 162.0 130.0 .24 810 QI32
(1939) 6204 " 2.558[6.54((1.0) |(0.40) 0.0 | 120.0 106.0 .13 560 |OlJ2
62073 » 2.5675.29 |(1.0O)[(O.40y O.O | 95.0 86.0 L1O 410 |oul7
6202 " 2.5901(3.77 |(1.LO)|{(0.40)] O.O | 78.0 61.50 1.27 242 0.32
620l » 2.633|2.54 [(1.0) (0 .40) ©.0 | 39.60 42 .20 0.94 125 [0.098
6200 ” 2.634|1L76 [(1.0)(0.40)} 0.0 | 31.20 29.50 1.05 76 |O.112
6199 p 2.640(0.884(1.0) {(0.40) ©.0 | 14.60 14.80 0.99 |[27.5 [O.105
6198 » 2.643 [0396|(1.0) i(0.40) 0.0 6.60 6.60 1.O 7.9 |O.I05
Meéan = '-005

6 is angle of bed slope
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stress for this type of flow, L. Straub (1939),
H. Rouse {1939); and others,*each independently
showed that by using the energy equation for
gradually varied flow, and by considering the
gain in momentum due to the acceleration of the
flow, the drag at the horizontal bed of the flume
can be étakfactorily approximated by the

expression:

-2
ro = Afgisd(lugﬁgf—) (6.16)
where 7, is the average drag at the bedq<2 is
the fluid density, g is the acceleration due to
gravity, d and U are the depth and mean velocity
respectively, and ls is the slope of the water

surface which can be determined from Manning formula

in the form: n® ﬁz
1 =
473 2
s 2.21 w3 (1 - ga“")
m and n being hydraulic mean radius and the Manning
-2
coefficient respectively, and the ternm (1-—-%—
‘ 8

corrects for the effect of acceleration., Generally

speaking, for high depth and with comparatively
-2

snall velocity, the term '§%~ in equation (6.16)

* Discussions on (ILaboratory Investigatidns of
F}ume Traction and Transportation), Trans. Am. Soc.
Clvil Eng., Vol. 104, 1939, p. 1297.
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has only a very small éffeot ohf[;, whereas for
Chang's conditions, its value at times reached
0.11.

By inspecting table (6.2) with its wide
range of Vxk between 7.9 and 1280, and of grain
size between C.3%396 mms and 8.0% mms, i.e. about
20 times fold range of k; the actual drag in most
cases is seen to be in good agreement with
equation (6.15) which takes 1ift into account.

The overall mean value of L¢ actual for the
T calculated

2% tests contai%ed in the table is almost unity,
though in general, this ratio is slightly
smaller than unity for values of Vsk below 70
(figure 6.7). The discrepency mayz;ell be
explained by the turbulent fluctuations in the
boundary layer. A4s seen in section (6.1.2),

for high speeds and large grains, these fluct-
uations are toc rapid to affect the results, where-—
as f¢r slower speeds, the duration of fthese
fluctuations becomes larger, and thus may add
slightly to the effective stress responsible for
dislodging the grains.

In parallel flow on the other hand, the
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turbulence whicik was restricted to the boundary
layer in the case of converging flow, extends now
throughout the stream. Although this large scale
turbulence may not add materially to the nean
stress at the bed, it can substantially add %o the
maximum stress fluctuations there. Consequently
the grains on the bed in this case would start
moving at much smaller mean stress, the difference
-between the effective stress and the measurable
mean stress being contributed by large scale
disturbances far from the bed. Indeed this was
exanined and confirmed by an experiment by

White (1940) with a divergent nozzle, where large
scale turbulence was strong enough to raise
clouds of grains, though at the bed itself the
time average of the tangential drag was zero.
White also pointed out in the Oslo Meeting of

the U.G.G.I (1948) that most cxperiments on
parallel flow had confirmed this concept of

large scale turbulence. Indeed table (6.3)
containing a collection of experimental data on
parallel flow from various sources, show that on
average, the mean bed stress necessary to start

movement of grains is nearly half that for



228,

converging flow. TFor éxample sand (3) in the
present experiments would, according to the
experiments of the Prussian Institute, start
moving at 7.0 dynes/cm2 instead of the present
13.5 dynes/cmz. Again sand (8) would start
moving at 42.0 dynes/cm2 instead of the present
67.0 dynes/cmz.

The results for converging flow are com-
pared with those for parallel flow in figure
(6.8) in which the grain Reynolds number Vzk is
abscissa and the term L& _ ig ordinate. %he

g K
ordinate to some extent represents the movabil-

ity of the bed material, since ‘Z;is proportional
to the force necessary to start movement, and

Afg“k is proportional to the force resisting
movement., As seen from the figure, the experiment-
al results for converging flow lie above those

for parallel flow thus possibly indicating that

the movability of the later is greater than of
Te

4

the former, and on the average the values

are nearly half those for converging flow at the

smae value of Vxk,

1Y) .
For the case when the flow is parallel,

although the lower limit of L€ _ can be
P EK
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represented by Shield's curve (1936), the
scatter in the points is too large to be due
to experimental errors alone., However, in
order to represent cerrectly the movability
of the bed material, the term __Lte  should

P gK
also contain a parameter representing the

closencss of the grains and the composition of
grain sizes. With the absence of this para-

meter, _;Ei_« would vary with the variations
PRgK A
in the packing of thc top grains and with the

composition of the sand mixtures.
Regarding the effect of the closeness on

¢ | as white pointed out in 1940, the top
P EK
layer of the granular bed exerts a drag on the
\
moving fluid, easch grain'in this layer trans-

mitting a small force ‘depending on how many
grazins are there per unit area. Increasing the
number of grains, i.e. increasing their close-
nese will result in a decrease in the force

transmitted by each grain, and consequently in

Tc
A EK
decreasing the number of grains per unit ares

an increase in the value of . Again

will have the reverse effect,
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Variation in the uniformity of size of the

various sands could be expected to have an

Tc
’°@§K
ponent in a mixture would be expected to move

effect on For exemple, a finer com-
first before grains of the mean size began to
move, and so the presence of the finer component
would tend to increase the movability of the
mixture. Secondly the finer grains would fill
the veids and tend to increase the closeness, so
tending to counterbelance the first effect.
Aagaln a coarser component in the mixture will
result in an increase in the mean size of the
grains and a decrease in their closeness.
Unexpectedly, the experiments of the U.S.
Waterways Station (1935) do not show any system-

Tec

atic variation in - - with the composition
Ve

of the grains as represented by the Modulus
Factor M defined in section (6.1.2.). On the
other hand, the results of the Prussian
Institute do show a clear systematic decrease

Te

in == with a decrease in M, i.e., with an

R EK
increase in the finer components in the mixture.
This nay be due to the fact that the effect of

the reduction in the grain sige in this case, has
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outbalanced the cffect of the closeness of the
grains; whereas in the experiments by the U.3.
Waterways Station, the two effects had more or
less counterbalancing effecfs. In general
however, the dsta contained in table (6.3) do

not establish a relation between Te and M,

AgK
A third factor which could affect the
values of :rz , 1s the scale of turbulence
PTEK

or the sige of eddies presznt in the flow.
Naturally, the sizes of the channsls and the
arrangement of experiments differ greatly from

one set of experiments to another, and consequent-
1y the sige of eddies would be different. Accord-
ingly, the contribution of these eddies to the
effective drag responsible for dislodging the
grains would vary and may have contributed
differently to the measured mean drags in the

different laboratories.



TABLE (6.3)

PARATLLEL STREAMS

Id
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Experiment k ~ 3 M Ze 5 Vxk Zc
mms gms /e m dynes/cm 2 Dk
H., Kramer I 0.706 1.70 0.358 5.15 12,5 00,0435
(sand ( ,
mixtures) II  0.558 1.70 0.461 3,80 8.40 0.0415
I1T 0.800 1.70 0.414 4,80 13,50 0,036
P,.S5chaffernsk 4 1.53%6 1.65 0.564 7.40 34,0 0,030
A.Schoklitsch B 6.52 1.60 1.0 53.5 375 0.063
(uniform sand)C  4.00 1.60 1.0 25.80 164 0,0415
D 2.256 1.60 1.0 11.00 60 C.031"
P 0.916 1.60 1.0 _ 2.75 12,0 0,0195
H. Krey G 0.376. 1.68 0.825 2.35 4,50 0,038
(sand
mixtures) H 0.526 1,61 0.869 2.75 6.80 00,0335
J ©.800 1.57 0.778 z.15 11,00 0,026
Prussian
Experiment :
Institute K 1.154 1.65 0.265 5.00 20.50 0,0265
L 0.846 1.65 0.278 4,10 13.40 0,030
(sand
mixtures) M 0.836 1.65 0.366 5.70 16,50 0,0425

* Calculated from data contained in a paper by Chang,
Transactions Am, Soc, Civil Eng. Vol. 104, 1939, p, 1259,
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Experiment k R M Te Vek  Te
ms  gms/c mo dynes/em 3 Ak
N 0.744 1.65 0.399 5.45 13.60 0.0455
0 0.244 1.65 0.435 2.35 .2,90 0,060
P  0.806 1.65 0.357 5.45 15.00 0,042
Q 0.686 1.65 O.424 4,90 11.80 0,044
H. Engels R 1.484 1,65 0.229 9.80 36.50 0,041
G.K. Gilbert S 0.576 1.69 0.896 3,80 8.70 0.0385
(sand
mixtures) T 1,906 1.69 0,714 6.00 37,0 0,019
U 3,717 1.69 0.867 29,0 160.0 0,047
VvV  5.296 1.69 0.820 48.0 280 0.054
B. Indri a 0,324 1,63 0.69 1.75 3.40 0.0335
(sand .
mixtures) b  0.474 1.70 0.481 3,05 6.30 0,0385
c 2.50 1.70 0.818 23,70 96,0 0,056
d 4.00 1.70 0,777 40,00 200 0,059
U.S5. Waterways
e 0.586 1,65 0.28 4,65 9.50 0,0495
Experiment
Station £f 0.541 1,65 0,439 4,20 8.60 0,0485
(paper 17) g 0.525 1.65 0,539 4,20 8.40 0,0495
h 0.506 1,65 0.406 4,00 8.00 0,0495
i 0.483 1.65 0.438 3.85 7.40 0,049
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TABLE

(6.3) cont,

0. 347
0,310
0.205
4.077

1.65
1.65
1.65
1.65

0.643
0.525
0.560
0.566

2.85
3,15
2.25
27.50
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4.50
4.30
2.35
170

0,051
0.063
0,068
0,0415
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SUMMARY AND CONCLUSIONS

The turbulent flow past rough walls is invest-
igated theoretically and experimentally with various
sand roughnesses for a boundary layer under a part-
icular pressure distribution; and the results are
examined in the light of earlier investigations on
both rough and smooth walls. Another set of tests
were made with loose roughness on the bed to invest-
igate the movement of grains.

From the theoretical and experimental results,
the following conclusions are drawn:

1l - From theoretical considerations, in order
to ensure a constant stress throughout the length of
the wall, the main flow has to be accelerated acgord—

ing to the equation:

eX(x-1)+1i
3 - g&—e@——ﬁﬁqﬁﬁ—qr—xf——g (1)
6255,y : o -
where ¥ = 7.5 and y is the shift in origin for the

velocity profile, the equation being valid for both
rough and smooth walls;

2 - In comparison with White's approximate

formula: )
x ot (x-1) - X 41

6.25y‘ = o (2)

T



Z———tdthough equation (1) predicts higher drag

then equation (2), the two equations, except for small
values of.%} , 8ive practically the same shape of

]
curve since the ratio %%E is found to be substant-

ially constent at high values of %

4 -~ The velocity was measuredsind found to be
substantially constant at equal values of y smaller
than the thickness of the boundary. layer.

5 - The total drag D was evaluated and found
to be substantially linear with x, and subsequently
the local wall stress can not have varied appreciably
since g = %‘ D.

6 - In the range of k from 1.56 %o 4.75 mms.,
the experimental values of /X are in good agreement
with those predicted from eduation (1). Solving
equation (1) numerically for the various roughnesses
ucred, the differences in the dimensions of the curve
of the nozzle obtained from fheory were very small

being in the order of 1.2% or less. Consequently

a single nozzle can be used, without much error,
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for a wide range of roughnesses.

7 - Comparing the velocity profiles of the
nozzle of constant drsg with those for pipes and
for flat plates, the following conclusions emerged:
(2) Por pipes, the velocity profile is logarithmic
for nost of the flow region, except close to the wall;
whereas for flat plastes, whether rough or smooth,
the velocity profile concaves upwards, particularly
away from the wall, when u is plotted against log
ve This is due to the fact that the part of the flow
near the wall is governed primarily by the local
wall stress; whereas well away from the wall the
fluid has a memory of a higher stress occuring nearer
the nose of the plate. In the region near the wall
where % < 0.15, the velocity profile for the flat
plates can be approximated by the logarithmic law,
though with slightly different values for the constants,
(b) The velocity profiles of the nozzle of constant
drag arce logarithmic up to values of %é* = 0,90 or
more, This is due tc the fact that the part of the
flow away‘from the wall has a memory of an earlier
wall stress which is identical with the local stress
since 7, 1is substantially constant as for pipes.

Therefore a boundary layer of the present type offers
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1

a link between pipe flow and plate flow and re-
duces the gap between them.

(¢) Regarding the shape of the velocity profile
close to the wall of a smooth pipe in the region
where both the turbulent and viscous stresses
influence the velocity, the Reynolds equation was
solved to obtain the following expression for the

velocity profile:

2. Ik - Y gy in which the
o

integral may be calculated by assuming a practical
distrivbution of turbulent shear stress having a

power law with the power between 1.0 and 3/2 with

26 Y
"%

The velocity profiles predicted on

the corresponding upper 1limit for y between
and 34y
Vie
this basis were found to be in close agreement with
the cbservations of two different investigators.
(d) Vhen plotted in the form %—‘_ against log :"..v.‘?:
the velocity profile for rough walls is displaced
downwards paraellel to that for smooth pipes by an
amount depending on.-&i% . DBased on this, the
nozzle of constant drag offers a convenient and
accurate method for determining the equivalent sand

size of artificial roughnesses. This seems the

logical development of the method originally used
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by Schlichting (1936).

(e) The values of %- for the present roughnesses
varied between 0.089 and 0.11 as compared to an
average value of 0.03 for the closely packed rough-
nesses of Nikuradse (1933), the difference being
mainly due to the difference in spacing the roughness
elements. An examination of the experiments on
spheres by Schlichting (19%6) showed that %% can
be five times greater than Nikurads'es values, de-
pending on the spacing between the spheres,

(f) Separation of the flow from the smoothest of
the rough walls was obtained using a flap plate at
the downstream end of the rough wall. The velocity
profile at separation had a shape factor H = 2,80,
and the parameter %2. %L[g was -1360, i.e. the
present boundary layer is sbout 115 times as stable
as the laminar boundary layer for which Pohlhausen
(1921) gave the value of -12 azs the limit.

(g) an examination of the similarity between the
velocity profiles from various puplished invest-
igations show that, all profiles for constant
pressure flow on smooth walls are similar when
plotted in the form _‘_J.. ageinst .3{* ., Por pressure

drop, the profiles of -6_ against ¥ Qeviate only
*
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alightly from that for constant pressure, whereas
for pressure rise on the other hand, the profiles
undergoe . a clesr and systematic change with %;{o_g_l_)
8 - HMeasurements of the turbulence intensityjb
on various roughnesses showed the following:
(a) The profiles offffi in the tests show the same
general shape as those for pipes. They also have
some resemblence to those for rough walls under

constant pressure,

1=
(b) The profiles of -{?- after passing through the

maximum tend to zero as the wall is approached,
the maximum values disclosing a clear dependence

on the roughness height.

i

(c) The curves of "% against Y show a clear

tendancy to increase with -z for both rough and
£

smooth walls, This is seen 1o be consistent with

the turbulent cnergy equation.

~2
(@) Unexpectedly, the curves of EZK tned to converge

Ve

to single curves when multiplied by .Eri both for

rough and for smooth walls, though with values of
= 2 ’
ra v
Ve U2
This is due to the variation of the correlation

. L v . . . 2
factor K = ;———— which is seen to vary with Yk
il 22 U2

in a substantially linsar nanner.

considerably higher for the rough walls.
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9 - The usual methods of calculation for
turbulent boundary layers under a pressure
gradient, are similar in that all use an auxiliary
equation obtaincd for a limited range of flow
conditions, and the results likewise are limited
to a particulsr range. These methods however do
not take into account how the pressure gradient is
related to the skin friction. Further, it is
shown that a single parameter is not adequate to
describe the exact from of the velocity profile
gince this depends on the previous history farther
upstrean.

10 ~ Using a loose sand bed for the noggzle, the
following points regarding the movement of grains have
emerged:

(a) The velocity fluctuations near the bed are rapid,
and thercefore they can contribute only slightly,
particularly for the finer grains, to the effective
drag responsible for the grains movement.

(b) The existance of lift/gﬁﬁgent during an
experiment with a deposit of glass spheres in which
the top layer vibrated vertically for some time
before starting to move horizontally. The existance

of inelined vortices in the spaces between the top
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grains was confirmed from visual observations on
the flow in & serics of hollows of similar shape
in the bottom of g flume.

(¢) An estimation for the 1ift magnitude showed it
to be between 1.73 and 1.82 times the drag, values
favourably asgreeing with the value 2.0 predicted
by White.

(d) Introducing 1ift in White's expression for the

equilibrium of an individual grain leads to:

T =X M.0g.k. tan ¢
which is in good agreement with observations on
converging flow from thce present tests as well as
from the tests by White (1940) and by Chang (1939).
(e) For parallel streams, the drag nccessary to
start the grains moving is on the average half that
for converging strcams, the difference is explained
as a result of large scale disturbances having their
origin away from thé bed,
(f) Por parallel flow, the lower limit of zé%»
can be represcnted by Shields curve, though the
scatter of the points is large which may be
explained partly by the variation in the uniformity
of size of the various sands and partly by the

difference in the size of eddies present in the



different flumes.
This ocvers the last point raised in the

synopsis.,

244,
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APPINDIX T

FOSSIBLE ERRCRS IN THE MEASUREMENTS OF Ve©

1. Error Due To The Lack of gompensation

The velocity fluctuations are rapid and the
hot wire has to be heated and cooled with the same
frequency, but due to the thermsl inertia of the
wire, there is a time lag between the wvelocity
fluctuations and the corresponding fluctuations
in the wire's resistance. Accordingly the voltage
input to the amplifier follows the velocity fluct-
uations, but does so with a reduced amplitude and
a retarded phase, both depending on the time scale
of the wire. The time scale itself depends on the
flow conditions as well as on the properties of the
hot wire,

With higher frequency fluctuations, the
errors involved become larger, and an electronic
compensator would have been necessary to compensate
properly for the wire's thermal inertia. However,
the effect of the lack ofsuch a compensator was
reduced by using very small wires having a
correspondingly small thermal inertia.

Due to the thermal lag, the R.M.S5. values
of the fluctuations is underestimated by the
factor ‘”T:T?;f;ﬁ , where M is the time scale
of the hot wire and w is the angular frequency of
the velocity fluctuations. For 0.0001 inches
diameter wires, Klebanoff and Diehl (1951) gave
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for M the value 0.25 x 1072 seconds, and from
the oscillograms (plates 12 and 13), « is in
the range of 500 ¢/s, consequently ths error
due to the lack of compensation may have
amounted to 8.0% of the R.M.S. values.

2. Brror due to the Length of the Wire

As a result of the non uniform velocity
distribution along the length of the wire,
specially if the wire's length is comparable
to the microscale of turbulence, the wire tends
to underestimate the turbulence intensity.

Corrections for the wire length were
given by Dryden (1941), who suggested that in
order to get the correct readings, the measured
intensities should be multiplied by the factor
(1 + 0.166 «éﬁ- ), where L, is the wire's
length and Im is the microscale of turbulence.
The wire length used never exceeded 1.0 mm.,
while the microscale Lm can be obtained by the
method suggested by Laufer and Liepman (1947).
They simply suggest that:

4. TNe

Len U
where No = number of zero u fluctuations per
second as obtained from the W oseillogram, and

U is the main stream velocity.

Taking a typical case, where L = 1.0 mm.,
N_ = 1000 and U = 50 ft./sec., Im will be 4.8

0 =<
mn., and the corresponding possible error invw
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will be of the order of 3.5%. This compares with
the errors of 1.25% and 2.5% found by Tatchell
(1951) during experiments in wind tunnel
contractions using a wire length of 0.75 mm.

3. Brror due to the Varistions in the Wire Current

The error introduced in equation (4.2) by
assuming a constant heating current is negligibly
small, because the small changes in the wire's
resistance accompanying the velocity fluctuations
do not appreciably alter the value of the heating
current, noticing that the resistance of the
rztio-arm of the bridge (500 ohms) is very
large compared to that of the wire (15-25 ohms).

Sup,osing that R is the mean valus of the
wire's resistance, and that the change in R due
to the instantaneous velocity fluctuation is AR,
then the corresponding change in the wire's current

will Le proportional to —2R _ | 1aking = typical
Soo+ R

value of R = 15 ohms, and assuming that the
variation in R is as high as 20%, then the change
in the wire's current will still be less than

0.6%. However, variations in the wire's resistance
are usually smaller than this amount and eventually
the error due to the assumption of constant current
is very small..'

In general, the possible overall error in
the present measurements of turbulence intensity
is excepted to be of the order of 10%. Rouse,
Siao and Nagaratnam (1958), suggested that the
hot wire, like any other means of turbulence
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measurements, must be expected to have a
probable error of + 5 to 10%, which is a
reasonable estimation for the errors in the
present measurements.
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APPENDIX IT

TABULATED RESULTS




PO A N N2 10 = et b ot o ot et e

259.

TABLE I.l.

Static Pressure Distribution Along the Boundary
Layer Roughness A, k = 1.56 nmms.

X Manometer's reading Pressure
inches cns of Alcohol cns of water
A gin = 0.10 Asink = 0.20
0.50 - 2.50 - 0.25
1.0 5.00 0.50
1.50 6.20 0.62
2.0 7.60 0.76
2.5 8.70 0.87
3.0 9,80 0.98
3.5 11.50 1.15
4.0 12.0 1.20
4.5 13,0 1.30
5.0 13.80 1.38
5.5 - 7.40 1.48
6.0 T.70 1.54
6.5 7.90 1.58
7.0 8.20 1.64
8.0 8.80 1.76
9.0 9.10 1.82
0.0 9.30 1.86
1.0 9.70 1.94
2.0 10.0 2.00
3.0 10.20 2.04
4.0 10.50 2.10
5.0 10.70 2.14
6.0 11.0 2.20
7.0 11.30 2.26
9.0 11.80 2.36
1.0 12.30 2.46
3.0 12.70 2.54
5.0 135.20 2.64
7.0 1%3.50 2.70
9.0 14.00 2.80
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TABLE I.2.

Static Pressure Distribution Along the Boundary
Layer. Roughness B, %k = 1.96 nnms.

X Manometer's reading Pressure
inches cums of Alcohol cms of water
A sinK = 0.20 AsinK=0.40
0.50 - 2.0 - 0.40
1.0 2.60 0.52
1.5 5.10 1.02
2.0 6.50 1.30
2.5 8.0 1.60
3.0 9.80 1.96
3.5 10.90 2.18
4.0 12.0 2.40.
4‘5 13-0 2-60
5.0 13.80 2.76
5.5 15.60 3.12
6.0 15.80 Z.16
6.5 - 8.10 3.24
7.0 8.30 3.32
8.0 9.10 3.64
9.0 9.80 3.92
10.0 10.30 4,12
11.0 10.50 4,20
12.0 11.0 4.40
13.0 11.20 4.48
14.0 11.50 4, 60
15.0 11.80 4.72
16.0 12.0 4.80
17.0 12.40 4.96
19.0 12.80 5.12
21.0 13,70 5.48
23.0 14.20 5.68
25.0 14.50 5.80
27.0 14,907 5.96
29.0 15.70 6.28
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TABLE T,3.

Static Pressure Distribution Along the Boundery

Layer. Roughness ¢, k = 3.16 mms,

X Manometer's reading Fressure
inches cms of Alcohol cms of water
Aesink = 0,2 Asind = 0,40
0.50 b 1030 - 0126
1.0 2.20 0.44
1.50 3.20 0.64
2.0 4,20 0,84
2,50 5.0 1.00
3,0 6.0 1.20
3,5 6.60 1.32
4.0 7.20 1,44
4,5 T7.80 1.56
5.0 8.30 1,66
5.5 9.0 1.80
6.0 9,40 1.80
6.5 9.70 1.94
7.0 10.30 2.06
8,0 11,0 2,20
9.0 11,20 2.24
10,0 11.90 2.38
11.0 12.30 2,46
12,0 12.80 2.56
13,0 13,20 2.64
14,0 13,90 2.78
15.0 14,0 2.80
16.0 - 7.30 2.92
17.0 7.40 2,96
19,0 7.80 3,12
21.0 8.30 3,32
23,0 8.60 B o 4t
25.0 9.0 3.60
27.0 9.40 3.76
29.0 10.10 4,04
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TABLE I.4

Static Pressure Distribution Along the Boundary
Layer. Roughness D, k¥ = 4,75 nms.

X Manometer's reading Pressure

inches cms of Alcohol cms of water
A sin =
0.05 0.10 0.20
G.50 -8,30 ~0.415
1,0 10.50 0.525
1.5 13.90 0.695
2.0 16.50 0.825
2.5 -9.50 0.950
3.0 10,90 1.09
2.5 12.70 1.27
4.0 14.20 1.42
4.5 14.90 1.49
5.0 16,10 1.61
5.5 16.60 1.66
6.0 16.80 1,68
6.5 18.50 1.85
705 ""9160 1192
8.5 10,10 2.02.
9.5 10.70 2.14
10,5 11.0 2.20
11.5 11.20 2.24
12.5 12.0 2.40
13.5 12.20 2 44
14.5 12.70 2.54
15.5 12.90 2.58
16.5 13,20 2.64
18,5 14,10 2.82
20,5 14,40 2.88
22.5 14,70 2.94
24,5 15.40 3.08
26,5 16.20 3,24
28.5 16.50 3,30
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TABLE II.1

VELOCITY DISTRIBUTION

Roughness A, k¥ = 1,56 mms.
x = 3,50 inches X = 5.5 inches X = 7.5 inches

u y u y u
inches ft/sec. inches ft/sec. inches  ft/sec.

0.07 36.50 0.08 37.30 0.08 36.80
0.10 39.00 0.11  40.80 0,12 42.20
0.13 42,10 0.14 43,90 0.15 45.20
0.16 44,10 0.17 47.00 0.18 48.00
0.19 44,40 0.20 49.30 0.21 50.60
0.22 44.80 0.23 49.70 0.24 52.20
0.25 45.70 0.26  49.90 0.27 52.80
0.28 45.90 0.29 50,00 0.30 53.40
0.32 46.20 0.33 50.10 0.33 53.70
0.37 46,30 0.38 50.40 0.36 53.90
-0.47 46.80 0.48 50.90 0. 44 54.10
0.57 46.90 0.53 51,00 0.49 54.20
0.67 47,00 0.58 51.20 0.54 54.30
- 0.77 47.10 0.68 51.40 0.59 54,30
0.87 47.20 0.78  51.60 0.69 54.40
1.07 47.30 0.88 51.70 0.79 54.50
1.27 47.40 0.98 51.80 0.89 54,50
1.47 47.40 1.08 51.80 0.99 54.60
1.67 47.40 1.28 51.90 1.09 54,70
1.48 51.90 1.29 54,80

1.68 51.90 1.49 54.80

1.69 54,80
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PABIE II.1, (cont.)

VELCCITY DISTRIBUTION

Roughness A, k¥ = 1,56 mnms,

x = 9.% inches x = 11.5 inches x = 15.5 inches
v u v u v u
inches ft/sec, inches ft./sea inches ft./sec.
0.07 36,00 0.07 36.70 0.07 37,00
0.10 40,10 0.10 39.80 0.10 40,10
0.14 44,10 0.13 43,20 0.13 44,00
0.17 46.90 0.16 46,10 0,16 46.50
0.20 49,50 0.19 49,00 0.19 48,80
0.23 51.40 0.22 51.10 0.22 51.10
0.26 52.90 0.25 52.40 0.25 52.40
0.29 54,20 0.28 54.20 0.28 54,30
0.32 54.70 0.31 55.30 0,31 55.70
0.35 55.10 0.34 55.90 0.34 56.70
0.38 55.50 0.37 56 .40 0.37 58,20
0.43 55.80 0.40 56.70 0.42 59.40
0,48 56,20 C.43 56.90 0.47 59.60
0.53 56.40 O.47 57.10 0.52 59.90
0,58 56.60 0.52 57.30 0.57 60.10
0.63 56.70 0.57 57.60 0.62 60,20
0.68 56.90 0.62 57.80 0.67 60.30
0.78 57.00 0.67 586.C0 0.77 60,50
. 0.88 57.10 0.77 58,20 ¢.87 60,70
1.08 57.20 0.87 58.40 0.97 60.80
1.28 57 .30 0.97 58.70 l.07 60.90
1.48 57.30 1.17 59.00 1.27 61.10
1.68 57.30 1.37 59.20 1.47 61,20

1.57 59.30 1.67 61.20



x = 19,5 inches

vy
inches

0.07
0.11
0.14
0.17
0.20
0.23
0,26
0.29
0.32
0.35
0.38
0.43
0.48
0.53
Oc58
0.63%
0.68
0.78
0.88
0098
1.08
1.28
1.48
1.68

u
ft./sec.

36,80
41.10
44,50
47.40
49.90
51,40
53.60
54.90
56.10
57 040
59.30
60.30
61.10
61.60
62.00
62,20
62.40
62.60
62.70
62.90
63,00
63.10
63.20
63.30

T.BILE II.1 (Cont.)

X =

y
inches

0,07
0.10
0.13%
0.16
0.19
0.22
0.25
0.28
0.31
Q.34
0.37
Q.42
0. 47
0.52
0.57
0.62
Q.67
Q.77
0.87
0.97
1.07
1.27
1.47
1.67

VELOCITY DISTRIBUTION
Roughness A, k = 1.56 mms.

23,5 inches

u
ft./sec.

35.30
39.50
43.30
46.40
48.30
50.80
52,70
54,60
56.30
57.30
58.80
60.30
61.70
62,20
62.80
63,20
63,50
63.90
64,20
64,40
64,60
64,90
65.30
65.50

265,

= 27.5 inches

y
inches

0.08
0.11
0.14
0.17
0.20
0.23%
0.26
0.29
0.32
0.35
0.40
Q.45
0.50
O|55
0.60
0.65
0.70
0.75
0.85
0.95
1.05
1.25
1.45
1.65

u
ft./scc.

36,00
40,10
44,40
47.20
49,80
52.00
53.50
54,90
56,60
58.00
60,10
61.40
63,40
64.00
64430
64,70
65,00
65,20
65.60
65.90
66.10
66.50
66,90
67.30
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TABLE I11.2
Velocity Distribution

Roughness B, k = 1.96 mms.

X = 3,50 inches x = 5,5 inches X = 7.5 inches
v u y u v u
inches £t./sec. inches ft./sec. inches f1t./scc.
0.08 47,80 0.09 57.00 0.09 55.80
0.12 51.90 6.12 62.70 0.11 60,90
0.15 55.40 0.14 66,10 0.14 64,90
0.18 58.60 0.16 68.60 0.17 69,20
0.21 59.70 0.19 70.10 0.20 T72.70
0.25 61.20 0,22 70,80 - 0,23 76.50
0.3%0 61.30 0.25 71.00 0.27 T77.70
0.40 61.40 0.30 72.20 0.32 77.90
0.60 61.90 C.40 72.60 0.37 78.00
0.80 62.40 0.60 73,10 0.42 78,40
1.00 62,90 0.80 73.70 0.60 78.70
1.20 63,30 1.00 74,10 0.80 79.20
1.40 6%.90 1.20 T4,50 1.00 79.50
1.60 64,20 1.40 T4.60 1.20 79.90
1.80 64.50 1.60 74,80 1.40 80,20
1.80 T4.90 1.60 80.50

1.80 80,70
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TABLE II.2 (cont.)

VELOCITY DISTRIBUTION

Roughness B, k = 1,96 ums.

X = 9.5 inches X = 11.5 inches x = 15.5 inches
¥ u y u ¥ u
inches ft./sec, inches ft./sec, inches ft./sec.,
0.08 58.20 0.08 55.50 0.09 56.00
0.1% 62.00 0.11 60.90 0,12 60,30
0.17 67.90 0.14 64.70 0.15 65,10
0.20 72.10 0.17 69.50 0.18 69,10
0.23 75.20 0.20 72.00 0.21 71,30
0.26 78.00 0.23 75.50 0.25 75.60
0.3%0 80,90 .27 78.80 0.30 80,50
0,35 82.00 0.32 82,70 0.35 82,70
0.40 83%,10 0.37 84,30 0.40 85,00
045 83.30 0.42 85.80 0.45 87.70
0.55 83.3%0 O.47 86,00 0.50 87.90
0.60 83.70 0.52 86.3%0 0.60 88,10
0.80 83.80 0.60 87,00 0.70 88,70
1.00 83.90 0.70 87.10 0.80 89,10
1,20 83.90 0.80 87.20 1.00 859.80
1.40 84.00 1.00 87.20 1.20 90,10
1.60 84,00 1.20 87.30 1.40 90,40
1,80 84,10 1.40 87.30 1.60 90.50
1.60 87.350  1.80 90.60

1.80 87.40



TABLE II,2 (cont.)

VELOCITY DISTRIBUTION

Roughness B, k = 1.96 mns,.

x = 19.5 inches

Y
inches

0.08
0.12
0.15
0.18
0.21
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0,60
0.70
0.80
0.90
1.00
1.20
1.40
1.60
1.80

u
ft./sec.

54.00
60.60
65,00
69-1‘!'0
72.20
75.80
79.90
83.80
87.20
89,00
90.10
91.40
91.60
91.80
92.10
92.50
92.80
93.60
94.00
94,20
94,30

X

= 23,5 inches

y
inchesg

0.08

0.12
0.15
0.18
0.21
0.25

0. 30

0,35
0.40
0.45
0.50
0055
0.60
0.70
0.80
0.90
1.00
1.20
1.40
1.60
1.80

52,40
59.30
64,60
70.10
7% .30
76.70
80, 20
8%,20
87.00
88.80
92.10
93.10
93.80
94,40
95.00
95.60
95.90
96. 30
96.70
97.50
97.60

= 27

u y
ft./sec. inches

0.08
0.12
0.15
0.19
0022
0.26
0.32
0.37
0,42
0.47
0.52
0.57
0.62
0.70
0.80
0.90
1.00
1.20
1.40
1.60

268,

.5 dinches

u
£t./sec.

54.80
60,30
65,20
69.90
73.80
77.00
82,10
85,40
88,30
91.00
93%.00
95.10
95.80
97.20
97.70
98,20
98.70
99,60
100,10
100,30
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‘TABLE II,3
VELOCITY DISTRIBUTION

ROUGHNESS C, k¥ = 3.16 mms,

X = 3,5 inches X = 5,5, inches X = 7.5 inches
v u v u y u
inches ft./sec. inches ft./sec, inches ft./sece.
0.10 41,50 0.11 43,00 0.10 41,10
0.14 42,30 0,14 46 .40 0,12 45,20
0.17 45,00 0.16 48,40 0.15 49.30
0.20 45,30 0.18 50.80 0.18 51.80
0,23 46,20 0.21 52.70 0.21 54,10
0.26 47,30 0.25 53.10 0.25 56,60
0.30 47,50 0.30 54,20 0.32 59,00
0.40 47.90 0.35 54,70 0.37 58.10
0.50 48,50 0.45 55.10 0.47 59.40
0,60 49,00 0.55 55.50 0.57 59.50
0.80 49,40 0.75 56,00 0.77 59.90
1.00 50,10 0.95 56.90 0.97 61,10
1.20 50,50 1.15 57.10 1.17 61,20
1.40 51.10 1.35 57 .40 1.37 61,90
1,60 51.60 1.55 57.70 1.57 62430
1.80 51.90 1.75 58.10 1.77 62.50
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TABLE II.3 (Cont,)
VELOCITY DISTRIBUPION

RCUGHNESS C, k = 3,16 mms,

x = 9,5 inches x = 11.5 dinches x = 15.5 inches
y u ¥ u J u

inches ft,/sec, inches f+t./sec. inches ft./sec.
0.10 42,80 0.10 42,50 0.10 41,90
0.12 43,80 0.13 46,00 0,11 43,00
0.15 47,60 0.16 49,00 0.14 47,30
0.18 51.30 0.19 52.00 0.17 50,80
0.21 54430 0.22 55.20 0.20 53,80
0.24 56.50 0.25 58,00 0.23 56.00
0.28 58.00 0.29 60.10 0.27 58.90
0.33 60.90 0.34 61.90 0.32 62,30
0.38 61.40 0.39 62,90 0.37 63,90
0.43 61.80 0,44 62,85 0.42 65,30
0.48 62.00 0.49 64,40 0.47 66,20
0.58 62.30 0.57 64.70 0.52 66,30
0.78 62,90 0.67 65.00 0.57 66,70
0.98 63,15 0.77 65,10 0.67 67430
1,18 63.80 0.97 65.20 0.77 68.00
1.38 64,30 1,17 65.80 0.97 68,70
1.58 64,40 1.37 66.40 1.17 69,20
1.78 64,60 1.57 67.00 1.37 69,50
1.77 67,50 1.57 69.80

1,77 69.90
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TABIE II.3 (cont.)

VELOCITY DISTRIBUTION
ROUGHNESS C, k = 3,16 mms,

x = 19.5 inches x = 23.5 inches x = 27.5 inches
J u y u ¥y 1

inches  ft./sec, inches  ft./sec. inches ft./sec.
0.10 40,60 Q.10 41,00 0.10 42,50
0.12 44,30 0.11 43,50 0.13 45,80
0.15 48,50 0.15 48,20 0.16 49,70
0.18 51,70 0.18 51.60 0.19 53,00
0.21 54,20 0.20 53,20 0.22 55.50
0.25 58,00 0.23 55.90 0.25 57.70
0.30 61.50 0.27 59.50 0.29 61,10
0.35 63.40 0.32 62,00 0.34 64,80
0.40 66.90 0.37 65.30 0.39 67.40
0.45 67.00 0.42 67.70 O0.44 69.70
0.50 68.80 0.47 69.10 0.49 71,50
0.55 70.10 0.52 70.20 0.54 72,90
0.65 70,20 0.57 71.50 0.59 74,30
0.75 72,10 0.62 72.30 0,64 76,00
0.95 72.40 0.67 72.90 0.69 76.70
- 1.15 73,00 0.77 73.70 0.79 78.00
1.35 73.20 0.87 74,10 0.89 78.80
1.55 73.40 0.97 74,90 1,00 79.00
1.75 73.80 1.17 76.00 1.20 79,70
1.37 76.50 1.40 80.50
1.57 76.80 1.60 81,00

1.77 76.80 1.80 81.50
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TaBLD TI.4
VELOCITY DISTRIBUTION

ROUGENTSS D, k = 4,75 mms.

X = 3.0 inches x = 5.0 inches x = 7,0 inches
¥ u y u N u
inches f1%./se0. inches ft./sec., inches ft,/sec.
0.14 33,70 0.13 37.00 C.14 37.30
0.18 35.50 0.16 39,10 0.18 41,20
0.21 37 .60 0.19 42,00 0.21 43,60
0.25 %9.70 0.23 45,00 0.25 47.50
0.28 41,30 0.26 46,80 0.28 49,10
0.31 41.80 0.29 48,40 0.31 51.80
0.35 42,80 0.33 51.00 0.35 54,00
0.40 43,40 0.38 51.40 0,38 54,30
0.45 43,60 0.43 52.30 0.41 55,30
0.55 43,90 0.53% 52.50 0.45 55.40
0.65 44,10 0.63 52.60 0.50 55,80
0.75 44,40 0.73 52.70 0.55 56,00
0.95 44,80 0.93 53,00 0.65 56,10
1.15 45,20 1.1% 53.70 0.75 56.70
1.45 45.50 1.43 54,00 0.95 57.70
1.75 46,00 1.73 54.50 1,15 57.90
1.45 58.10
1.75 58,30



T4BLE II. 4 (cont.)

VELOCITY DISTRIBUTION

ROUGHNESS D, k = 4.75 mms.

x = 9,0 inches

y u
inches ft./sec.

0.14
0.15
0.18
0.22
0.25
0.28

. - - » . a -
O ~IVI\WN WO~ £
W AR AN AN O D

HMRERPOOOO0O0

- *

37,10
38,10
42,00
45.60
48.80
50.70
52420
55430
57.20
57.30
58.00
58.50
58.60
59.30
60,00
60.20
60.40
61.00
61.10

X =

y
inches

0.14
0.17
0.20
0,22
O.24

e © & & o & ¢ *» ®w »

~IUT\W =~ OW O~ YOI\

H OO OO0O000
0cNosNo s NosNuoResNoeNerRes AN R s RWH

11.0 inches

u

37.4‘0
39.50
42.30
44,40
46,00
48,20
49,60
52.70
55.70
56.50
57.30
57.70
58.70
59.00
59.20
59.60
60.30
60.90
61.30
61.60
62.40
63.00
63.10

273

= lSvO inCheS

y
ft./sec. inches

0.13
0.16
0.19
0.23
0,26

« » e e

~IUT\N =~ OO 0~ OO\ AN

HHEHHHRHOOOOOOO
IV gigaiag O o

u
ft,/sec.

35,430
37.50
41,60
45,50
48,20
51.50
54,80
56,50
58.30
60,40
62.40
62.80
63.10
63,20
63.40
63,90
64,20
65.00
65.50
66.00
66.50
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T4BLE IT.4 (cont)

VELOCITY DISTITIBUTION
nOUGHNESS D, k = 4,75 mms.

x = 19.0 inches x = 23,0 inches x = 27,0 inches
v u Ng u v u
inches ft./sec. inches ft./sec. inches ft./sec.
0.15 40,30 0.14 39.00 0.14 37.50
0.18 40.80 0.18 41.20 0,18 40,80
0.21 44,00 0.23 45.90 0.21 43,80
0.25 46,20 0.26 48,20 0.25 47 .30
0.28 48,80 0.30 51.00 0.28 50,00
0.31 51.30 0.33 52.70 0.31 52.40
0.35 53.20 0.36 54,20 0,35 54,90
Q.40 56.60 0.40 56,50 0.40 5720
0.45 58.70 0.45 58,40 0.45 59.70
0.50 59.90 0.50 60,60 0.50 62.30
0.55 62,00 0.55 63,60 0.55 63.50
0.60 63.30 0.60 65,30 0.60 65.70
0.65 64.30 0.65 66.00 0.65 66.80
0.70 65.20 0.70 66.70 0.70 68.00
0.75 65 .40 0.75 68.20 0.75 69.50
0.85 66,30 0.85 68,90 0.80 69.70
0.95 66.90 0.95 69.50 0.85 70,00
1.05 67.30 1.05 70,00 0.95 70.70
1.15 67.70 1.15 70.40 1.05 72.00
1.35 68,10 1.35 70.80 1.15 72.60
1.55 68.50 1.55 71.30 1.35 72470
1.75 68,80 1.75 72.00 1.55 73.0
1.75 73,40



inches

3.50
5.50
7.50
3.50
11.50
15.50
19.50
23.50
27.50

U
Jt.[sec,

47 .40
51.90
54,80
57.40
59.20
61.20
63.15
65.20
66.85

63.90
74.60
80.20
84.00
87.30
90.40
94.00
96.70

27.50 100.10

TABLE IIT .1,

TOTAL DRAG ALONG THE WALL

275,

ROUGHKESS "A", k = 1.56 mms.,

inch
0.064

Uss  Jeudus,

o -
ib . inch
Ft2

£t_' . I;)C"I

Sec.

3-03

0.0735 3.82
0.0815 4.47

0.091
0.102
0.112
0.125
0.139

5.22
6.04
6.85
7.89
9.06

0.151 10,09

TABLE

0.200
0.290
0.375
0.470
0.570
0.700
0.850
1.020
1.180

I1I.2,

TOTAL
ROUGHNESS "B

0.074
6,082
0.089
0.097
0,105
0.124
0.140
0.154
0.170

DRAG

ALONG THE WALL

h = 1.40 inches

h,
2, Py
é%.ﬁck
~0.685
~0.940
-1.170
~1.40
-1,85
~2.30
-2.82
-3.%31

4 ol
Japey
:ThE?-' inch
-0.082

", k = 1,96 mms.,
h = 1,40 inches

0,380

" 0.605

0.785
0.990
1.180
1.610
2.030
2.420
2.90

-0.91
~1.45
~2.53
_3o10
_4043
-5.54
~6.62
—7-80

~-0,125
-0007
~0.042
-0.01
0.00
0.00
0.00
0.00
0.00

o~

b
z.Inol,

<

)

0.267
0.415
0.575
0,700
0.83
1,15
1.45
1,80
2.13

0.655
0,915
1.162
1;55
1.92
2.82
3451
4.20
4,90



3.50
5.50
7.50
9.50
11.50
15.50
19.50
23,50

27.50

in.

SCOO0OO0OO0O0O00O0

- L] - - - » L ] - »

N IO
L =IUIO N O I\

TABLE III,>3

TOTAL DRAG ALONG THE WALL
ROUGHNESS C, k = 3,16 mms,

h = l 40 1nches

276,

Y eee. B
‘ U4U§, ‘gapdy 1
ft./sec. ¥, . ch éﬁ inch 1#1 in 1{4 in f:?m

51,10 0.082 4,19 O. 275 -0.61
57.45 0,095 5.46 0.44 ~1.05
61.90 0.105 6.49 0,56 -=1.,39
64.30 0.117 7.52 0.70 ~-1.78
66,40 0.127 8.43 0.84 -2.20
69,50 o0.143 9,93 1.10 -2.90
73025 0.158 11057 1038 '3070
76050 00178 13.60 1078 —4062
80;50 0.197 15.86 2915 ”5‘55

TABLE IIT.4
TOTAL DRAG ALONG THE WALL

ROUGHNESS D, k = 4075 mmS.,
h = 1.40 inches
U b

-0.01 0.62
-0.01 0.84
0.0 1.06
0.0 1.36
0.0 1.80
0.0 2,32
0.0 2,84
0.0 3.40

h
U
ft./sec. in. {e_g-. J)( %f P'deAPdY l'b
Séc QQ%4 y'nd y,i_md ft

nch®
45.45 0.109 4,95 0,315 267
53.95 0,121 6,53 0.54 —1.20
58.00 0.143 8,29 0.76 ~-1,68
60.30 0.156 9.41 0,92 -2.15
62.40 0,175 10,92 1.14 -2,70
65.60 0.192 12-59 1039 -3039
68.10 0.208 14-16 1.63 -4.23
70-90 00222 15074 ln89 -4090
72.80 0,242 17.62 2.20 -5.87

-0,10
“0-04
-0001

-

QOO0OOOO
)
OOOO0O0O

L)

0.45%
0.70
0.93
1.23
1.56
2.00
2460
3.01
3467
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TABLE IV

VELOCITY PROFILE AT'SEPARATION
k = 1.56 mms.

-2
inghes ft./gec. q%f *M:%_~
0.02 2.25 0.67 0.032
0.04 2.40 0.65 0.0%35
0.07 2.45 0.70 0.0%65
0.10 3,80 0.63 0,051
0.14 4,50 0,61 0.0585
0.19 6425 0.54 0.072
0.24 7.60 0.52 0.084
0,34 12.20 0,52 0.1350
0. 44 15.50 0.35 0.115
0.54 20.20 0.27 0,115
0.64 23,50 0.205 0.102
0.74 27.50 0.128 0.075
0.84 29.00 0.100 0.0615
0.94 32,50 0.062 0,043
1.14 39,00 0.035 0.029
1.34 43,00 0.016 0.0146
1.54 46,00 0.010 0.0098
1.74 47,00 0,005 0.005

1.84 47.00 0,005 0.005
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TABLE V
VELOCITY DISTRIBUTION IN THE REGION VERY CLOSE TO
SMOOTH WALLS,
VA
- I _j’ oY oay

PO NI RO N b = et et |

u
Ve v Y
. “ 3
Assumption g ty! = C Assumption® \fv'ggc
e P _ngpjy ) Ey T .'/Ep%‘ d (o u 27
Y 4 vV Vot v AT Ve
1.0 0.01923 0.98077 1.0 0.057168 0.,942832
2.0 0.07692 1.92308 2.0 0.181480 1.81852
3.0 0.17307 2.82693 3.0 0.35674 2.64326
4.0 0.30768 3.69232 4.0 0.57624 342376
5.0 0.48077 4.,51923 5.0 0.83579 4,16421
6.0 0.69232 5.30768 6.0 1.1327 4,8673
7.0 0.,94232 6.05768 7.0 1.4644 55356
8.0 1.23078 6,76922 8.0 1.8294 6.,1706
9.0 1.55771 T.44229 9.0 2.2261 6.7739
0.0 1.92310 £.07690 10.0 2.6536 7« 3464
2,0 2,76926 9.23074 12,0 3.5958 8.4042
4.0 3,76928 10,23072 14.0 4,6492 9.3508
6.0 4,92314 11.07686 16.0 5.8080 10.1920
8.0 6.23084 11,76916 18.0 7.0677 10,9323
0.0 7.69240 12.30760 20,0 8.4240 11.5760
2.0 9,30780 12.69220 22.0 9.8634 12,1366
4,0 11.07692 12,92308 24,0 11,415 12,5850
6.0 13.00 13.00 26,0 13,0450 12.9550
28.0 14.7600 13.2400
30.0 16,559 13.441
32.0 18.440 13,560
20,40 13.60
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