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ABSTRACT

Turbulent flows over flat surface undergoing transition

due to a sudden increase in surface roughness were studied

experimentally.

The experiment was carried out in an 1Bx1B-in wind

tunnel test section, the floor of which was used as the

surface of interest. The surface was artificially roughened

by stone chips of average size of 0;625 in. in a random

manner. The measurements included both mean and turbulent

quantities which made use of pitot-static tubes, boundary

layer tube, yawmeter and hot-wire anemometer. The measurement
. 5of mean quantities were made at Reynolds numbers of 9.BOx10 ,

7.20x105, 4.61x105 and 2.76x105, while those of turbulent
5intensities were done at a Reynolds number of 7.20x10 .only.

The influence of roughness chaRge on the boundary

layer characteristics and flow resistance was quantified from

the experimental results. At the beginning of the rough

surface, the wall static pressure suddenly dropped from its

smooth wall pressure gradient. Rough wall pressure gradient

became linear after 2 hydraulic diameters downstream from

the roughness change. Wall shear stress was found to increase

more or less proportionately with the roughness height while

the boundary layer thickness did not increase proportionately.

Rough wall shear stress increased to about 10 time.s the smooth

wall value, but the boundary layer thickness hardly doubled.
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The flow close to the wall adjusted quickly to the new

surface condition resulting the internal boundary layer,

which was found to be proportional to xO.g6 At the smooth-

rough junction~ the roughness height caused the near wall

flow to deflect upwards, resulting in the production of

secondary current which died out quickly away from the wall.

In the experimental range of Reynolds number, the distribution

of mean velocity and secondary current remained nearly the

same.

The longitudinal turbulence intensity over the rough

wall increased from its value over smooth wall which preceded

the rough surface. The effect of surface roughness on turbu-

lence intensity was found to spread nearly up to the boundary

layer height.
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1 .1 General

C HAP T E R
INTRODUCTION

I

All flows of fluid are broadly divided into two classes

- laminar and turbulent. But turbulent flows far outstrip

the laminar ones in respect of its occurre~ce in nature,

and most of the engineering applications of fluid flows

are also turbulent in nature.

1.1.1 Turbulence

Whereas laminar flows consist of motion of fluid

particles in undisturbed uniform streams, turbulent flows

are characterized by random, irregular fluctuating flows

superimposed upon the main stream. These fluctuations are

mainly responsible for the resistance experienced by turbu-

lent flowsi~ pipes or other closed conduits. These fluctua-

tions are also responsible for the drag encountered by shios

and airplanes and contribute chiefly to the losses in

turbomachineries. On the other hand, it enables achievement

of greater pressure rise in diffusers and airplane wings,

compressor blades etc.

When a flow comes in contact with a surface, it involves

the formation of a so called boundary layer in the most

immediate vicinity of the contact zone. For turbulent flows,

1
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there forms a turbulent boundary layer whenever the flow

encounters a surface. The knowledge about the boundary
layer is of prime importance for the study of any trans-

port phenomenon, because transactions of shear, heat,
momentum, kinetic energy etc. mainly take place within

this zone.

For laminar flows, the problem is strictly mathe-

matical, because the governing differential equations can

be written exactly. So with the aid of high speed computers,

much progress has been made in the calculation of laminar

boundary layer, and satisfactory results have been obtained

for many cases.

Inspite of its variety of occurrance and applications,
not much is known about turbulent flow structures. The

structure of turbulence is so complex in its detail that

it seemed to be inaccessible to mathematical treatment.

Because of the limited understanding of the turbulence

process, the problem of turbulent flow is phenomological

and exact formulation of boundary layer equations is not

possible. The boundary layer equations for such flows

contain extra terms involvin-g the time mean of the product
of two fluctuating velocities known as the Reynolds stress

tensor. At present these terms have not been rigorously

related to mean velocity distribution. Attempts have been

made to create a m~thematical basis for the investi~ation
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of turbulent motion coupled with semi-empirical formulations.
These range from simple mixing length hypothesis of Prandtl

[S7J to the solution of conservation equations for third

order correlations by Launder and Spalding [43J , which

envisaged properly dealing with the extra terms mentioned

above. But none could succeed in analysing any turbulent

flow in its full detail. The success in-obtaining accurate

turbulent flow predictions depends heavily,besides pres-

cribing a closed set of equations adequately accounting

for the flow process, on experimental means. For devising

a suitable turbulence model for the complex correlations

in the governing conservation equations, certain assumo'-1.

tions are to be made which need to be supplemented by

theoretical reasoning and empirical facts which, if accurate

enough within the range of interest, will lead to correct

predictions of turbulent flows.

The experimental study of turbulent flow has long

been handicapped by the complex and statistical nature of

the flow and due to the lack of proper instrumentation to

measure the turbulent quantities. Recently (ref. [3oJ )

researches are being carried out to analyse turbulent flow

structures experimentally with the aid of modern, sophisti-

cated electronic equipments.

Though experimental study of turbulent flow is a

sine qua non for its correct prediction, a full fledged

experiment on turbulence is generally laborious, expensive



and very involved. So other methods of investigation are

often looked for. After the inception of high speed digital

computers, numerical solution coupled with semi-empirical

results has become a useful way of dealing with turbulence.
But till today, researchers have to embark UDon experi-

mental results as the sole way of acquiring an insight of tur-

bulence process needed for its modelling.

1.1.2 Turbulent Flows over Rough Surfaces

In most engineering applications, turbulent fluid

flows occur in contact with surfaces which are not hydrau-

lically smooth. Flows through water or oil pipelines,

chemical processing plants, air conditioning ducts, rotating

machineries etc. are such common examples.

Again many engineering practice make use of flow with

surface roughness for better performance. Heat exchangers,

nuclear reactors, solar collectors generally employarti-

ficially roughened surfaces of pipes and ducts for more

heat transfer rate [47)

Turbulent flo~s over open rough surfaces are very

common in engineering arena and also in nature. Flows in

dams, artificial canals etc. are a few important examples.

The phenomenon of roughness change is of particular interest

here. Sudden and frequent change in roughness is found in

natural terrain where blowing wind encounters hills, ditches,

meadows, forests, villages etc. All these surface configurations
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lie within the atmospheric boundary layer of the earth. The

influence of strong wind Dr storm on the earth surface is

more severely felt in the boundary layer, and the effect

depends on the nature of the boundary layer growth rather

than the free stream of atmospheric air, which occurs high
above the human habitation zone.

1.1.3 Surface Roughness

A great variety of surface roughness may be encoun-

tered above which flows may occur. These roughness vary

I

in thei.T shape, size, distribution and arrangement, micro-

scopical surface property, characteristic behaviour with

flow etc. But for engineering analysis, they may be broadly

classified into grgups as following.

Most general type of roughness is known as Sand

Roughness which covers rough surfaces caused by irregular

sand particles Dr stone chips. Nikuradse [52J was first to

analyse the sand roughness in its proper technical perspec-

tive. His sand roughness may also include the inherent

rough surface of a cast product. The average absolute

protrusion height Df the roughness elements Dr the relative

roughness height with respect to some significant length

are used to describe such roughness.

Rib roughness are employed by putting rectangular Dr

cylindrical ribs on the surface. transverse to the flow
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direction. Depending on the ratio of the height of the

roughness ribs and pitch, ~uch roughnesses are again

divided into d-type and k-type roughness [5,7,55,75J

Also for certain technical purposes, specific
geometric shaped roughness elements are attached to the

surfaces. Amongst these cubical, spherical, conical,

cylindrical, pyramid or diamond shaped elements, wire

mesh roughness are often found in USe ~2,47,62J . These

are characterized by their height, longitudinal, transverse

and diagonal pitches.

After the sand roughness, another most common type

of roughness which occurs in nature may be termed 'tuft
roghness'. Grassy lands, green bushes, cornfields, green

mosses grown in the ship hull may be cited as some of the

examples of this type of roughness. This type of roughness

differs from all the above type in the fact that its

rougness characteristics vary with the flow velocity thus

complicating the analysis of the flow behaviour. Further

this type of roughness may have some sticking character

due to the capillary action of narrow spaces present in

between the fibres so far as the boundary layer is concerned.

This type of rough surfaces may be useful in preventing or

minimiiing the phenomenon of flow separation in diffusers,

curved surfaces etc.

All the above types of roughness again can be upstan-

ding or depressed depending on how the change of surface

•



7

Toughness comes about. If the crests of the roughness
elements lie above the preceding smooth surface, it is
an upstanding change of rough~e55. ":When the crests,
on the other hand, lie below the level of preceding surface,
it signifies a depressed-chanQe~of surfac~ roughness.

All types of roughness, sand, rib or any other type,may
be generally expressed in terms of an "equivalent sand

grain roughness" for better comparison between different

flows, as proposed by Nikuradse [51J and described by

Schlichting [62J

Surface roughness vis a vis fluid flow is completely

a relative matter. The effect of the roughness on the flow

and the boundary layer will be pronounced only when the

surface is I hydraulically rough' [62J An apparently

rough surface may well be hydraulically 'smooth' for one

flow, but not for the other. This is indicated by the so
k u"s ,called roughness Reynolds number ----- • The values spectrumy

determining the different roughness effect on flow is

"k u
0 < s

y hydraulically smooth regime
-roughness protrusions are contained
within the laminar sub-laYcer.

5
k u< s--y-

kS u
--y-

<

>

70

70

hydraulically transition regime
-roughness protrusions are partly
outside laminar sublayer.

hydraulically rough regime
-all roughness orotrusions reach
outside the laminar sublayer.
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1.2 Motivation Behind Selection of Problem

It is now seen that study of turbulent flow with its

relationship to surface roughness is important for many

reasons. Many investigations have so far been made about
turbulent boundary layer which is subjected to a change

of surface roughness. The flow changes in the boundary

layer have been the topics of many workers with an objec-

tive to predict related transport processes like heat and

mass transfer etc., and their relation with the turbulent

structure of the flow. Considerable works have been done

on flow over smooth surface or rough surface alone both

e"xperiment'ally and analytically. But comparatively a little

work is found to exist on flows over surfaces with sudden

discontinuity in roughness pattern. Researches on turbulent

flow characteristics due to surface roughness variation

have been carried out in pipes with surface condition

modi fied by fine sand roughness with f"" 55 [45J

, or in ducts with surfaces fitted with uniform

types of roughness

, or surfaces fitted with other
\

f "50 [1, 2J

ribs with g " 72 [7,75J

[47,52,12J But relatively less work has
••been done on turbulent flows in ducts or over pl~tes with

stone chip ~oughness creating the" surface tran~ition.

It is against this background the present research

work has been embarked upon. It is aimed at studying the

changes happening in the boundary layer undergoing a sudden
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transition over a flat surface due to an upstanding inteT-
vention of natural stone roughness with comparatively high

o
roughness ratio ( tt~2B). This is expected to be a new

type of flow situation with strong relevance to the case

of atmospheric boundary layer and comparability with some

of the previous similar works. It is hoped to reveal some

imp6rtant flow characteristics valuable for greater under-

standing of turbulent boundary layer and turbulence struc-

ture in the context of varying surface condition in parti-

cular.

1.3 Objectives

The above discussion suggests a need for informations

of the flow characteristics in the boundary layer over a

sand roughenedflat surface. The objectives of the research
•
program are accordingly set as follows:

(1) To measure the mean flow characteristics of the

development of a turbulent boundary layer following a

sudden increase in surface roughness brought about on the

floor of the test section ofa wind tunnel.

This includes the traversing of velocity profile,

measurement of static pressure drop, calculation of shear

stress and friction factor, investigation of the growth of

internal boundary layer, which are intended to provide data

for direct practical use in predicting meteorological
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behaviour, open canal flows and designing of heat and mass

transfer surfaces in '~ossible cases.

(2) To measure turbulence characteristics in the

same flow condition.

This includes the measurement of the.longi-

tudinal component: of turbulence intensity inside the

boundary layer. This is directed at providing insight into

general turbulence structure and understariding of the

related physical processes in the case of such a changing

boundary conditions.

(~) To compare the results of present flow configuration

with those of related cases.

1.4 Outline of Research

A detail experimental schedule was prepared to inves-

tigate the flow situation subjected to a discontinuity in

boundary conditions. The flow was planned to be in a wind

tunnel test section, the floor of which would offer the

bed of varying roughness. In the experiment, the flow was

tested to be fully developed before it encountered

smooth-roughness junction. Flow development was checked

by the universal log-law of velocity distribution near the

wall. The flow was treated as a two dimensional one and the

characteristics at the longitudinal mid section of the

tunnel were measured for investigation. For the developed
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flow, the dependent flow parameters,when suitably non

dimensionalized, would be expectedly invariant in the mean

flow direction. These dimensionless flow properties may,

thus, be described as functions or one coordinate direction
in a plane of the duct cross section.

In the experiment, change of roughness was created

upstandingly by normal stone pieces with broken edges of
. f 5 .average Slze 0 8 In (varying between ~ in and; in ). For

this type of change in surface roughness, the boundary

layer was investigated employing different flow velocities

with a view to correlate the results with Reynolds number.

The results obtained from the present investigations

were compared with the other studies related to the problem

under study, and possible interpretations' of the experimental

results were made to,extend explanations of different

characteristic.s of the present flow field.

•"



CHAPTER II

LITERATURE REVIEW

2.1 Preview

History of works on turbulent flow dates back to the

day Osborne Reynolds (ref. [3oJ ) identified it distinctly

different from the laminar one. Since then theoretical

hypotheses, analytical methods and experimental researches

have led to the gradual development of the knowledge about

turbulent flow. In the following paragraphes, some of the

important works which are pertinent to the present investi-

gation of boundary layer flow are stated briefly.

2.2 Turbulent Flows Over Smooth Surfaces

In early stage of research on turbulent flows, the

research workers devoted themselves mainly to the study of

flows over smooth surfaces. The study of flows for different,

surface conditions was taken up later, and attempts have

been made to find tbe correlation between the flow and the
surface roughness.

The earliest investigators of turbulent flows through
smooth pipes include

Panel (1915),
Schiller (1923),

Blasius (1913),
Stanton and

Hermann (1930),
Nikuradse (1932) and others (ref. [62J ).

1 2
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Reichard ~OJ made some of the earliest measurements

of turbulence parameters. He measured longitudinal and

.•.

transverse components of the fluctuating velocity, u' and

Vi, in a wind tunnel with rectangular cross section test
section measuring 1.0 m wide and 24.4 cm high. Rise of u'

was found to be steep neer the wall where u' measured four

times of v'.

Laufer [42J presented a detail exploration of the flou'

field of mean and fluctuating quantities in a two-dimensional

channel flow. The measurements were performed at three

Reynolds numbers, 41.23x10 , 3.08x10~ and 6.15x104 based on

the half width of the channel and maximum mean velocity

in a 5.0 in wide channel section with aspect ratio 12:1.

He found distributions of u' and Vi similar to those obtained
by Reichard [60J

Laufer [41J also reported investigation of all the

three fluctuating components of velocity u', v', w' and

of the correlation coefficient R I , in a two-dimensional. u v
smooth channel of high aspect ratio in presence of a favour-

able pressure gradient. He however, did not take into account

of the effect of secondary velocity on the measurements. It

was first Nikuradse [50J who detected presence of normal

stress driven secondary current in rectangular duct flows.

Klebanoff [38J measured the three fluctuating components
of velocity u ' , v', w' and the Reynolds shear stress Tu1v'

\
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in a boundary layer along a smooth plate under zero pressure

gradient. The experiment was carried out in an octagonal

wind tunnel with a 12.0 ft long, 4.5 ft wide and 0.25 in

thick aluminium test plate mounted vertically and centrally

in the test section. He noticed isotropic behaviour df

turbulence intensities near the free stream, but degree of

anisotropy increased towards the wall.

In a significant extension of the work of Laufer [42J

Clark [18] made en elaborate study of a turbulent boundary

layer in a 25.0 ft long channel of 5.0 in wide section with

aspect ratio 12:1. Measurements were done at Reynolds numbers

raRging from 10,000 to 130,000 based on the channel half

width and the centerline velocity. Mean velocity profiles

were studied in every detail and all the three fluctuating

components of velocity along with frequency spectral analysis
were investigated.

Thomas and Easter [69J measured axial velocity, friction

factor and wall shear stress in an 8.1 m long square cross

section duct of size 101.6 mm. A oISA hot film pressure

transducer was used to measure wall shear stress in order to

correlate the friction factor with Reynolds number which
was found to be

(2.2.1)

The Reynolds number in the experiment varied from 0.43x105

to 1.90x105 based on the hydraulic diameter of the duct and
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Table 2.1 Measur~ments of Turbulent Flows with Smooth Surfaces

------------------------------------------------_._-------------_.-,----------------------------------------
Author Flow Configuration Measurements Instrumentation Comments

,-- ----~

--~_.-----------------"-- --------------------------------------------------------------1

..,'
I;"'

,
I

I
_________________ , ~~_l

IR , , varied linearlyu v
with y except near the
wall

Hot wire anemometer

U I , V I

u' , v ' ,lLJ '

Rectangular duct
W=l .0 m
0=2~.I, cm

[6oJ

.~._.._-...- ---_.<-----------------

Reiohard
1 938 Hot wire anemometer, Reynolds shear stress

y , , Pitot tubes decreased to zero towarobu v the center of the ductu I---'--,-....._.-- --._.._------_._-- ------~-~!
Laufer [~2] Rectangular duct u', V ' Hot wire anemometer Distribution of u' similar
19SO W=S.O in Pitot tubes to Reichard's but rise

Q = 12 less steep -near the wall
II! ~ .1lRe =1.23xlo -6.16xlU'w

"2

Laufer [111]
1 951

Rectangular duct
uJ=5.oin
Q = 12
W

.--~-.---,,--_ ..-._------------------------------------------------------------
Klebanoff D8] Rectangular'duct u',v',w' Hot wire anemometer u' highest near the wall
1 9SI, II!=~.S ft \" , static pressure at about y+=2S .

v tappings !
!

._ .. _--_ .._---_. ._.. _-_._--------------------------- ------------------------------------- !
- !Clark 08J Rectangular duct u',v',u,' Hot wire anemometer Mean and turbulence

1968 W=5.o in u Pitot tubes, quantities measured in
o 12 cD , q, , cD, Wave. analyser the viscous sublayerW = U J V , w
lie =1o~-13xl04

w
"2

. _._- --.' -'-"-'-' -----.--------------- -------------------_._--------------------------------_._-.------------------_._ .
Thomas
Easter
1 972

and
[69J

Square duct
D=II!=l01 .6 mm
Re =0.~3xl05

TO

u

Hot film inst~ument,
static pressure
tuppings.pitot tubes

Friction factor found to
agree with Blasius' equa'tlrl"
wall shear stress dBcr8asR~'
to\IJards t~18 ~orn8'r

-.----_ .._----------_. -_. ---_._-~-----.-"
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the center line velocity.

2.3 Experimental Investigations of Turbulent Flows Over
Rough Surfaces

Among the earliest workers who lent attention to the

effects of surface roughness on turbulent flows were

Schiller (1923), Nikuradse (1930), Streeter (1935),

Moody (1944), whose works formed the basis of studying

turbulent fluid motion in relation to the surface conditions

(ref. '[62J ). The recapitulation of ;some of the related

important research works are made below, dividing them into

flows through pipes and flows through rectangular ducts or

channels.

2.3.1 Turbulent Flows through Rough Pipes
,~",. ---------------------~

Nikuradse [slJ was pioneer in pointing out discrepancy

in Blasius' formula for turbulent flows through pipes due

to their dependence on surface roughness. He noted that

velocity distributions in a rough pipe were progressively

lowered from the smooth pipe relation as the Reynolds number

increased. Later Nikuradse ~2J performed existensive work

on sand roughened pipe flow giving rise to a great volume

of empirical results.

Following Nikuradse I s findings, Clauser [20J presented

a useful analysis of the effect of roughness on boundary layer
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velocity profile, which was characterised by the velocity

profile shift 6U" , and proposed a velocity distribution
u

near the rough wall as

u
~=
u

5.6 log
Y Jf
U

\!
+ 5.6 6u

u
(2.3.1 )

~.,

Robertson [61J gave a detailed analysis of the. then

existing results of turbulent flows through rough pipes.

He used Nikuradse's data of natural sand roughness to put

forward new informations on friction factor aRd.pipe factor

correlations. For fully rough region, he cited the relation

u
= 5.6 log ku

\!
- 2.7 (2.3.2)

gi vin g
u

u
= 5.6 log t + 8.3 , (2.3.3)

J,

Lawn and Hamlin [44J made detail measurements of

velocity in an internally roughned pipe of diameter 13.16 cm

using square rings of height 0.069 cm ( f ~95) with

A= 0.488 cm ( ~ = 7.2). They found that flow over a fully

rough surface was very much influenced by viscosity, which

was contrary to the above mentioned classic theory of

Nikuradse.

Townes and Sebersky [73J gave informations about the

behaviour of turbulent flows near a rough surface. Townes

et al [74J presented some comprehensive results of turbulent
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flows in sand-roughened pipes. They observed that within
" 4

their experimental range of Reynolds number 5.ox1o to
448.ox1o , the equation of representative mean velocity

profiles for smooth pipe

u
" = 2.75 In
u

Lt:!..-V + 4.55 (2.3.4)

best fitted their data for Y!:!. > 70.
V

Turbulent flow characteristics in a pipe following

a transition of surface roughness condition was first, among

others, studied by Logan and Jones [46J • They used an 8.0

in diameter pipe partly internally roughened by sand grains
/ "

with f = 55. The flow was found not fully developed at 15 0

downstream of the smooth to rough junction. They found the

wall shear stress to increase abruptly to its final value

after the change of surface condition and the pressure

gradient more or less constant throughout the transition

region.

Siuru and Logan. [64J made detailed study of flow responSE

characteristics in a pipe due to the change in surface roughness

condition. They employed different roughness configurations

Bfter Nunner (1958) and measured mean velocity, static

pressure, turbulence intensities and Reynolds shear stress.

The spread of roughness effect was determined from the knee

points in the semi-logarithmic plots of mean velocity profiles.

The upper and lower layers in the internal boundary layer were
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Table 2.2 Measurements of Turbulent Flows through Pipes with Roughness Change

.._----------:
Author Flow configuration Measurements Instrumentation Comments

------------------------------------------------------ ---------------------------

Sand roughness
5Re-=4.0x10

Logan
Jones
1 963

and
[ 46J

D~8.0 in, E_", 55
k'

u,p,u'
LUlU'

Pi tot-static
probes
5tatic pressure
probe, Hot-wire
anemometer

Abrupt increase
roughness
q~)Fd > 15

in

-._ .._---- ----- -~-_.._-_ .._-~ -------_._----------------------------------------------------------------------

..•... - -_ .._._---------- -_. - '-"- -------

5iurl] Bnd
Logan [6~
1977

c:.haJ;lget al
L17J 1979

Ali and Islam
[1J ' [2J
1982,1984

0~2.50 in,k~0.113 in
w~0.125 in,
A~0.25-2.9 in,
Discrete rectangular
ring roughness
Re~ 6D,000

D~101.6 mm,
k~5.33 mm
w=5 mm,

Ak ~30-2L,0
Discrete rectangular
ring roughness,
Re~5.ox104

D~4.0 in f=5o
Sand roug~ness
Re~2.4x1o

u,p,u'v' ,Wi,

TUlU'

u,u',v',w'
'Tu'v'

U J P , u " T

Pitot-static probes,
5tatic pressure
probe,
Hot-wire anemometer

Pitot-staticprobes
Hot-wire anemometer

Pitot-static probes
Static pressure
tappings
Hot-wire anemometer

Upstanding increase of
roughness,
6i~xO.5,(IT)fd '" 18
extent of roughness effect
determined by' semi-logari th- --,
mic plot knee points. ~

Upstanding increase of
roughness,roughness effect
determined by knee-points
of semi-logarithmic plots
n For smoot section
increase with A

----1

Sudden decrease 0 F roughness!
6.~/).56 (X) _'
1 '0 fd -17.5

roughness effect deter-
mined by knee-points of
seITli-logaritl,nlic plots .

._. -_._-_.- - -------------._----_. __._-------------~---------------------------------
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identified on the basis of two knee points in the plots

which were found to grow as xO.5•

Chang et al [17J did similar investigations of

the flow change in a pipe due to the presence of two

rectangular cross section ring type roughness elements

placed one after another at different intermediate distances.

Measurements of mean and turbulent quantities were taken

after both the first and the second elements and the two

results were compared. They observed that the exponent of

the power law of velocity profile increased with the reduc-

tion of spacing between the elements .

..rli and Islam [1.2J obtained measurements of turbulent
/-..

pf~e flow following a sudden reduction in. surface roughness.

They used a 4in diameter partly sand roughened pipe in

the experiment. It was found that the turbulent quantities

needed more distance than the mean flow quantities to reach

fully developed condition and that the mean and turbulent

quantities responded immediately to the new surface condition

near the wall.

2.3.2 Turbulent Flows through Rough Ducts and Channels

Jacobs [36J was the first to report investigations

of turbulent flows over rough surfaces other than in

circular pipes. He studied the transition which occurs in

the turbuient boundary ~ayer as it meets a sudden change

in surface roughness. He measured velocity profiles in a
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60 cm x 20 cm channel with its floor fitted with discrete

rib type roughness of 1 mm height and 8.0 mm pitch. Shear

stress was calculated from the measured velocity distribution

using Prandtl's mixing length equation.

Clauser ~9J obtained velocity profiles more or les~

similar to th6se of Jacobs as he studied the velocity

distributions downstream from a sudden change in surface

roughness on a flat plate in a constant Dressure boundary

layer.

CarDer ~6J measured turbulence intensities and

correlation coefficients in turbulent flow of air in transi-

tion from a smooth to a rough wall in a two-dimensional

channel of size q.O in x 46.S in. Discrete rectangular ribs

of height 0.281 in and width 0.437 in were placed each at

8 inches apart on both walls of the rough section. He

observed that boundary layer developed rapidly after encoun-

tering the first roughness element.

~ Earlier J.K. Heilhecker (1962) performed experiments

in the same channel and measured Reynolds shear stress in

the transition region by a hot wire anemometer.

Islam [34J repeated the measurement of turbulence

intensities in the channel used by Carper [16J

zero pressure gradient. Islam and Logan [35J reported that

removal of pressure gradients in the rough channel section

~id not affect the growth rate of internal boundary layer
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or that of the sublayer. But the modified pressure gradient
was found to cause great reduction in the transitional

overshoot of wall shear stress and turbulence intensities

~hich were previously observed by other investigators.

Perry and Joubert ~4J performed experiments on rough

surfaces with adverse pressure gradients to compare the
results of boundary layers with theory and with results of

zero pressure gradient flow. They used wind tunnel test

section measuring 5.5 ft x 4.25 ft at the downstream end.

Discrete rib roughness of height 0.125 in and pitch 0.50 in

were used. They proposed a method of finding out the position

of origin of vertical distance for rough wall flow. They

found that the roughness function was independent of imoosed

pressure gradient.

I Perry et al [55J presented a detailed experimental

-(

study of turbulent boundary layer development over rough

wall in both zero and adverse pressure gradients. The experi-

ments were done in a wind tunnel test section of Perry and

Joubert [54J . 1 1
Roughness elements were of "8 in, 2" in and 1 in

height and of k-and d-types. Velocity profiles were measured

and wall function was determined. The skin friction was

calculated from pressure gradient measured by tapping the

roughness elements and considering their form drag. Roughness
function was found to be a function of length of scale w.

For k-type rough wall, w was proportional to roughness scale

k and for d-type roughness it was postulate~ to be proportional

to boundary layer thickness.
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Antonia and Luxton 17] measured the flow field down-

stream of an upstanding k-type roughness just like th2t of
Perry and Joubert [5~ Mean velocity profiles were taken

to examine the growth of internal boundary layer from the
I

plots of u versus y2 (intersection or knee point of two
straight portions of the curves marked the edge of internal

boundary layer). Measurements also included longitudinal

and transverse components of turbulence intensity, Reynolds

shear stress, frequency spectral analysis of turbulence,

auto- and cross-correlation coefficients of turbulence

intensities.

~he response of a turbu~ent boundary layer to a depre-

ssed change of surface roughness was measured by Antonia

and Luxton [5J in a zero pressure gradient flow. They measured

velocity profiles,shear -stress, turbulence intensities and

Reynolds stresses. They found the growth rate of internal

boundary layer similar to that of zero pressure gradient

boundary layer, whilst the level of turbulence inside the

internal layer was high because of la~ge energy production

near the rough wall. The roughness geometry had the same

values as that of Perry and Joubert [54J.

~tonia and Luxton [6J also performed the experiment

on the above mentioned configuration with a reversed flow

direction, i.e. from rough to smooth surface. Detailed

measurements of velocity profile, skin friction, turbulence
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intensi ty, Reynolds shear stress were made and mixing length,

turbulent energy balance and diffusion energy flux distri-

butions were analysed. The rate of growth of internal boundary

lay~r was found less than that for the smooth-to-rough change
of surface roughness, and the flow could not be obtained

self-preserving over the 8.0 ft long upstream smooth surface

test section.

S. 5chofiel d [63J made significant investigations in the

turbulent boundary layers following a step change of surface

roughness in strong adverse pressure gradient. The roughness

used was of d-type as used by Perry et al [55J • Universal

logar~thmic distributions of mean velocity were found to be.

established shortly after the step. Only at a distance of

two boundary layer thicknesses downstream of the step, the

extent of wall similarity normal to the wall was comparable

with that in a corresponding unperturbed layer. The shear

stress implied by the logarithmic distributions adjusted

quickly to the new wall conditions by attaining an equilibrium

value with little overshooting in contrast to the cases of

similar flows on flat plates or in ducts.

/ Wood and Antonia [75J conducted elaborate experiments

on the turbulent boundary layer over a d-type surface roughness,

similar to those used by Perry et al [55J with e = 2. The

boundary layer was found to satisfy self-preservation

characteristics after -IT- = 1.5. The measurements included
h

shear stress, turbulence intensities, turbulence frequency



spectra, and the analysis also included roughness function,

dissipation of energy and flow visualization. Distribution

of Reynolds normal and shear stresses across the boundary

layer ware found closely similar to those found over a

smooth surface (excepting the region immediately above the

grooves.

/Tani aod Makita @5J measured for turbulent flows

through a two-dimensional channel with the wall changing

stepwise from smooth to rough and vice versa, and measure-

ments included mean velocity, turbulence intensities and

shear stress. The channel was 1.0 m wide and 10.0 cm high.

The top and bottom surfaces of the rough section were fitted ..<.

with 1.5 mm x 1.5 mm cross section ribs with

Measurements were taken at Reynolds number ~
pitch of 1.0 cm.

43.8x10 based

on channel half height and a reference velocity of 10 m/s.

The flow near the wall was found to adjust rapidly to the

change in surface roughness, while away from the wall, the

response was slow. Adjustment to new equilibrium condition

had set in the internal boundary layer shortly after the

roughness change. The shear stress overshoot at the rough-

smooth junction before returning towards the equilibrium
val ue.
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Table 2.3 Measurements of Turbulent Flows through Ducts and Channels with Roughness Change

_... _.-!

Author

Jacobs [36J
1 939

Flow configuration

60 mm x 20 mm channel
1 mm square ribs on
floor with iJk=8 to
give sudden transition

Measurements

U; p;' T

Instrumentation

Pi tot-static tube'

Comments

Shear stress calculate0
From Prandtl's mixing
length equation,

-----------------------------------------------------------------------_._--------_._-------_ ...~... --.. -~
Carper [16]
1 962

4.o"x46.5" channel
0.437 in x 0.281 in
descrete ribs on the
walls withA=8 in
to give sudden change
Re =30,000w2

U~UI ,v' ,Ru'v'

lS' Tr, LU I V I

Pitot-static tube,
Hot-wire anemomet~r

Boundary layer developed
rapidly following roun',nesr

,

Islam
Logan
1 976

and
[35]

Same as above
Re =30,800w
2

p,u,u'

l,S' Tr

Pitot-static tube,
static pressure
holes,
Hot-wirs anemometer

Flow with zero pressure
gradient-reducing transi-
tional overshoot of wall
shear stress,

-_._-------------------_._----------------------------------_._----_._----_._-----------
Perry and
Joubert [54J
196:\

Perry et alHH

5.5 ft x 4.25 ft duct
discrete rib roughness,
1<=0.125 in, A=0.5o in
U=60 ft/s,122ft/s

Wind tunnel section
Floor roughened by
discrete ribs,
K=1/8 in, ~ in, 1 in,
both k- and d-type

U,,'P

p,u

Pitot-static tube

Pressure tapped
pad roughness,.
Pitot-static tube

Flow with adverse pressure
gradient,roughness
Function independent of
pressure gradient,

.._--------------------- .
Flow with zero and advers',
pressure gradients -
rOLJghness function [lIaS

investigated for both
types 0 F flOI;!

~

II _. . _ ~
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Table 2.3 Contd.

CommentsInstrumentationMeasurementsFlow configurationAuthor----------------------------------------_._---------------_._-----------------------------------

Antonia
Luxton
-I971

and
[7 ]

Upstanding k -type
roughness as confi-
guration of [54J,
smooth to rough,
U=20 ft/s

u,u',v',
Tu'v"Ru'u
Ru ' v' , </lu' 'I'v '

Pitot-static tUbe;
Hot-wire anemometer

Internal boundary
grolUth examined_

1aye 1't!-;

Flow with zero pressure
gradient-internal
boundary layer's growth
examined,

Pitot-static tube.
Hot-wire anemometer

u,u' ,v', Tutv'Depressed change
of roughness
configuration of [54J
smooth to rough,

4 I,Reo =1.9x10 ,3.4x10

.- -- --.- ----------------------------------------------------------Antonia and
Luxton [5]
1 971

Antonia and
Luxton [6]
1972

Depressed change
of roughness, confi-
guration of [54J .
r,ough to smooth.

4 4Re =2.6x10 ,4.8x10

u,u',v', TU'V I Pitot-static tube,
Hot-wire anemometer

Rate of growth of
internal boundary layer
less than that for Slnooth
to rough case

Scho fie I-d- -{6-3]-C hang-~--of 1'0U ghn ess u, p - Pi to t-st~ ti-~--t-Cbe----F low ins t1'0ng a dv ers e ..-.
1975 of d-type. pressure gradient, shear

Configuration of [55J stress adjusted quickly I:Il
new equilibrium with littJp
overshoot

1- ., - . • ".__ .

II/oodand
Antonia [75J
197", .•

Change of roughness
of d-type,
Configuration of [55J

u, u ' , v '

Lu'v" <Pu"
</lv'

Pitot-static tube,
Hot-wire anemometer

Flow visualization done.
Dissipation of energy
studied

. - -~_._---------------------------------------_._-----------------------------------"-,-------------------_.-
Tani and
r~al<ita [65J
1 971

1 .Omx10cm channel
Top and bottom surf~ces
fitted with 1.5mmx1.5mm
ribs witht.=1.0 cm
Re=Uh:(v =3. 8x1 04

u,u',v',p
lulv'

Pitot-static tube,
Static pressure
hole. '
Hot-wire anemometer

80th smooth to rough an'l
rough to smooth flolds
studied; shear stress
ollershoo t at t.hF.! ~.rnnsi t J~'r

•• _._._-----_._~._.~-------------- ----------,-- -••_------~----- -- - ------ ._-----'.-_.- ._--_. - - + _. -_ •• _-
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2.3.3 Turbulent Flows over Earth Surface

Compared to pipe and duct flows, relatively a smaller

number of investigations have been carried out in the atmos-

pheric flow field to study the effect of the changing terrain

roughness on the boundary layer. This is mainly due to the
practical difficulties and large cost involved in such

measurements.

Elliot [23J was amongst the fore runners to concentrate

attention on the growth of the atmospheric boundary layer in

a change of surface roughness. He conrlucted experiments at

Naval Air Station, Houma, Louisiana, USA and used the runway

and surrounding grass field of average height of 1 m as the

smooth and rough surfaces. Measurements included wind and

temperature profiles using anemometers and thermistors. The

height of internal boundary layer in which the flow adjusted

to the new surface condition was found to grow as

6.
l

= 0.86 0.8
x (2.3.5)

The study was dovetailed with numerical computation of the

growth of 'internal boundary layer assuming logarithmic wind

velocity distribution and von Karman's integral method.

Panofsky and Townsend [53] further developed the-

theory of Elliot and verified the results with different

field observations, which included flows over a frozen lake

fitted with bushel baskets (Lettau et aI, 1962) and flow study
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over cut and uncut grass of 50 em h"ight (Deacon, 19,53').

Their theory was based upon the assumption of continuous

variation of shear stress from the surface to the edge of

the boundary where the stress was that in the original

layer.

Bradley [12J undertook elaborate experiments in the

lower atmosphere where the wind passed from one surface

condition to another. The observation sight was an air

fie~d on the Jevis Bay peninsula of the south coast of

New South Wales, Australia. The well maintained tarmac

surface and the nearby trees and bushes offered the objects

of interest. Surface shearing stress downwind of a surface

roughness transition was measured using drag plates, and

velocity profiles were measured for both ways transition

(smooth to rough and rough to smooth) of flow using anemo-

meters. The observed results were compar"d with theories

put forward by Taylor (1962), Elliot [23J and Panofsky and

"
Townsend [53J and good agreements were found with the latter

one for the flow

layer growth was

from smooth to rough surface; internal
Ijfound to follow 5 th power law.



CHAPTEF; II I

THEORY

3.1 General

The basic equations of boundary layer paranleters and
logarithmic velocity profile are introduced in this chapter.

Different approaches of treating the log-law of the wall

are described briefly and the method of 'locating the-origin

of rough wall distance is also dealt with.

3.2 Boundary Layer Parameters

The measure of the region of retarded flow in the

vicinity of a surface is ideally the boundary layer. But
'..as the velocity u within the boundary layer approaches the'

free-stream velocityOU asymptotically, for practical purposes

the boundary layer thickness 6 is commonly defined as the-

distance from the boundary to the point where u = 0.99 U.

The displacement thickness 6* of the boundary layer

is the distance the actual boundary would have to be displaced

in order that the actual flow rate would be the same as

that of an ideal fluid oast the displaced boundary.

Accordingly

30
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6
U 6 ~" = J (U-u)dy

0

6
6 " J ( 1 !:!o) dy (3.2,1)" = - U

0

The momentum thickness 8 of the boundary layer is the

distance from the actual boundary such thEt the momentum

flux through the distance 8 is the same as the- deficit of

momentum flux through the actual boundary layer. Thus

6
( p8 U) U = Jp(U-u)u dy

0

6
8 = J !:!o ( 1 - IT) dy (3.2.2)U

0

The ratio of the displacement thickness and momentum
-thickness gives the shape factor of the boundary layer.

H =

The average mean velocity at any cross section is

found from

UU = AJ (u/U)dA (3.2.4)
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3.3 Log-Law of Wall for Rough Surfaces

For constant shear region close to a smooth wall,

the wall shear stress and velocity profile obey the

universal logarithmic distribution well known as the log-

law of the wall:

+ A log + Bu = Y +s s s

where
+ uu = ----rr-s u

~ s
y U ~f

+ S
Y =

.v

.;;;
I ToS

U =S
P

( 3.3.1)

(3. 3. 2 )

aand A and B are constants. A is related to von Karmans s s
constant by the relation

In10
A =s K

(3. 3. S )

.If the wall is rough and the flow is fully turbulent,

the velocity in the vicinity of the rough wall is independent

of viscosity and the velocity distribution has been shown

+
u =r

1
K

In .r
k

+ B
r

(3.3.6)
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+ u (3.3.11 \where u ~ ~ )r ur

:;,-
~l~:Qr (3. 3. B )ur p

The velocity gradient near the rough wall is less

steep than that near the smooth wall and the log-law region

shifts outward from the wall than the region for the smooth

\.

wall. Further, the log~law profile of the mean velocity

gets a parallel shfit downward from that of the smooth

wall with the same flow. To account for the parallel shift of

the rough wall profile from the smooth" wall one , the

log-law equation for rough walls can be written in the form

~~u 1 In yu
B nu-,. ~ + --rrK v sU "u

(3.3.9)

where nu/u. is called the wall function or roughness function

measuring the vertical shift of the rough wall profile from

Hama (1954)

a function of

for the particular roughness

is universally
k
u

.:f

the smooth wall one and it

roughness Reynolds number
v

configuration. Many investigators including

and"Robertson [61J" have put the functional relationship in
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the form (for high R~k,say Rek > 50)

~~
Llu 1 In ku

K~;- = - +
K V

U

(3.3.10)

substitution of which in eqn. (3.3.9) generates the eqn.
(3.3.6). Here K is a constant depending on the roughness

characters and flow conditions. For a wide range of Rek,

K " 0.41. For high values of Rek, the first term of the

right hand side ..of eqo: ~3. 3.10.) becomes piedominant yi.elding

~t

\ flu 1 In ku
~ = --
U K V

(3.3.11)

Wood and Antonia ~5J treated the log-law for the

rough wall putting it in the form

u
= 1 In

K
(3.3.12)

where w,the roughness length scale is given by

w = .J!
;f

u
(3.3.13)
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3.4 Determination of Origin "for Rough Surfaces

In the eqn.(3.3.6) the measurement of wall distanc~ for
rough wall is ~ritical. This is because of the fact that

the rate of change of velocity increases very rapidly with

the decrease of wall distance. 50 the determination of wall

distance is very important to analyse the characteristics

of a boundary layer in relation to its surface and other

parameters. In the case of 'smooth' wall, its measurement is

straight forward. The wall distance is'measured from the

upper surface of the wall by some suitable measurement

methods and the origin of the universal log-law is taken

at the surface where velocity is zero. But in the case of

rough wall, selection of origin for the log-law equation

is difficult and controversial. This is mainly because of

irregular nature of the rough surface.

In analysing the boundary layer over rough surfaces,

different researchers adopted different methods of finding

origin to suit their requirements. From different experi-

mental results, it is clear that the origin of the rough

wall log-law occurs neither at the crests nor at the roots

of the roughness elements. It is somewhere above the roots

but below the crests as reported by Perry and Joubert [54)

Lin et al (1966), ~etterman (1966) and others. The rough

wall log-law origin has been reported to be situated even

below the roots of the roughness elements by Hanjalic and

Launder (1972), Lawn (1971), Berger and Whitehead (1977).
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It was discussed in the last article that wall

roughness displaces the smooth wall log-law profile downward

and rightward keeping its slope unchanged. In determining

the error of rough wall origin, Perry and Joubert [54J considereo

this fact of rough wall influence on smooth wall profile.

Using the rough-wall property, Perry and Joubert started

adding and subtracting an amount E, known as the 'error in

origin' from the roughness crest until the experimental points

( + +).U ,y 11ed on a straight line parallel to the smooth wall

profile under the identical flow conditions. In the present

investigation, the above method was adopted in locating the

rough wall origin.

. '



CHAPTER IV

EXPERIMENTAL SET UP AND METHODS OF MEASUREMENT

4.1 Experimental Program

The experimental program comprised measurements of

mean and turbulent characteristics of developing flows

over a stone_roughened flat surface following a smooth

surface. For the purpose of comparison as well as for

preliminary test of the flow through the wind tunnel

test section with all smooth surfaces,mean axial veloci-

ties and wall static pressures were measured with particular

attention to the flow over the floor-which was later

roughened with stone chips (Plate 4.1).

After roughening the floor of the test section, the

mean axial velocities, wall static pressures were measured

and the wall shear stress was calculated from the axial

pressure gradient. Amongst the turbulent fluctuating

quantities, longitudinal and transverse turbulent inten-

sities were considered. The whole set of experiments was

performed for four different Reynolds numbers.

Mean velocities were sensed by a pitot-static tube

and velocity gradient "very near" to the smooth surface by

a boundary layer tube. Measurements of turbulent parameters

were obtained with the help of single hot-wire probes

normal to the direction of flow. All the measured

37



quantities were recorded by appropriate recording instru-
ments.

A brief description of the main flow system appears

in the next section and the calibration facility is des-

cribed in section 4.3. The traversing mechanism and probe

setting arrangements are described in section 4.4. A short

discussion on the possible sources of error is given in

section 4.5.

4.2 The Flow 5ystem : Wind Tunnel

The basic experimental facility used in this work was

a 53 feet long open circuit subsonic wind tunnel with a

test section of 1.5 ft x 1.5 ft cross section.

The wind tunnel was originally designed by Islam [33]

as a closed circuit one. Subsequently the design was modified

by Khalil [3~ to an open circuit wind tunnel. For the

present work the wind tunnel was further modified and some

imporovements were made by incorporating a filter cum

settling chamber, a flow straightener, a flow controlling

valve, a silencer and an additional 5 feet long 1.5 ft x 1.5

ft size sectiOn.

The schematic diagram of the wind tunnel is shown in

Figure 4.1. Different views of the tunnel are given in

Plates 4.2 and 4.3. The wind tunnel broadly consists of a

filter cum settling chamber, a bell mouth entry, an eddy



39

breaker, a flow straightener, a unjform upstream section,
2 test section, a diverging section, twc counter rotary
axial flow fans, a flow controlling valve and a silencer.

The diverging part and the fan section of the wind

tunnel used by Khalil [3~ were kept intact and the rest

of the wind tunnel was fabricated or modified.

The filter cum settiing chamber measuring 10D in x

60 in was made with wooden frames covered with double layer

of t in thick foam sheets. A cloth cover for the settling

chamber was used in order to keep the foam clean and to

prevent external damages. This chamber immunized the flow

inside the tunnel against all outside disturbances and

foreign particles.

The 60 in long converging nozzle was made of 15 5WG

black sheet. The inlet and outlet dimensions of the nozzle

were 40 in x 40 in and 18 in x 18 in respectively, resulting

a contraction ratio of 5:1.

A honeycomb like flow straightener was made using

1 in diameter PVC pipes. As per suggestion of Bradshaw [1~

9~ in long PVC pipe pieces were stacked at the entry of

the tunnel section, the pipes being fastened to one another

and fixed to the tunnel wall with the help of Aica glue

(No. 601) ..This honeycomb made the flow sufficiently straight

and parallel to the axis of the duct.

A wire net with 4 holes/inch was fitted at the entrance

of the nozzle. This together with the flow-straightener helped

(



in breaking large scale turbulent eddies and reducing

lateral components of disturbance in the test section.

The wind tunnel section comprised five 18 in x 18 in

sections. The first two were made of t in thick persp80
sheet reinforced with araldite glued aluminium angles.

The first perspex section partly accommodated the honey-

comb straightner. The latter three sections were made of

wood. Roughness elements were provided in the 4th and 5th

sections. which formed the main test section for the

present experimental work. The upstream length of 7 feet

ensured achievement of a fully developed flow over smooth

surface before if reached the working section.

Two holes were made at 12~ in and 25 in from the

entrance end of the tunnel section at the center line of

the ceiling of the .section - one for monitoring the tempera-

ture and the other for that of wall static pressure. Tempera-

ture was recorded by a mercury thermometer and pressure by

an Ellison Company(U.S.A).inclined draft gage. A continuous

~ in slot was provided at the mid section ceiling of the

test section to facilitate traversing of pitot-static tubes

and hot-wire probes vertically at different longitudinal

positions of the tunnel. During experiment. the slot was

kept closed with wooden blocks which flushed with the inside

surface of the ceiling. The probe insertion arrangement is .t~
shown in Fig. 4.2.

(
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The test section was followed by the diverging

section. It was 15~ ft long and made of 15 5WG black sheet.

The angle of divergence of the duct was 60, which envisaged

minimizing the expansion loss and reducing greatly the

possibility of flow separation~

The flow producing fan unit was placed next to the

diverging section. It was a two-stage contra-rotating axial

flow fan (Woods of Colchester Ltd. England, Type 38 JTE)

of capacity 30,000 cfm at the head of 6 in of water. The

blades were L-type aero foil of diameter 38 in and the speed

was 1475 rpm (motor 3 ph/50 hz/4oo a). The position of the

fan downstream of the tunnel section produced an induced

flow through it providing a more uniform, stable and undis-

turbed flow through the test section.

The flow controlling butterfly type valve was used

to control the flow through the test section. It was fabri-

cated from ~ in mild steel sheet and was placed at delivery

end of the fan unit. A screw thread mechanism was used to

actuate the valve.

Finally the silencer was fitted at the end of the

tunnel to reduce noise of the system.

All the sections were connected with each bther with

the help of C-clamps and nuts and Dolts. Duct surfaces were

matched properly at the joints so that the stream lines were

not disturbed while passing from one section to another.

Il~
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Rubber gaskets were used between

/

adjacent ducts and foam
with musking tape was applied to prevent any possible

leakage of air. Special care was taken to ensure proper
alignments of the ducts so that a straight horizontal flow
could be obtained in the test section. The central longi-

tudinal axis of the wind tunnel was maintained at a constant

height from floor (viz. 4 ft 3 in).

All the component ducts of the wind tunnel were

mounted on 20 pairs of stands made of galvanised iron pipe.

The base-plate of each stand was bolted to the floor of

the laboratory. Wood and rubber pad packing were given

between the ducts and the stand platforms to damp out

vibration. A foam made isolator was placed between the fan

unit and the diverging part so that the vibration of the

rotating fan could not proceed towards the test section.

The fan section was mounted on a special foundation isolated

from the remaining floor by an air gap, insulating the test

section against possible transmission of vibration of fan

through the foundation.

4.3 Calibration Rig

The calibration rig was a low turbulence round jet

issuing from a 31 mm nozzle. The flow was produced by a

centrifugal blower run by an 1~ hp, 1420 rpm induction

motor. The blower discharged air into a 4 in diameter 5 feet

long PVC pipe holding the nozzle at its end. A cylindrical

•••



filter was fitted at the suction of the blower to get dust

free air at nozzle delivery. A hand operated butterfly valve

was installed just after the discharge of the blower. The

flow could be varied both by controlling the valve and by

changing the speed of the bloi.Ller. A flow straightener made

of 1 in diameter PVC pipes was fitted before the nozzle

along with a wire net to work as an eddy breaker. The air

stream finally emerged as a smooth, turbulence free jet

from the exit of the nozzle. The core of the jet offered

the bed for calibration of both the hot-wire and the trans-

ducer. The velocity of the calibration jet could be varied

from 10 ft/s to 160 ft/s, which covered well~the required

range of the experiment.

4.4 Traversing Mechanism and Probe Setting

The pitot-static tube and the hot-wire probe were

traversed in the air stream with the help of a Mitutoyo

(Japan) Coordinate Measuring Machine (Type CX 652 Code

198-402) with ranges X coordinate 24 in, Y coordinate 20 in

and Z coordinate 10 in (Plate 4.6). The mechanism was

actuated by a wheel through a rack and pinion arrangement •

.A position could be fixed upto an accuracy of 0.0005 in

-:.~

with the help of °L
l c. thus enabling the probes to be placed

with a great precision. The traversing mechanism was kept

over a rigid table made of mild steel angle with a view to

prevent external vibration.

,



The bDundary-Iayer tube was traversed with the helD

Df an Eberbach (U.S.A) traversing gear during checking of

the velDcity prDfiles Df the side walls, as shDwn in Plate

4. 7.

,In order to prevent undue vibration of the sensing

prDbe, the pitDt-static tube was suppDrted by a stepped

aluminium rDd Df diameter ~ in as shDwn in Fig. 4.4(a).

The pitDt tube was placed inside a grDDve cut thrDughDut

the length Df the rDd and fastened with it. The rDd was

rigidly fixed tD the hDlder, Fig. 4.4(b), which was

again fixed with the traversing gear. The sensing pDint

was kept 3 inches beYDnd the end Df the smaller diameter

step Df the rDdtD ensure that nD majDr disturbance was

caused tD the flDw near the senSDr by the presence Df the

suppDrting rDd.

The bDundary layer tube and the hDt-wire prDbe were

fitted with a OISA hDlder tube, which gave them enDugh

rigidity against any vibratiDn.

Great care was taken tD set the prDbesas cDrrectly

as pDssible with respect tD the flDw directiDn and wall

prDximity.

FDr calibratiDn Df hDt~wire Dr transducer, tWD rigid

prDbe hDlders with heavy bases were used (Plate 4.8). The

hDt-wire prDbe hDlder was prDvided with the facility Df

angular adjustment uptD an accuracy Df 0.5D,



For sensing static pressures inside the duct, 15,
static pressure holes were made in the lateral wall of the
test section through brass oi.pples as shown in "0

I 19 • u • 5

and Plate 4.9. Connections to the pressure transducer
were made through a m"ultiple channel selector valve shown

in Plate 4.10, facilitating rapid recording of the pressure
drop.

4.5 Error Analysis

In this section a brief account of errors and uncer-

tainties aSsociated with different stages of ~easurements

are given. The errors that crept into the analyses are also

discussed. The uncertainties were introduced in the system

of measurements during the calibration of the sensing

elements and were later cumulated to those during the final

measurements. The analyses of uncertainties involved in

different measurements are given in Appendix-C.

The error in the measurement of wall distance was

critical for those properties whose gradient near the well

was greatest and prominent. As indicated in section 4.4,

the sensing probes could be placed in the duct with an

uncertainty of + 0.00025 in. This could result in errors
of upto 0.50% in the mean velocity measurements near the
wall. The error was partially accounted for as discussed

in section 3.1.2. Error in the measurement of distance

between successive points beyond the wall was negligible.
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In case of measurements over rough surface, the
distance of probe was measured with great accuracy with

the help of telescope. However, the initial error in

aligning the probe with the datum mark had relative and

cumulative effects on the subsequent distance measurements.

During the experimental measurements, flow in the

tunnel varied for a particular valve setting due to the

variation of fan speed for transient motor core resistance

characteristics and changes in the atmospheric conditions.

To minimize the first effect, the fan was kept running for

half an hour before taking actual measurements. The flow

was monitored continuously by recording the static pressure

at the reference section of the wind tunnel. The flow was

found to vary within 0.01 in of H~O .of static pressure in
L

one experimental run and the flow reproducibility between

different runs was also maintained within the same range.

In all pressure measurements, static or total, the

maximum transducer ~rror was 0.75% of the measured value.'

This is smaller than the experimental scatter which can be

seen in the plots of mean velocity profiles and the static

pressure gradients

In the experiments, thg effects of second~ry currents
were not considered. Due to the presence of secondary

currents in the duct cross section, the wall shear stress

as reported bydecreased continuously towards the corner,

Ali 50 the shear stress calculated from the \pressure



~radient was not the true one but an approximate value.
However, as the decrease of wall shear stress is prominent

only near the corner, the effect of secondary current in

the present case, has little influence on wall shear stres~

because of the comparatively large duct dimension.

In the measurements of turbulence properties, the

possible sources of errors were related to probe setting,

probe's proximity to wall, level of turbulence etc. The

misalignment of the probe wire. with respect to the flow

direction was within + 30• Also for the seme alignment of

the wire, the response to the turbulence property would

vary due to the variation in the flow field. For example,

flow direct~on other than the true axial one would cause

to record a longitudinal turbulence quantity different from

the designated one. The secondary flow due to wall proximity

caused such deviations of the measurement of longitudinal

turbulence intensity. Also the hot wire system used was

meant for a typical turbulence level. 15%. 50 for turbulence

level above 15%. the values became inaccurate. However this

effect would be only secondary compared to those of other

external error sources mentioned above in the measurement

of turbulence

4.6 Preliminary Tests of Wind Tunnel

In order to test the flow in the wind tunnel and the

reliability of measuring techniques. preliminary measurements
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were made before starting the actual experiments. Mean

velocity and mean static pressure were measured at section

x = 0 for different flow rates. From the Figure 4.6, theD
t
flow was found to be almost symmetric about the centerline

of the test section. The mean velocity was found stable

within 1% of its value. The small discrepency between the

velocity profiles on the floor and on the ceiling of the

test section is attributed to the difference in surface

finishes of the wooden walls.

The flow in the test section of the wind tunnel was

found almost absolutely free from any transverse pressure

gradient, as evident from Figure 4.7.

The smooth-wall flow was found tb be fully developed

at the station -IT- = 0, where from the roughness elements
t

were added afterwards. The mean velocity profiles at different

axial positions (

to a single curve

x--0- = 0.0,
t

justifying

0.25, 0.5, 0.75) would coalesce

the attainment of a fully

developed flow condition on the smooth surface. To avoid

overcrowding of experimental points, however, the profiles

are drawn shifting their origin upwards, as shown in Fige.5.1a-
I

d The straight line nature of the semi logarithmic plots

of mean velocity also serve as strong evidence of a fully

developed flow condition (Fig. 5.3). These plots are

discussed in chapter V in the context of smooth wall

characteristics.

, ,
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The reproducibility of measurements by pressure
transducer was checked by repeating the same set of

readings several times distributed over a fortnight. Al so

the reproducibility of a flow condition in the test section

was verified by adjusting the flow controlling valve to

achieve a few certain flow rates repeatedly over a period

of one month. All the tests showed satisfactory evidence

of reproduction of flow conditions within 3% of mean center

line velocity and of measurements by the instrument within

1% of a measured value. And tRese variations were allowed

during the period of measurements.
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4.~ Measurement of Mean Quantities

Measurement of mean quantities include those of mEan
velocity, mean static pressure and different total pressure

of yawmeter holes.

4.7.1 Instrumentation for Velocity and Pressure Measurements

For measurement of axial mean veloei ty, a 1/16 in DC,

18 in long United Sensor pitot-static tube was used (Fig.4.Ba~.

Before measurements, the holes were checked for any burrs and

were cleaned carefully by compressed air.

The head of the pitot-static tube was hemispherical.

According to Huston [32J for a hemispherical head pitot-

static tube, misalignments of the tip of the tube by + 100

from the flow direction have little effect on the measured

value of total pressure. In the experiment, the misalignment
of the tube with flow direction was okept within + 2 .

For determining wall velocity gradient, a thin boundary

layer tube (Fig.4.8b ) was used. Velocity was found from the

recorded total pressure and wall static pressure. The wall

static pressures were measured through static pressure

tappings made in the side walls of the tunnel. •



Due to the snlall tip height of the pitot tube
used ir:l the rneasurements, rl1cf'1illan [68J correction factor

for the effective displacement of the pitot tube center towards

the region of higher velocities was negligible and so it was

not considered. The low Reynolds number correction described

in Bryer and Pankherst [1SJ was applied when pi tot tubE or

boundary layer tube Reynolds number ~U were less than 200,

where h is the internal dimension of the tube. In addition

to this, the wall proximity correction was applied for total

pressure readings near the smooth wall as suggested by

Mc~1illan [48J The wall distance was ascertained from the

mirror image of the probe on highly polished floor.

The mean velocities were inferred from the total and

static pressure data with the aid of incompressible Bernoulli's

equation

(4.7.1)

where p and Po are the wall static pressure and st?0nation

pressure respectively.

For determination of secondary flow direction in the

longitudinal mid-section of the tunnel, a th"ee-tube. Yawmeter

was employed, which is dealt in detail in Appendix B.

4.7.2 Recording of Pressure

For measurements of different pressures, the pressure

signals were transmitted to a transducer through a narrow

. '.•.•....~



(1.4 mm bore) flexible plastic tubing to get a good pressurO"

response characteristic of the system. A Furness Controls Ltd.

(U.K.) pressure transducer (Model MDC FC 001) was used for

recording the pressures. To check the calibration of thO"

transducer, its readings were compared with those of a liquid

micromanometer of Flow Corporation (Model MM3) and some

internal electrical circuit adjustments were made to give

correct readings in different scale ranges.

The pressure transducer was also calibrated against its

output voltage which varied linearly with the pressure. The

output voltage of the transducer was recorded with the help

of a Bruel & Kajaer (Denmark) autoranging time-domain voltmeter

(MOdel 2426) to get the ultimate signal of the pressure. For

measurement of all pressures, an integration period of 3

seconds~as used.

4,8 Measurement of Turbulent Quantities

For the experimental investigations of fluid flow,

quite a large number of methods, techniques and instruments

have been developed and used. Majority of these methods are,

however, for measurement of mean velocity and outher parameters

in fluid flows. Only a few techniques are in use for measuring

turbulent ~uantities for the last 2 or 3 decades.

In the measurement of turbulent flows, distinction

between measurement of mean flow parameters and measurement

of turbulence is important, The problems connected with these

two types of measurement are to certain extent related, but

the required criteria of the instruments to measure the two
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are different. The measurement of mean velocity is more or

less affected by the turbulence present in the flow, and it

is necessary to know only what correction should be made

in the reading of measuring instrument, but in measuring

the turbulence itself, any influence of the mean velocity

that produces an error in the reading of turbulence measuring

instrument can not be tolerated. Consequently provisions are

to be made to correct this error in the instrument.

Methods and techniques used for flow investigation

can be broadly divided into two groups.

In the first group, use is made of a tracer or other

indicator which is introduced into the fluid to make the

flow pattern visible (by photographic recording) or observable

(by a suitable detecting apparatus) outside the fi~ld of flow.

Due to very rapid flow change with respect to time and place,

this method is not very suitable for the measurement of

turbulence for want of appropriate instrument of instantaneous

and frequent recording.

In the second group, a detecting element is introduced

into the flowing fluid, and the turbulence is measured by the

change in mechanical, physical or chemical nature that occur

in this element due to the flow. In measuring these changes to

get the value of turbulence parameters, the detecting element

and the connected recording apparatus must satisfy a number

of requirements, which are enumerated in ref. [30J Hot-wire
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anemometers, hot-f.'lm apparatus and laser-doppler anemometers
are the major techniques that are now widely used for turbu-

lence measurements, because they satisfy, most of the above

mentioned requirements. Of these, the development and appli-
cation of the hot wire anemometer in surveying turbulent
flow have far outstripped those of other instruments meant

for the same purpose.

4.8.1 The Hot-Wire Anemometer

The hot-wire anemometer is used to study fluid velocities

and turbulence through measuring the heat loss rate from a

very fine wire introduced into the stream as the sensing

element. The wire is generally of diameter of the order of

micron and made of platinum, tungsten or platinum-iridium.

The wire is heated by passing small electrical current

(usually 30 ma to 300 mal through it. The heated wire is

cooled by the flowing stream of fluid across it causing

its temperature to decrease. Consequently the electrical

resistance of the wire is diminished. Then the different

electrical parameters can be used as the signal of turbulence

quantities. For example, if the current through the wire is

kept constant, the electrical resistance serves as a convenient

measure of stream velocity. Alternatively, for a constant

wire resistance maintained by a constant wire temperature,

the heating current or the voltage across the wire may

indicate the velocity.

,



4.8.2 Hot-Wire Instrumentation

For measuring mean velocity, the wire was calibrated

against velocities ~ecorded by a pitot-static tube. The wire
and the pitot-static tube were placed side by side in ~~e

core of the jet of c~~ibrating nozzle and the velocity and

the ~ire current were noted simultaneously. This tanta-

mounted to the experimental determination of the constants

Ai and 810f eqn. (0-9) thus providing the correlation

between wire current and cooling stream velocity (Fig.4.15).

For measurements of fluctuation in velocity, the

fluctuation of wire temperature or resistance has to be

recorded in the best possible manner. Here the measuring



criterion is the fluctuating voltage across the wire. To

account for different frequency of fluctuation, generally

a linear combination of the voltage and rate of change of

the voltage is considered. Since the fluctions are random

in nature, the voltage signals are measured with the help

of a root-mean-square voltmeter. Since the relative magnitudes

of the fluctuations of velocity are generally very small, the

voltage signals are sent to the voltmeter after sufficient

amplification and appropriate compensation to get the value

at a measurable level.

In the present experiment, a Flow Corporation Hot-Wire

Anemometer (Model HWB 3) was used. The model comprised the

basic hot-wire bridge, a square wave calibrator for signal

compensation and an amplifier for signal amplification. The

voltage 6utput signal was measured with the help of a Flow

Corporation Random Signal Voltmeter (Model 12A1) after

filtering the signals thro.ugh an electric filter of the

external and system noises. The instrument set up is given

in schemetic diagram form in Figure 4.1"4.



CHAPTER V
RESULTS AND DISCUSSIONS

5.1 Introduction

Turbulent flows over'smooth surface and in transition
from smooth to rough surface have been experimentally studied.

The varnished wooden floor of the wind tunnel test section

was taken as the smooth surface and the mean flow properties

over this surface were studied. Later the mean and turbulent

properties were investigated for flows over the same surface

roughened by stone chips.

Results for flows over smooth surfaces are discussed

with some important aspects of the flow elaborated.

This investigation was concerned with the measurements

in. the smooth-r00gh transition zone for flow over a flat

surface. For presenting the flow characteristics the duct

hydraulic diameter was used as the characteristic length.

At each section of the duct, its centerline velocity was

taken as the characteristic velocity, and was looked upon

as the free stream velocity for the flat surface. To represent

the. flows near the wall, smooth or rough, friction velocity

u was used as the characteristic velocity and v /u" as

/
\

the characteristic length for smooth surface while the roughness

height, k, as the characteristic length for rough surface.

For the purpose of comparis6n, boundary l~yer thickness was

also used as length scale.

,
57.
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Measurements of this investigation are also compared
with some of the comparable measurements of transition

boundary layer flows presented by orevious researchers.

5.2 Measurements of Smooth Wall

The measurements of flow over smooth wall included

mean axial velocity profile, pressure gradient along the

wall, and calculation of wall shear stress, boundary layer

parameters and log-law parameters. The whole set of measure-

ments was done at four different Reynolds numbers, viz.
555 5ReOt= 9.Box1o , 7.2ox1o , 4.61x1o , 2.7Bx1o , based on

hydraulic diameter of the duct and mean center line axial

velocity.

5.2.1 Mean Velocity Profiles

Figs.5.1a-d display the mean axial velocity profiles

measured over the 'smooth' wooden floor of the test ~ection

for different Reynolds numbers. Since only the flow over the

floor is of prime concern in the present study, the profiles

are shown up to the centerline of the duct. The velocity

profiles at four axial positions

clearly show the

x1\ = 0.0, 0.25, 0.50, 0.75

self-preservation of flow velocity attained

/

at the first station.

From the velocity profiles, the smooth wall boundary

layer characteristics are found out. The boundary layer
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thickness is determined from the profiles based on the 99%

of the free stream velocity. The average velocity, the
displacement thickness, the momentum thickness and the shaoe

factor of the boundary layers are calculated using the

.following formulas:

o = !:!. :I'(!:!.) dA
A U

~r 6
6 = J (1- j})dy

0
6

8 = J!:!' (1 - !:!.) dy
U U

0

6".H .-
= e

(3.2.1)

:3.2.2)

(3.2.3)

The values of the parameters for the different Reynolds numbers
are given in Table 5.1.

Table 5.1 Smooth Wall 80undary Layer Characteristics

5 n 6/0t
~tU ReOtx10 6 in 6 8 H

ftls ft/s in in
I

113.0 9.80 109.5 1•75 0.0972 O.250 0,200 1.250
84.0 7.20 81 .4 1.78 0.0989 0.252 0.203 1.242

I55.0 4.61 52.5
I 1.85 I 0.1028 0.260 i 0.211 1.2321

I
II

I 1.3291
33.0 2.78 31.6

I
1.90 0.1055 0.287 0.216

I

The values of the boundary layer indicate that boundary

layer thickness is less for higher Reynolds numbers. ~hich
agree with the findings of Antonia and Luxton [5J , Antonia
and Wood [8J. Faruque [29J
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5.2.2 Axial Pressure Gradient,

Axial pressure gradients of the duct for different

Reynolds number are shown in Fig. 5.2 and are found to be

constant throughout the length of the duct, The constant

oressure gradients conform to the general trend of flow

behaviour in uniform cross section ducts as reported by

Ali [3J Logan and Jones {45J and others.

5.2.3 Wall Shear Stresses and Friction Factors

The wall shear stresses for the smooth surface are

calculated by different independent methods as enunciated

in Appendix A. Axial pressure gradients, smooth wall resistance

coefficient and velocity gradients near the wall yield

different sets of values for shear stress, of which Schille~'s

(1923) resistance coefficient data gave a iower side value.

This is attributed to the difference in 'smoothness' in

Schiller's ducts and the present case. The surface velocity

gradients are taken from the velocity profiles (Fig. 5.4)

measured by the boundary layer tube. The average wall shear

stresses calculated for different Reynolds numbers are shown
in Table 5.2,

Table 5.2 Friction Ceofficients for Smooth Wall

10-5 103 ~fReotx Tos Cf x u
Ibin2 ftis

(eqn.A-1.4)
9.80 0.0545 3.805 4.929
7.20 0.0317 4.005 3.759
4.51 0.0159 I

II
4.587 2.562

2.78 0.0068
I

5.568 I 1.741
I
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Fig. 5.5 represents the variation offriction coeffi-

cient C~ with Reynolds number. The friction coefficient is
T

calculated

C~
I

from

2,
os

PU2

the relation

(5.2.5)

The exponential relationship of Cf with Reynolds number is

found for the present case as

C = 0.156 Re-0.27f . (5.2.6)

,- .

This is on the higher side of the commonly known friction

factor equation of Clauser [2DJ which is expressed as

Cf = 0.079 Re-0.25 (5.2.7)

Later Thomas and Easter [69J in their measurements in smooth

square duct verified the result of Clauser. The higher values

ofCf as found in the present case is due to the fact that

the results of Clauser or Thomas and Easter were for flows

through square ducts made of perspex sheet while in the

present study p6lished wood was used for duct walls. The diffe-

rence in the surface condition caused the difference in shear

stress variation patterns between the two cases.

The variation of friction velocity with Reynolds number

is shown in Fig. 5.6. It shows a decreasing tendency with

Reynolds number as was reported by Clark [18J • However, the

friction velocities are found to lie above those obtained

by Clark because of the reasons mentioned above.



The universal velocity profiles over the smooth surface

at different positions (x/Dt = 0.0,0.25,0.50,0.75) are

given in Figure 5.3. The mean velocity and wall distance

are normalized by UU and v/uu resDectively. The straight

line pat.terns the graphes testify the attainment of fully

developed flow condition at or before the station x/Dt=O.

In the plots, the experimental values of u* were used.

5.3 Measurements of Rough Wall

After roughening the floor of the test section by stone

chips, the mean and turbulence chararacteristics of the flow

were measured. The mean quantities were measured for four

Reynolds numbers as used for smooth surface measurements

(section ~.2.1). The mean quantities included mean axial

velocity profiles, pressure drop along the duct axis, wall

shear stress etc. Secondary flow characteristics in the

mid-longitudinal section of the duct were studied for Reynolds
5 5numbers of 7.2Dx1D and 2.78x1D •.The measurements of longi-

tudinal turbulence intensities were made at a Reynolds number
5of 7.20x1D •

In the following sections, the measurements over rough

surface are presented and the results thus obtained are

discussed.

.,
V

5.3.1 Mean Velocity Profiles

Mean velocity profiles measured over the rough surface

at different stations for the four Reynolds numbers are given



in Figs. 5.7. The vertical distances for all the velocity

profiles are measured from the smooth wall surface and the
mean velocities are non-dimensionalized by the free stream
velocities of the respective sections. The profiles show

the gradual development of boundary layer thickness with

axial distance and the trend indicates that the flow was not

fully developed at x/D, = 4.0, the last station of the present
t

research setup. The profiles for different Reynolds numbers

suggest that the rate of growth of boundary layer and its

thicknoess over the rough surface are almost independependent

of Reynolds number ~f the present experimental range while,

those over smooth surface decreased with Reynolds number as

discussed in section 5.2.1.

Comparing the velocity profiles of Figs; 5.1, 5.7 and

those of previous researchers, viz. Khalil [37J , Perry et al

[5~ and others, it is found that~the boundary layer thickness

increases with increase in surface roughness, but at a

decreasing rate. The inflation of boundary layer is most

pronounced for small initial increase of surface roughness

from smooth surface. The rate of growth of boundary layer

decreases progressively as the roughness height increases to

higher and higher values ,as evident from the following table.

Table 5.3 Boundary Layer Thickness for Different Surfaces

I Auths,r I Surface Type I =5 6 i~ReDtx1U
I

Khalil [37J Perspex 5.83 0.801
Present stu dy Wood (Polished) 7.20 1 • 791

,Present stu dy Stone Roughened 7.20 3.501
,,J



The velocity profiles over the rough surface show very

shy points of inflexions which signify the edge of the
,

internal boundary layer. Close observation of the profiles

shows that these inflexion points progressively move away

from the wall with increase in axial distance. The growth of

internal boundary layer is more clearly demonstrated in the

semi-logarithmic plots of velocity, which is discussed in
section 5.3.l".

Comparing the velocity profiles at x/Ot = - 0.25 in

Figs. 5.1 and 5.7, it is observed that the boundary layer

thickness over the same smooth surface increases from 1.73 in

to 5.0 in d_ue to the presence of rough.ness In the downstream

position, Secondary flow angle results of section 5.3.6 show

the deflection of mean flow away from the wall. Due to the

presence of secondary component of uelocity in the upward

direction, lower momentum fluid from near the surface moves

away from the surface, reducing the velocity in the neighbour-

hood, and thus thickens the boundary layer there.

The patterns of velosity variation ih axial direction

are given in Figs. 5.8. Mean ax.ial velocities non-dimensiona-

lized by the local free stream velocity are plotted with axial

distance, x, for different wall distances. These velocity

distributions also seem apathetic to Reynolds number. The

effect of surface roughRess on the velocity distribution is

more pronounced near the surface and distortions fade away
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as one goes away from the surface. The transitional behaviour

of the profiles persists mainly upto x/Ot = 3.0 after which

they look forward to attaining development of flow.

As the stone chips protrude above smooth surface, the

flow area decreases' from the smooth~rough junction. Due to

the reduction of flow area, fluid particles are accelerated

at the junction to satisfy the continuity equation. To show

this effect. axial distribution of actual mean velocity

(non-dimensionalized by smooth sect ibn free stream ve1bcity)

are shown in Fig. 5.Be. It shows that the accelerated state

of flow persists only near the junction point and that the

condition dies out gradually in axia1~direction to attain

a fully developed flow condition.

5.3.2 Pressure Gradient along the Ouct Axis

Wall static pressures measored through the pressure

tappings at the side wall are plotted in Fig. 5.9. There

are visibly three major regions in static pressure variation.

The first straight line portion represents the smooth wall

pressure gradient, the next part shems a sharp pressure drop

starting from the smooth rough junction. This pressure drop

is associated with the accelerated flow in transition zone

as discussed previously in section 5.3.1. The nose dive of

pressure is more pronounced at higher Reynolds numbers

because the same relative acceleration of flow demands more



velocity increase for higher Reynolds numbers. After about

2Dt downstream of the junction, the pressure gradient approa-

ches a new equilibrium value ror the rough surface overcoming
the transition.

5.3.3 Friction Coefficient and Wal1~Function

The average wall shear stress for the rough surface

is calculated on the basis of near equilibrium value of the

pressure gradient, as described in Appendix A. The rough

surface friction coefficient is plotted against Reynolds

number in Fig. 5.11. The correlation between the two quan-
tities is estimated to be

(5.3.1)

which shows weak dependence. of Cf on Reynolds number for

the present case of high roughness.

The friction coefficient for the duct as a whole is

also presented in Fig. 5.11. The duct resistance. coefficient
is found to obey the relation

(5.3.2)

The resistance is found to be on the higher side of the values
found by Fujita [-&5J and Ali [3] It shows that the frictional
resistance increases considerably with the increase of surface

roughness, because roughness elements used by Ali [3J and

Fuji ta [25J were much smaller compared to those of the present.
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5.3.4 Log-Law Profilss and Wall Function

The logarithmic velocity profiles for different Reynolds

numbers are shown in Fig. 5.10. Velocities are normalized by

the friction velocity u. and distances by v/u •. The wall

distance is measured from an origin determined by the method
put forward by Perry and Joubert [56J , and Perry et a1 [55J

The origin of the universal velocity orofiles was found to be

at 0.025 in from the roots of the stones or 0.6 in below the

average crest height. The lo~ law profiles for the rough surfaCE

thus plotted showsdthe vertical shift from~the smooth wall pro-

files for the same flow situation. This vertical shift is called

the 'wall function' of the rough surface and is seen in the
ku.Table 5.4 to increase with the roughness Reynolds number _ •. V

Table 5.4 Rough Wall Log-Law Characteristics

-5
u. ft/ s ku.ReOtxl0 8 Llu-v r u.

9.80 17. 90 1485 -14.95 17.82.

7.20 13; 35 11 30 -14;45 17.25

4.61 8.22 800 -13.63 16.19

2.78 5.98 525 -12.60 14.75

Fig. 5.12 shows the wall function's correlation with

the roughness Reynolds number. The wall function is determined

from the definition

Llu
u. = (~)

" sU"
(5.3.2)



using the experimental values of the right hand side terms.

The wall function dependence on roughness Reynolds number is

found to be

flu
= 5. 91 u"klog - 1.0v (5.3.3)

which implies K = 0.39. In the light of Hinze's [30J discussion,

the intercept portion is sufficiently small to be neglected

for the present range of Rek and the

taken to be directly proportional to

of the similar relations obtained by

wall function may-be
u"k100 --- • The sloo,es- v

Moore (1951) an d Hama

(1954) are the same as that of present investigation and

Moore's relation is very close to the present one. The_rough-

ness of Moore was rib type with small equivalent sand rough-

ness compared to the present case, which suggests that wall

functi061s variation with roughness Reynolds number is not

very dependent on roughness height. The data of Furuya and

Fujita ~6] shows a similar trend for mall function but at

a lower ran~e of Rek. Nikuradse's (1933) sand roughness, on

the other hand, exhibits a higher slope than those obtained

by others. Clauser [19J dealt with this issue in detail and

attributed the variation in different results to the choice of

length scale of Rek - either absolute roughness height or

equivalent sand roughness.



5.3.5 Growth of Internal Boundary Layer

Near the smooth-rough junction, the mean velocity

profiles of Figs. 5.7 show points of i~f.lexion which move
away from the wall in the flow direction. These inflexion

points are clearly seen in their semi-log plots in Figs.5.13a-d

where these are termed as 'knee points'. In the figure the

'knee points' of each profile are marked. The locus of the

outer 'knee points' indicates the growth of inner layer

while that of the lower knee points identifies the inner

sublayer and they are shown in Fig. 5.15 on logarithmic scal~.

The lines joining the outer 'knee points' and inner 'knee

points' indicate the presence of transition zone which is

clearly seen for profile at x/Ot = 0.75. Both the growth

rates have a nominal slope of 0.46 (o.~xO.46). For comparison
l

resul ts of Ali and Islam [2J, :Islam.,and Logan [35J...-'Aotonia

and Luxton [5,7J are also shown in Fig. 5.15. Results of

sand roughened pipe flow of Ali and Islam [2J coincides witb

present results, though the scale of roughoess in the present

study is about 15 times of Ali and Islam's value. Results

of Islam and Logan [~5J and Antonia and LUxton [7J for upstans-

i~g .rib type roughness show nearly the same rate of growth

(~ 0.50) h' h' h' h th th tf' d' R Itu.~x w lC lS 19 er an e presen In lngs .. esu s
l

of depressed rib type roughness of Antonia and Luxton [5J show

still higher rate ofogtowth (Oi~xO.79~ of internal boundary

layer. The above analysis indicates that upstanding roughness
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initially thickens the boundary layer more than the d8prs5Sgd
type of roughness as the flow encounters the roughness challge

but have lower growth rate than the later type. It is 2150

found that its growth rate is independent of Reynolds number
within the experimental range (ReOt = 9.BOx105,2.78x105) as
found by AntoRia and Luxton [5J (Ret5= 1.9x104_3.4x104).

Islam. and Logan [35J tried to correlate the growth

rate of different flow conditions. Their ~orrelation success-

fully predicted the inner layer growth of channel flow measure-

ments,but the pipe flow measwrements of 5iuru and Logan ~4]

showed a higher value than the prediction. The discre~encies

of Islam and Logan's correlation are thought to be due to the

improper selection of length scale,i.e. radius of the pipe

or half height of the channel, for normalization.

The growth of inner layer is independent of the outer

flow condition and depends mainly on the adjoining surface

condition. 50 instead of using the length scale representative

of t.he broad flow geometry, some length scale representative

of the surface itself may be useful in normalizing the inner

layer. For this purpose, equation (.3.3.9) may be rewritten

in the form:

u

u" K
In L

w
(5.3.4)

where w is the length scale representative of the surface

and can be expressed by comparing equation (6.3.9) with
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eqn. (5.3.4)

v [ "C f',u A)jw = exp -
u ~f u"

For smooth wall flu = D, sou .:f

w = vi [u* exp(KA)] (5.3.5)

The~present results of inner layer are normaliied with

wand plotted in Fig. 5.16 with those of Antonia and Luxton

[5,7J and schofield [63J Within the experimenta~ scatter,

all the results seem to lie on a single curve represented by:

(5.3.7)

.{
"

To indicate the relative roughness change of different

experiments,the meteorological parameter M is indicated in
w2the figure where M =In ,the suffixes 1 and 2 refer tow1

upstream and downstream of the junction respectively.

5.3.6 Axial Distribution of Wall Shear Stress

Mean axial velocities are plotted semilogarithmically

in Figs.5.13a-~ The slopes of these graphes near the surface

shear stress from the log-law of wall, as deScribed in

Appendix A. The shear stress variation in the axial direction

is shown in Fig. 5.14. The curve shows that immediately

after the junction, there is a steep overshoot of surface

shear stress, and shortly afterwards the shear stress gives
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a nose dive to a lower value. Then the shear stress moves
towards an equilibrium value, which issseen to agree well
with the-average value of shear stress obtained from the

rough wall pressure gradient as shown in the figure.

The overshoot of wall shear stress in the transition

region were also observed by Tani and Makita ~5J ~nd

Islam and Logan [35J • The reason of this overshoot is thought

to be due to the upstanding obstruction to the flow, which

offers a sudden high resistance. The pressure gradients are

also found to be very steep at the junction (Fig.5.9),

justifying this large variation of shear stress. Determination

of wall shear stress in the way, as done here, is controversial

as the von Karman constant's value is not necessarily the same

in all of the flow region.

5.3.7 5econdary Velocity in Mid-Longitudinal Section

Viewing the flow as a two-dimensional one, the vertical

components of the mean velocity were measured in the boundary

layer undergoing a smooth-rough transition. The angles made

by the. mean velocity in th,~ mid-longitueinal section of the

duct with the axial direction are plotted in Figs. 5.17. The

flows are found to have headuo direction from the s~rface5as

they encounter the surface obstacles. The deviation of flow
I

from the axial direction is seen to start at or before 0.25 Dt
upstream of the smooth rough junction. The angles are maximum

at the junction (x/Dt~O) and near the surface. The angles,

then, gradually decrease along the flow direction as well as



away from the wall. Only close to the rough wall (y/Ot=O.DB3;,

the flow directions are seen to be towards the wall, which is

probably due to the local vortices produced around the crests

of the big stone chips.

The resultant mean velocity in the mid-longitudinal

section is found from the relation

u
cos y (5.3.8)

C
\

where y is the angle made by the resultant velocity with the

axial direction. To show the flow field, the velocity vecto+,s,
are drawn in Fig. 5.18. The pictorial representation demons!.

trates the expected pattern of mean flow field. The effect

of surface roughness on flow direction is found to die down

as the distance from the rough surface increases. The effect

of roughness on the flow direction is noticed to be less for

higher Reynolds number as one goes away from the wall.

5.3.8 Turbulence Intensity

The longitudinal turbulence intensity of the flow field

measured over the rougR:.surface following the smooth-rough

junction is presented in Figures 5.19 and 5.20. The ratio

between the rms value of the longitudinal component of the

fluctuating velocity and local mean axialcvelocity is plotted

against vertical distance from the wall for different axial

locations in Fig. 5.19. The plots show that turbulence
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intensity is maximum near the surface, both smooth and

rough, and reduces as the wall "distance increases. The fact

is also demonstrateQ of by the oscillograms of the turbulent

fluctuations at different wall distances for x/Ot = 1.0

in Plates 5.1. The turbulence intensity ,decreases gradually

with vertical distance for smooth surface and at smooth-

rough junction, but the decrease is sharp and sudden over

the rough surface in transition region. Then as one goes

in the downstream direction, the rate of decFease of the

turbulence intensity away from tthe wall becomes lower.

Fig. 5.20 shows the pattern of variation of turbulen~e

intensity with x for different wall distances. It is seen

from the graphes that the turbulence intensity rises sharply

as the flow encounters the roughness, and the rise is more

severe near the wall. The same trend was observed by LogaR

and Jones [46] for the flow in a pipe undergoing a smooth

to rough transition. Also it is found that the magnitude ,of

turbulent intensity over the present rough surface is not

significantly Qtfferent from that over the rough surface of_

Logan and Jones who used very small roughness compared to

the present case. This suggests thattrough surface turbulence

intensity is weakly dependent upon rougRhess dimensions.

After the erratic behaviour in the transition re~ion, the

turbulence intensity is seen to proceed towards an equilibrium

value approximately from x/Ot = 3.0 downstream from the

junction.

(""'~r-

\,~



A reference is here made to the comment of Hinze :[3 OJ

that the ratio between the turbulence intensities of rough

and smooth :'surfaces should be I roughly I equal to the ratio

between the rough and smooth wall. shear stresses. The two

ratios for a few studies are tabulated below.

Table 5.5 Ratios Between Rough Wall and Smooth Wall
Shear Stresses and Turbulence Intensities

I

Author Roughness k T -/T 1',);' /u I Is in r s
Ir s

I ,
iLogan and Jones [46] Sand 0.073 3.33 2.33 I
I

[ LJ ]
,Ali - Sand 0.040 3.0 2.0 i
!Carper [16] Rib 0.150 3~0 2.0 i

Present study Stone 0.625 10.0 5.0 II

The table shows that Hinze's contention is crudely true for

smabl wall roughness only and the divergence between the two

ratios is higher for higQ roughness.

~
\ (
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CO NC L U S I 01, 5

0.1 Introduction

The present research objectives have been achieved

and the findings ape discussed in chapters V and VI. The

important points are again emphasized and summarized in

this chapter and possible extension of the present work
is underscored.c

5.2 Achievements of the Present Work

The measurements of the flow structure over a flat

surface following an increase in surface roughness revealed

both well-known as well as not-so-known features. To the

best of the author's knowledge, this study is the first of

its kind in the field of rough wall flow, because no other

previ6us laboratopp research used the big size stone chips

(k = 0.525) as in thee present case. The study of thes

turbulent boundary layer over the stone roughened surface

showed that increased surface roughness increases the wall

shear stress-proportional to the roughness scale while other

important flow parametemsuch as boundary layer thickness,

rate of growth of internal boundary layer, wall function,

longitudinal turbulence intensity are not proportionately

75
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responsive to the roughness scale for its higher values.
In the present measurement, determination of actual flow
direction which is away from the wall, explains the fact

of boundary layer growth overt the smooth s~rface even at the
upstream position of the roughened surface.

6.3 Conclusions

The following conclusions are drawn as consequence

of the present research work:

1 • The boundary layer thickness increases~ith the

increase of surface roughness,but th~ rate of increase

decreases progressively as the roughness height

increases.

2. The wall shear stress is greatly dependent upon the

surface roghness and increases as the roughness

he..ght increases.

3. The static pressure falls suddenly at the smooth-rough

junction caused by the flow acceleration due to the

reduced flow area.

4. The rough-wall shear stress exhibits a sharp shoot up

immediately after the roughness change.

5. For the roughness used in the present research, the

flow does not develop 4 hydraulic diameters downstream

of the smooth-rough junction.

,\,.
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6. The deviation of mean flow from the axial direction

starts before the flow encounters the roughness and

dies down as ~'l.ne wall distance increases. This

deviation in the upper region is lower for higher

Reynolds numbers.

7. The semi-IogaritRmic velocity profiles show two knee

points immediately after the transition but after a

distance of x = 2Dt, the knee pointssare not clear.

8. The internal boundary layer thicknes~ is found to

be proportional to 0.46 th power of the axial dist3nce

from the smooth-rough junction.

9. A length scale based on the surface roughness is

competent in predicting the growth rate of internal

boundary layer.

10. The wall function, t,uju", does not considerably

..,~
depend on the roughness height .

11. The turbulence intensity is maximum near the rough

wall and quickly decreases with wall distance. The

rough surface turbulence intensity is about six times

of the value of the smooth surface.

12. Magnitude of turbulence intensity does not increase

proportionately with the roughness height.
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S.U Extension of the Present Work

The study of tupbulent flow in the transition region

of the surface roughness change has been undertaken by a

few workers in the past and has been presented in this
thesis. Due to relatively limited amount of measurements

performedffor flows over surface with high roughness change,

several questions, as regards the turbulence parameters and

secondary velocity, are yet to be solved. As a direct extension

of the present work, the following suggestions may be made

for continuation of the research in the similar flow fields.

1. The same roughness configuration can be used with a

longer rough section to allow for the fully developed

flow condition after the transition and the flow

characteristics in that condition may be studied.

2. Reynolds' shear stress, correlation coefficients,

turbulence frequency spectra can be measured on the

same type of s~rface in order to get a ~reater insight

into turbulence structure of the flow field.

3. Roughness elements of size even bigger than those

used in the pr~sent work may be employed and the work

may. be repeated to see the effect of roughness size

on mean and turbulent quantities.



4 . Secondary flow

80

in the boundary layer over the

of .. rough surface in the transition region can be studied

in more detail by measuring the flow angles in the

plane perpendicular to the flow.

5. The effect of roughnes8change from one small

roughness to another larger roughness on the flow

may be studied rather than the flow from a smooth

to a rough surface.

,,\

6. Measurements of flow in sections other than the mid-

longitudinal section can be done in the same flow

condition.
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APPENDIX A

DETERMINATION OF WALL SHEAR STRESSES

A-l Shear Stress for Smooth Wall

The wall shear stress for smooth wall is obtained by

several independent methods.

The first method calculates smooth wall shear stress

from its basic definition,_ following the method of Preston

[S8J ' which is

(A-l.l)

The velocity gradient near the surface is found from the

velocity profiles obtained by the measurement with the

boundary layer tube. Velocity profiles for different Reynolds

numbers were measured both for the smooth wooden floor and

the side perspex wall and their respective shear stress

are listed in Table A-l;

Table A-l Wall Shear Stresses Calculated From Velocity
Gradients

SMOOTH WOODEN FLOo R i SIDE PERSPEX WALL
-5 (~) T (.~~)- TReotxl0 os osdy 0

Ib/ft2
dy 0 Ib/ft2Is Is

9.80 150,000 0.0582 ! 93,000 0.0361 I
7.;:'0 96,000 0.0372 56,000 0.02173

.

4.61 43,000 0.01668 27,000 0.0105

2.78 21,000 0.0081 12,000 0.00465
!

82



.83

Secondly the smooth wall shear stress for the duct

calculated from the data of resistance coefficient of

Schiller (1923). As described by Schlichting [62J , the

smooth duct shear stress is given by

,
s (A-1.2)

where A is the resistance coefficient. The values obtained

from this equation are given in TableA-2.

The shear stress for smooth surfaces is again determined

from the axial pressure gradient of the duct. If the wall

shear str~5. is assumed uniform throughout the perimeter

of the duct, then a simple force balance provides

, =s (A-1.3)

where £E.
dx is the pressure gradient assessed from the wall

static pressures measured by the wall tapings.

However if the difference in wall shear stresses for

wooden floor, wall, ceiling and perspex wall is taken into

account, then the force balance gives

30tdx °t dx • 2, + T = dp. OJ,os os

°t
•

(£E.)
,
os (A-1.4), = '3 - -3-os dx s

where " is the wall shear stress for perspex wall knownos
from the';knowledge of velocity gradient. .The values of wall
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shear stress obtained by both the eqns. (.~-1.3) and (A-1.4)

are to be found in Table A-2.

Table A-2 Wall Shear Stresses Calculated from Resistance
Coefficient and Pressure Gradient

. 5ReO x10
t

Eqn. (A-1.2)
A1x102 T

S

Ib/ft2

Eqn.(A-1.3)

7. 20

4. 61.

2 •. 78

1 .06

1 .1 8

1 • 45

1 .65

0.0356

0.0220

0.0112

0.00465

0.1331

0.0779

0.0388

0.0167

0.0499

I 0.0292
10.01455
iI 0.00526

0.0545

0.0317

0.0159

0.0068

A-2 Shear Stress for Rough Wall

The wall shear stress for rough wall is obtained by

two independent methods.

Firstly the axial pressure gradient is employed to

calculate rough wall shear stress, the pressure-gradient

being found from the measurements of the wall static pressure

tappings. A force balance gives

T =
r

£E. )r 0
dx t 2 Tos

,
T os (A-2.1)

where the smooth wall values are those obtained from the

velocity gradients. The values of rough wall shear stresses



are listed in Table A-3. The shear stress for the duct as

a whole is also calculated using the relation

T
r = do )

dx r (A-2.2)

Another method to find out the rough wall shear

stress is the use of logarithmic velocity profile over the

rough wall

u 1 In y B~ = +K K ru

which can be written in the form
~,

"u In B'u = - y +K r

(A-2.3)

(A-2.4)

.(A-2.5)

Assuming the value of Nikaradse [52J for X to be

0.4 the eqn. (A-2. 4) becomes

u = 5.75 u logy + B'
r

which is a straight line with slope m =5.75 uK.By
knowing the slope m from the actual plot of eqn. (A-2.5),
m can be obtained to give

u = (A-2.6)
As by.definition

~f
U =,1 T Ip

r

so finally it is found

(A-2.6)

T =r

2
~
33.1 (A-2.7)



APPENDIX B
YAWMETER: A PRESSURE PRD~E METHOD OF DETERMINING

FLoU; DIRECTION

B-1 The Yawmeter

There are two ways by which flow direction can be

measured with the help of pressure probes. In the first

method a symmetrical arrangement of sensing holes is used.

Here the probe system's orientation is adjusted to a

position for which the same pressure is sensed at each hole

and the flow direction is then found from a correlation

with the geometry of the probe. This method is known as

'null-reading' or equibalanced method (Lewkowicz, 1976).

The second method of determination of flow direction

is based on the fact that the fraction of total pressure

of the flow field sensed by the pressure probe depends on

the angle of incidence of the flow with the plane of the

probe hole. It is a maximum when the flow is normal to the

plane of the probe hole and a minimum when parallel to it.

Based on this philosophy a multi-tube probe with holes of

different angles of inclination with flow direction is

employed to measure the flow angle, which is called 'Yawmeter'.

The pressure recovery characteristic or the sensitivity of

the probe to 'Yaw' depends on the probe's apex angle. The

sensitivity of the yawmeter in i~compressible flow can b~

B6

, ,

"
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expressed as

sty ) (0 - l'•....' - j. )

where P1 and P2 are the pressures recorded in the camphered

tubes (Fig. 3.2), P3 is the total pressure recorded by the

total head tube of the .yawmeter, P is the atmospherica
pressure and y is the 'angle of the yawmeter' with respe8t

to the flow direction. The most important thing is the

magnitude of the pressure difference 6P = P1-P2 which can

be detected by the probe and the accuracy with which it

can be measured, as these together determine the resolution

attainable in the measurement of flow direction. The smallest

change of the flow angle which can be detected by a yawmeter

system can be expressed by the equation

6y = 6P .mln
2S(y)dpu

(B-1.2)

where 6P. is the minimum pressure difference that can bemln
read on the manometer and sty) is the yawmeter sensitivity.

In the present investigation,a multitube (3-tube)

yawmeter made from stainless steel tubes of 0.B1 mm 00 and

0.5 mm 10, with an o .
apex angle of 70 was used. This value

was used by Bryer et al (195B) and gave satisfactory results.

The sensitivity of the yawmeter was calculated to be

sty) = 0.057. The Furness Co. pressure transducer used in

the measurements could read pressure upto an accuracy of



88

0.5 mm of water in the experimental range. The yawmeters in

the present system, thus, could read up to an angle better

than 0.20 at an air speed of 85 ft/s. This lower limit of

resolution is adequate for the present measurements.

8-2 Calibration of Yawmeter

When a yawmeter is placed in a flow field, the pressures

recorded by the different sensing tubes varies with the flow

direction. If P1' P2 and P3 are the pressures recorded by the

two camphered tubes and the total head tube respectively

function of flow angle y • According to Bryer and Pankhurst

[1 5 ] within the limit of y between + 200, the variation

is linear in the form

P1 - P2
------=Cy
P3-(P1 +P2) /2

(B-2.1)

where C is a constant to be found out experimentally.

During ..the process of calibration, the yawmeter was
o .placed in the calibration rig at certain angles ( <20 ) with

the flow direction. The velocity of the flow was maintained

constant,yawmeter1s angular position was varied. For each

angular position of the yawmeter, the pressures of the three
tubes were recorded with the help of a selector valve. The

pressure ra tio (P1 -p 2)103-(P1 +p 2) /2J was plot ted aEjginst the

angular position y on a plane graph paper as shown in Fig.3.3.
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The calibration curve obtained showed a small deviation

from the pattern of eqn. (B-2.1) that the straight line did

not pass through the origin but made 2 negative intercept

on the vertical axis. This was attributed to the assymetry

of the placement of the camphered tubes during fabrication.



APPENDIX C
UNCERTAINTY ANALYSIS FOR MEAN QUANTITY MEASUREMENTS

In the present investigation, measurements were taken

with great care to minimise the oossible sources of error.

But the inherent limitations of the sensing transducers

and the measuring instruments, the atmospheric changes

and the probe settings introduced some error in the process

of measurements. Uncertainties thus crept into the measure-

ments of velocity and pressure is analysed in the way as

suggested by -"Kline and McClintock [39J

C-1 Uncertainty in Mean Velocity Measurements

When air was flowing with a velocity u (ft/s) and a

pitot-static was placed parallel to the flow, the velocity

was found from the dynamic head h (ft) of water recorded byw

the pressure transducer from the relation

(C-1.1)

where Yw and Ya were the specific weights of water and air

respectively. If the sensing point of the pitot-static had a

misalignment of e from the direction of flow due to adjustment

error, then the measured velocity would be

u ~ ~cos e
/ Ya

Using P ~ Y RTa

90

(C-1.2)

(C-1.3)
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where P, Rand T are pressure, gas constant and absolute

temperature of air respectively, velocity becomes

u = /2gh ¥ RT/p cos ew w

(C-1.4)

where transducer reading is in mm of water.

Now the question of variation of specific weight of

water during measurements does not arise as pressure trans-

ducer was used for measurements. The small variation of

density of the micromanometer liquid during the s~ort period

of.calibration of the transducer has negligible effect on

the final reading.

The uncertainty in velocity measurement can thus be

expressed as

au
ahw

)2(auU)2J~Uhw + ae e (C-1.5)

where Up' UT, Uhw and Ue are uncertainties associated with

pressure, temperature, transducer reading and alignment of

the probe with flow direction.

To get the uncertainties involved in the different

variables the respective partial derivatives are now found

out. Rewriting eqn. (C.1. 4) in the form

u = C Ih Tip cos ew (C-1.6)
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where C ~ t20y R/30~.8- w
the partial derivatives of u are faun d to be

au C r-

ap ~-2 /h T/p3 cos 8w

au C ,----
aT ~ 2 Ih /(TP) ~cis 8w

au C ,
3h 2 IT/(h p) Cos 8ww

au -C /h T/P sin 8ae ~ w

(C-1.7)

(C-1.8)

(C-1.9)

(C-1.10)

(C-1.11)

"

Combining these equations with eqn. (C-1.5) we get

h T 2
8 [(_w_)Up

p3

(C-1.12)

From eqns. (C.1.5) and (C.1.12),. the uncertainty in

velocity 'measurement takes the form

U
u

u
I= "2 (C-1.13)

Now during an experimental run, the following

conditions were observed:

r



in
or 1.16%,.= 0.0116u

The corresponding Uilcertainty
U
ubecomes

The wall static pressures me8sure"d from the wall
tappings were the gage pressures below atmospheric pres;~re.

If P be the absolute static pressure and P be the atmGpheriea

pressure, then the recorded pressure would be

p = p - pr a

and the absolute static pressure

p = p -pa r ((,..2.2)

The recorded pressure is nothing but y h , so ti:c'tw w

p = p - Y ha w w ([-2. 3)

Since change of density of water is irrelevant m
transducer, the uncertainty in wall static pressure
measurement is

[( ~ )2 (2£ U )2
IU = Up + F (l-2.4)p , ah hw.a a ~;

Now ap
= 1 (--~)ap L,...t::: • ....0

a

do
([-2.6)ah = -y ww



Since for a short inter\;'al, U = [! and for an
p

experiment, p = 14.55 psi (2095 psf), U,hw = 0.5 mm of H2l'.
the uncertainty becomes

U
-E.
p =

52.4
2095 x

0.5
25.4x12 0.005%

However the st.'tic pressure recording was greatly

prone to the deviation from the squareness of the static
pressure holes.

When static pressure was measured by pitot-static tube,

the recorded static pressure was subjected to error of

misalignment. If h was the transducer reading, then the recordec
pressure would be

which can be reduced to the form

(C-2.7)

. 28Sln (C-2.8)

h being measured in mm of water.

Eqn. (C.2.8) is now looked upon as

(C-2.9)

(C-2.10)



p Z p Zu Z ua a sin 2 e (C-Z.'I!;and Pz ~ - ZgRT sin e - Cz T

If U and U are uncertainties in P1 and 0z
PI DZ

respectively, then accordingly

••,

(
a01

U ~ \ 8Fl1Uh°1 w
Q

Uor P1 hw~ FlP1 w

(C-Z.1Z)

(C-Z.13)

I
1 ;;
J

(C-Z.14)

Evaluating the partial derivatives as

apZ Z
sinZeCz

u
W ~ Ta

apZ CZPau Z
. Ze

," aT ~
TZ

Sln•-

aPz ZCz P ua sin e~au T

ZCZoau Z
aoZ

sin e cos-- ~ eae T

(C-Z.1S)

(C-Z.16;

(C-Z.17)

(C-Z;18)

the uncertainty of Pz can be written, with the help of
eqn. (C.Z.11), as



U U 2 2U I' 2 2U 2 I
P2 u~ '2

[(~ \ ( _u)2+( I ) 1_- ) ] (C-2.19)= I + T + \ tan 8P2 P u
a

r~ow from eqn. (C. 2. 9), the uncertainty in measurement of

o isr
I

"]

2

For an experimental situation, the following values

are taken:

p = 29.98 + 0.05. in of Ha 9
T = 900 + 20 F

h = 95. + 0.5 mm of H2Ow -
u = 11 2 + 1 .23 ft/s-

00 . 0
8 = + 2

From eqns, (C.2,10), (C,1.11), (C,2,13),(C,19) and (C,2.?0)

P1 - 19.45

P2 =00•205

U
P1

0.0053=
P1
U
P2

1.999-- =
P2
U

0.4245Pr. =

U
..> Pr,.

0,022 i.e uncertainty is 2.2% '=
Pr
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APPEI~OIX 0
BASIC PRINCIPLE OF HOT-WIRE ANEMOMETRY

In the hot-wire anemometry, the amount of heat loss
from the electrically heated wire filament inside the flow

field is the measuring criterion. "rhe total amount of heat
transfer from the wire to the fluid depends on several
factors viz. the flow velocity, the temperature difference

between the,wire and the fluid, the physical properties of the

fluid and the physical properties and dimensions of the wire

filament. Of these factors, all are generally known except the

flow velocity, which can be measured.

The hot wire is cooled by the heat conduction to the

fluid and the supports, forced convection and free convec-

tion, and radiation. A brief account of conduction to the

supports is given in ref. [14J The effect of radiation is

generally ne'glected and that of free convection may also

be neglected for a wide range of application, e.g. when

Red> 0.50.

For cases in which the effects of compressibility and

free convection caR ,be neglected, and without accounting

for any conduction to the supports, many investigators have

coliected data20n heat transfer from a right circular cylinder

to either a gas or a liquid. The emperical relation

Nu = 0.42 PrO.20 +0.57 PrO•33 ReD,50

0.71 < Pr <1000

97
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(0-2)

,
r

I'.:

as suggested by Kramers [4oJ and supported by van der

Hegge Zijnen (ref. [3oJ ) gives very satisfactory resul ts

for most gases and liquids. For air, it has proved to be
valid in the range

0.01< Re <10,000,

Re based on the diameter of the wire, which covers the major

range of all applications. Another relation

Nu = 0.75 Pro•2o +0.67 Pro.9o Reo•5o
0.85 <Pr <1.6

adopted by 80urke et al .. [1.1J appears to include the heat

conduction to the supports along with the forced convection,

but has very limited applicability.

The heat flow rate to the ambient fluid from heated

wire of length L and uniform temperature tw is

Q = 1TdLh (ttJ - t ,) (0-3)9

With the aid of Kram er's correlation, equation (0-1)

and using Nu = hd
k'f

the heat flow rate becomes

[0.42(pr)~.20 +0.57(pr)~.33 (Re)~.50J
(0-4)

the subscriptf refers to the so called film temperature

(t + t ')/2.w g

For steady thermal equilibrium conditions, this heat

loss rate must be equal to the heat generation rate by the

r--"/"'._-- ,



electric current passing through the wire, which is given by

I being the heating current and
tance of the wire. Thus we havE

R the total
"'

electric

(D-5)

resis-

where e is a suitable. conversion factor.

The temperature dependence of the wire resistance

may be expressed as

(D-6)

R = Ro [1 + ljJ ( t - t J]w w g
(0-7)

where Ro is wire resistance at a reference temperature to

and ljJ is the temperature coeffitient of the electric resis-

tivity of the wire.

Substituting the value of (t - t) from equationw 9
(0-7) into equation (0-6)

R -Rw 9
Ro

(0-8)

which can be reduced to the form

(R -R )w 0
R w

(0-9)

y.~0\
(, ..



TIk..::-L (0_)°.2[1where A, 0,62 ,
= l.jJh' • ..L .:.,0

nk£-L
(p:r)0,33( Pfd )0,50and 8, 0.57 I= !R\jJ 0 1.1=,

(D-1'!)

and A and B are essentially constant,

Equation (0-9) is the fundamental and most useful

-equ9tion in constant current hot-wire anemotnetry. Originally,

the relation used for describing cooling of the wire by gas

flow was not equation (0-1)

Nu = f (Pr, Re)

, but was of the form

as suggested by King (ref. [30J)on the assumption of potential

flow around the wire. Then the final equation takes the form

R - Rw 9
R w

(0-12)

w-here A~ and B, are constants.

In equation (0-9) and (0-12). , the expression_s for

A,and B1differ aporeciably. But the general practice of hot-

wire anemometry is to determine the constants experimentally

rather than calculating them out.

In constant current anemometry, the current through

the wire is kept at a fixed level and the velocity is estimated

from the knowledge of the current, as shown above.

In constant temperature anemometry, on the contrary,the

temperature or in other words, the electric resistance of



the wire is maintained at a constant value with the h~lp of
a feed-back system. The flow velocity is estimated from the

knowledge of the voltage across the wire. Using the relation

v ~ 1 R , it is found from equation (D-9)w

v2 = R (R - R ) [A, + B"I UJw w g (0-13)

which is the basic equation of cDnstant temperature hot-wire
anemometry.
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In place of the conventional liquid column marlomet8I~

pressure transducers ~re quickly coming up in use for pr2ss~:.~

measurements which convert the pressures into some equiva12r,:
electrical signals. Transducer's electI"6nic circuits r2SpG~G

to pressure variations by the change of some resistance,
capacitance or inductance which is recorded in the form voltage

or current. The magnitude of the pressure is obtained from

the calibrated pattern of tile output signal of the transducer.

The basic construction of a pressure transducer consists

of two closed chambers separated by a common diaphragm. A

pressure differential created between the chambers deflect

the diaphragm. The deflection or strain thus produced is

exploited to generate a suitable output signal.

In the electrical resistance type pressure transducer,

a strain gage is fitted to the diaphragm to sense the

pressure (Fig.4.11a). The corresponding change in resistance

in the gage due to the strain in the diaphragm is recorded

by a galvanometer through the use of a Wheatstone type of

bridge, which gives the information about the applied pressure.

In capacitance type pressure transducer, the deflection

of the diaphragm is utilized to vary a closed space thus to

cause the change of capacitance in a circuit as shown in

Fig.4.11b. The capacitor's response is picked up by a suitable

output device via a suitable bridge circuit, giving a measure

of the pressure.
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The deflection of the diaphragm is used to impart
movsmant to a rnagnetic core, in the inductance type pressurs

transducer. Here the device consists of a primary and. a
secondary coil. An alternating inout voltage is impressed

upon in the primary coil. The output voltage of the seCOndal"Y
coil depends on the inductive coupling between the core and

the coils, which is, in turn dependent on the relative

position of the core and the coils. Thus, the output voltage

gives an indication of the pressure applied at. the diaphragm
(Fig.4.11c).

The Furness Controls Ltd. pressure transducer used

in the.present experiments was a capacitance type one, in

which the output signal was obtained on a voltmeter dial

graduated directly in mm of H20. There were six different

ranges of the scale (0 - 30 mm, 0 - 10 mm, 0 _ 30 mm,

o - 100 mm, 0 - 300 mm, 0 - 1000 mm) and the output voltage

was to vary linearly with pressure, being 1.0 volt for full

scale deflections.
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