
TURBULENT SHEAR FLOW RECOVERY

BEHIND OBSTACLES ON SMOOTH AND ROUGH SURFACES

\J

by

ABDELMONEIM MOHAMED ZEI DAN

The s i s  submitted in accordance with the requirements o f  the 

U n iv e r s i t y  of  Liverpool f o r  the degree of Doctor in Ph i losophy

Department of  Mechanical Eng ineer ing  

August  1980



TO MY WIFE NADIA,

MY DAUGHTER AND MY SON



STATEMENT OF ORIGINALTY

The work described in t h i s  t h e s i s  was c a r r ied  out, except 

where otherwise  ind icated,  by the author  in the F lu id  Mechanics 

d i v i s i o n  of  the Department o f  Mechanical Eng ineer ing  a t  the 

U n i v e r s i t y  of Liverpool between October 1976 and August 1980.

No pa rt  of  t h i s  t h e s i s  has been submitted f o r  a degree in any 

o the r  u n i v e r s i t y  o r  place o f  learn ing .

A M Zeidan

September 1980



ACKNOWLEDGEMENTS

The author  wishes to  express  h i s  s in ce re  thanks to  Dr A K Lewkowicz 

fo r  s u p e r v i s i n g  t h i s  p ro ject .  H i s  e x ce l l e n t  guidance, cont inuous  

help and constant  encouragement have been inva luab le  a t  every stage 

of t h i s  resarch.

The author  i s  indebted to  the U n iv e r s i t y  o f  L i v e r p o o l ’ s 

Eng ineer ing  Department f o r  sponsor ing  t h i s  p ro ject ,  and 

grant  th a t  made t h i s  study po s s ib le .

Thanks are due to Mr D Smith f o r  h i s  techn ica l  a s s i s t a n c e  and Sandra Bargh 

fo r  the e x ce l le n t  typ ing  of  t h i s  t h e s i s .

F i n a l l y ,  I am e s p e c i a l l y  g ra te fu l  to  my wife,  Nadia, f o r  being so very 

pa t ient  dur ing  the l a s t  fou r  years.

Meehan i ca I

f o r  the f in an c ia l

A M Zeidan



TURBULENT SHEAR FLOW RECOVERY BEHIND OBSTACLES

ON ROUGH AND SMOOTH SURFACES 

SUMMARY

A tu rb u len t  shear flow recovery behind a two-dimensional ob s tac le  

was in ve s t iga ted .  The main experiment was performed fo r  a tu rbu len t  

boundary- Iayer  flow, with zero external  p re ssu re  g rad ien t  in a low 

speed wind tunne l.  The main ob je c t i ve  of  t h i s  work was to  study:

( i )  the boundary- Iayer  recovery downstream of a two-dimensional 
ob s tac le ;

( i i )  the e f f e c t  of the su r face  roughness on the mean f low'and 
turbulence p rope r t ie s  downstream of the ob stac le ;

( i l l )  the e f f e c t  of the geometry of  the ob s tac le  on the r e c i r c u l a t i n g  
flow reg ion near to the ob s tac le  and on the recovery of the 
flow downstream of the ob s tac le .

To study  the flow recovery downstream of the ob s tac le ,  carefu l  and 

deta i led  measurements of both mean v e l o c i t y  and turbu lence  p rope r t ie s  were 

ca r r ied  out  a t  many s t a t i o n s  in the recovery reg ion.  The study of the 

e f f e c t  o f  su r face  roughness was c a r r ied  out  by p lac ing  the two-dimensional 

ob s tac le  on d i f f e r e n t  plane w a l l s  with d i f f e r e n t  su r face  roughnesses. 

Therefore, the en t i re  experimental programme was c a r r ied  out twice:

( i )  fo r  a smooth p late  and ( i i )  f o r  an i r r e g u l a r l y  rough sur face  (the 

roughness was un iformly d i s t r i b u te d  over  the p la te ) .  The study of  the 

e f f e c t  o f  the obstac le  geometry was ca r r ied  out  u s in g  two d i f f e r e n t  

geometries f o r  the obstac le  -  one being a re c tangu la r  c r o s s - s e c t i o n  bar 

( r idge )  and the other a s i n g l e  hump ( h i l l ) .  The ob s tac le s  were roughly  

h a l f  the boundary- Iayer  th ickne s s .

The whole experiment was repeated in a f u l l y  developed tu rbu len t  flow 

in smooth and rough pipes.  The rough pipe was l ined i n t e rn a l l y  with the 

same non-uniform ( i r r e g u l a r )  su r face  roughness. The dynamical s i m i l a r i t y  

between the wall reg ions  of both the pipe and the boundary- Iayer  flow was



arranged. The two-dimensional o b s ta c le s  in the pipe flow were of the form 

of s u i t a b l y  scaled internal ( re c tangu la r  in c r o s s - s e c t i o n )  r i n g s .  No 

simple-hump r i n g  p r o f i l e  was used.

The measurements were ca r r ied  out, in both the boundary- Iayer  and 

pipe f lows, for :  ( i )  mean v e lo c i t y  d i s t r i b u t i o n ,  tu rbu len t  normal and 

shear  s t r e s s e s  downstream of the ob s tac le ;  ( i i )  s t a t i c  p ressure  d i s t r i b u t i o n  

around the ob s tac le s  and in the separated reg ions ;  ( i i i )  turbu lence  spectra  

and s t a t i s t i c a l  p ropert ie s  ( f l a t n e s s  and skewness f a c to r s )  of the long i tud ina l  

tu rbu len t  component ac ros s  the shear  layers and at  several s t a t i o n s  down­

stream of the obstac le.

From the above measurements, the fo l low ing  q u a n t i t i e s  were evaluated:

( i )  wall f r i c t i o n  and roughness func t ion;  ( i i )  t yp ica l  boundary - Iayer  

p rope r t ie s  -  abso lute, displacement, momentum th ickne s s ,  shape parameters, 

mixing length and eddy v i s c o s i t y ;  ( i i i )  turbulence c o r r e l a t i o n  c o e f f i c i e n t  

(by F ou r ie r  t ransforms) ;  ( i v )  micro- and macro-scale of turbulence;  (v) drag 

on the obstac le .

I t  was found tha t 'bo th  the sur face  roughness and the geometry of the

obstac le  a f f e c t  the flow recovery  downstream of the ob s tac le .  A l so  i t  was

found that  the tu rbu lent  q u a n t i t i e s /  —  ,/  —  and the shear s t r e s s  ~ r
/ V  uQ u5

need more d is tance  downstream of the ob s tac le  to recovery than the mean 

ve lo c i t y .  In the boundary- layer  flow, the boundary- Iayer  th ic kne s s  was 

increased by about 30# f o r  the rough p la te  and by about 50# fo r  the smooth 

p la te  due to  the presence of  the ob s tac le .  Th is  increase in boundary- Iayer  

th ickne s s  a f fe c t s  the value of  the displacement and the momentum th ickne ss  

5*  and 9 as welI as the shape parameter H. I t  was found that  the shape 

parameter was reduced by about 10# below the value o f  H fo r  the rough and 

smooth p late  without the ob s tac le .  In the pipe flow the recovery of the 

flow downstream of the ob s tac le  occurred a t  about h a l f  the d i s tance  needed 

fo r  the flow recovery in the boundary- Iayer  flow.



A theo re t ica l  i n v e s t i g a t i o n  was ca r r ied  out to p red ic t  the flow around 

and downstream of the rec tangu la r  c r o s s - s e c t i o n  bar ( r i d g e ) .  The main 

flow was d iv ided  into  two reg ion s :  ( i )  the r e c i r c u l a t i n g  flow reg ion which 

extends from 5 ob s tac le  he ight  upstream to 15 ob s tac le  he igh t  downstream 

of the ob s tac le  and ( i i )  the boundary- Iayer  reg ion  which p r e v a i l s  in f ron t  

of the ob s ta c le  and beyond the r e c i r c u l a t i n g  flow reg ion.  The stream 

func t ion  ip and the v o r t i c i t y  ai were the dependent v a r i a b le s  in the present  

i n v e s t i g a t i o n .  The two equat ions  k -  e turbu lence  model was appl ied  in 

order  to  sp e c i f y  the tu rbu len t  v i s c o s i t y  y+. A f i n i t e  d i f fe rence  technique 

(Gosman e t  al (1969)) were used to so l v e  the govern ing,  pa r t ia l  d i f f e r e n t i a l  

equat ions.  A f a i r  agreement was found between the predicted mean v e lo c i t y  

and k i n e t i c  energy and the experimental measurements f o r  the smooth p la te  

as opposed to  the rough p late.
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CHAPTER I 

INTRODUCTION

l . l  GENERAL

The behaviour  of  a tu rbu len t  boundary layer  perturbed from i t s  

e q u i l ib r iu m  s ta te  has been the sub ject  o f  severa l  i n v e s t i g a t i o n s  in recent 

years.  For the purpose of  experimentat ion there  are two methods of 

in t roduc ing  the perturbat ion  into the e q u i l ib r iu m  tu rbu len t  boundary 

layer. One by means of a sudden change o f  p re s su re  grad ient  o r  of wall 

roughness,  and the other  by means o f  the in t roduct ion  of an ob s tac le  into 

the flow o r  by the a p p l i c a t io n  of in jec t ion  o r  suc t ion  over  a sho rt  

d i s tance  o f  the wal l .  In the f i r s t  method, the boundary layer  w i l l  change 

from one e q u i l ib r ium  state  to another. In the second method the boundary 

layer g r ad ua l l y  re turns  to  e q u i l ib r iu m  as the pertu rbat ion  dec l ine s  to  a 

n e g l i g i b l e  leve l.  Thus the processes  tha t  can be u s e f u l l y  stud ied  by the 

two methods are the response of  the boundary layer  to a stepwise pe rturbat ion,  

as in the second method. Pe r tu rba t ion s  are app l ied  to  thewaI I as changes 

in su r face  con d i t ion s  and to  the free stream as step change in pressure  

g rad ien t .  Pe rtu rbat ions  at  the wa l l ;  p rev ious  researchers  have been 

concerned with the response of a tu rbu len t  boundary layer  to  a step change 

in su r face  roughness (e .g . ,  Townsend (1965),( I 966); Bradshaw, F e r r i s s  and 

Atweel (1967} Antonia  and Luxton (1971)).

An important type of f low, and an obv ious  t a r g e t  f o r  extens ion of the 

study, i s  the type of s t r o n g l y  perturbed shear  layer  (pe r tu rba t ion s  s t rong  

enough to  i n va l id a te  the boundary- Iayer  approx imat ions.  The most common 

pe rtu rba t ion s  of  t h i s  s o r t  are those i n vo lv in g  separat ion  and reattachment, 

which occur  when an ob stac le  i s  placed on a wall a long which a tu rbu lent  

boundary layer  has developed. There have been many i n v e s t i g a t i o n s  of t h i s
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type of  f low: T i l lman 1945, Muellie.rand Robertson 1963, Good and Joubert  

1968, and la te r  by M lk io  et  al 1975, f o r  an ind iv idua l  roughness element 

attached to  a smooth sur face.  Most of  these i n v e s t i g a t i o n s  have been 

concerned with the c o r r e l a t i o n  between the p re ssu re  and the drag force 

ac t in g  on the ob s tac le  and the local c h a r a c t e r i s t i e s  of  the smooth-wall 

tu rbu len t  boundary layer  in which the ob s tac le s  were immersed, but a few 

experiments on boundary laye r  recovery, a f t e r  reattachment, a l l  are some­

what i ncompIete.

I .2 REASONS FOR THE PRESENT INVESTIGATION

The flow about o b s ta c le s  attached to  a plane wall i s  o f  g reat  

p rac t ica l  importance in connection with such d ive r se  a p p l i c a t i o n s  as the 

wind loadon man-made s t r u c t u re s  on the ground, the o s c i l l a t i o n  cha rac te r ­

i s t i c s  and no i se  of  the h igh-speed veh ic le s .  The s t r u c t u re  of  the separated 

eddies  behind the body are a l s o  of p rac t ica l  importance, e s p e c i a l l y  as  the 

s t ruc tu re  of  the near wake behind the body i s  c l o s e l y  re lated to the 

s h i e ld i n g  e f f e c t  of the body and the d i f f u s i o n  of heat o r  mass at  the rear 

of the body. In recent years,  t h i s  problem has received con s ide rab le  

a t ten t ion  in connection with the d i f f u s i o n  o f  rad ioac t i ve  re lease  from 

atomic-energy power p lan t s .  Moreover, the knowledge about the mean and 

tu rbu lent  p rop e r t ie s  in the separated eddies i s  required to  estimate the 

behaviour o f  the exhaust fumes from automobiles on roads in b u i l t  up areas 

of towns and c i t i e s .  Whereas the wake behind an immersed body i s  of  ba s ic  

importance in such p ro fe s s i o n s  as marine eng ineer ing :  Lackenby (1962),  in 

a review of  the sh ip  re s i s tance ,  underl ined the importance of t h i s  s i t u a t i o n  

which was produced on the h u l l s  of sh ip s  by welded and r iveted seams. The 

review inc ludes  est imates  made by A l lan  and Cuttand of the e f fe c t s  of 

roughness on an A t l a n t i c  l i n e r  ( length  294m, speed 29 knots ) .  They showed 

that  there  was an increase  of  37$ in the tota l  r e s i s t ance  due to  r iveted
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seams and on ly  \{%  fo r  welded seams.

There have been many measurements o f  wakes behind two-dimensional

ob s tac le s  in tu rbu len t  boundary laye rs .  Almost a l l  of  i t  has been made

are
fo r  smooth su r face s ,  while  few^concerned with regu la r  rough su r face s .

In p rac t i ce  the r e s u l t s  a re  o f  l imited use to  the eng ineer  who i s  

confronted with a flow problem as soc ia ted  with a naturaI Iy - rough  sur face,  

which may be due to  manufacturing processes,  d e te r io r a t i o n  o r  su r face  

coat ing ,  as might be found on a corroded p la te  o r  on the i n s id e  sur face  

of a concrete pipe l ine.

With these  thoughts  in mind, an experimental and theo re t ica l  i n v e s t i g ­

a t ion  has been ca r r ied  out  to  study:

(1) the recovery of a tu rbu len t  shear  flow downstream of a two- 

dimensional ob s tac le ;

(2 ) the e f f e c t  of  i r r e g u l a r  su r face  roughness (un i form ly  d i s t r i b u te d  

over  the plan wa l l )  on the mean flow and turbulence p rope r t ie s  

downstream of the ob s tac le ;

(3 ) the e f f e c t  of  the geometry of the ob s tac le  on the r e c i r c u I a t i n g  

flow region and the recovery of  the flow downstream of  the 

ob s tac le ;

(4 ) the p o s s i b i l i t y  of  p red ic t in g  the flow around and downstream of 

the ob s tac le .

I t  appears more p r a c t i c a l ,  mathematical ly  and exper imenta l ly ,  to

in ve s t i g a te  the s impler  forms o f  tu rbu len t  shear flow -  such as f u l l y

The
developed pipe and channel flow, study of these s im p le r  f lows may lead to 

better  understanding of the behaviour  of  the tu rbu len t  boundary layer. 

Therefore, the experiments have been repeated w ith in  the present project  

for  smooth and rough p ipes,  to  study the e f f e c t  of a two-dimensional obstac le  

on the f u l l y  developed tu rbu len t  pipe flow.
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I .3 THE PRESENT INVESTIGATION

There have been many measurements of wakes behind two-dimensional 

ob s tac le s  in tu rbu len t  boundary laye rs ,  both in wind tunnel and in the 

natural wind. However, the purpose of these  measurements has u su a l l y  

been p rac t ica l  rather  than s c i e n t i f i c  and in p a r t i c u l a r ,  no deta i led  

turbulence measurements behind a two-dimensional ob s tac le  on an aero­

dynamical ly rough sur face  have been publ i shed.  Counihan, Hunt and 

Jackson (1974) studied a two-dimensional ob s tac le  attached to  a rough 

sur face,  but the roughness they used was the type o f  r e gu la r  form 

( lego s e t s ) .  In the present i n v e s t i g a t i o n ,  the rough-su rface  has the 

property  of  the i r r e g u l a r i t y  of the d i s t r i b u t i o n  of  the roughness over  

the area of the plane. To study the e f f e c t  of  a two-dimensional ob s tac le  

attached to  the i r r e g u l a r  rough sur face,  two d i f f e r e n t  ob s ta c le s  have been 

used: one of  a rectangu la r  c r o s s - s e c t i o n  bar and the o ther  has the shape 

of a simple-hump ( h i l l ) .  The ob s ta c le s  have been roughly  h a l f  the boundary 

layer th ic kne s s .  The present i n v e s t i g a t i o n  de sc r ibe s  the mean flow and 

turbulence c h a r a c t e r i s t i c s  downstream of the ob s tac le .  The experiments 

have been repeated fo r  a smooth sur face  and the re spect ive  r e s u l t s  are 

compared and d iscussed.

The re levant  l i t e r a t u r e  i s  presented in Chapter 2. In Chapter 3 the 

wind tunnel and the p ipes  used in the present in v e s t i g a t i o n  are descr ibed, 

as well as  the instruments and the equipments. The two-dimensional 

ob s ta c le s  used f o r  the tu rbu lent  boundary layer  and pipe flows exper iments, 

the method of  in v e s t i g a t i o n s  and the ba s ic  equat ions  to  determine the 

c h a r a c t e r i s t i c s  of the flow downstream of  the ob s tac le  are a l s o  presented 

in Chapter 3.

The r e s u l t s  of the wind tunnel experiments and the pipe flow 

experiments are presented in Chapter 4 and 5 r e spec i t ve ly .  F i n a l l y ,  the 

theo re t ica l  study and the numerical s o lu t i o n  of  the problem are presented



in Chapter 

together  w

6 . The c onc lu s ion s  deduced dur ing  the whole inve s t  

th the sugge s t ion s  f o r  fu ture  work are presented in

-5 -

gat  ion 

Chapter 7.



CHAPTER 2

SURVEY OF LITERATURE



-6 -

CHAPTER 2

SURVEY OF LITERATURE

2.1 INTRODUCTION

The flow of  an Incompress ib le  f l u i d  over  a b l u f f  body i s  one of 

the b a s i c  problems repeatedly drawing the a t ten t ion  of many research 

workers. E s p e c i a l l y ,  p red ic t ion  of  the drag and l i f t  fo rces  a c t in g  on 

a body concerned i s  of g reat  importance f o r  p ra c t i c a l  purposes. There­

fore, a con s ide rab le  e f f o r t  has been devoted to  t h i s  subject.  The major 

part of  t h i s  e f f o r t  i s  concerned with two-dimensional b lu f f  bodies 

located in a uniform stream of i n f i n i t e  extens ion.  Because of i t s  complex 

nature, the flow around b lu f f  bodies which are attached to  a plane wall 

s t i l l  remain in the category  of d i f f c u l t  and in t e re s t i n g  problems to  

be f u r t h e r  inves t iga ted .  Recent ly  the problem of  reattachment and re­

development of  boundary layers  downstream of a separated reg ion become 

g re a t l y  i n t e n s i f i e d .

S in ce  the present in v e s t i g a t i o n  had as i t s  ob jec t i ve  the study, 

exper imenta l ly  and theo re t ica I  I y^fthe e f f e c t  of  two-dimensional,  t ran sve r se ,  

b lunt  ob s t a c le s  placed on an i r r e g u l a r l y  rough p late,  the l i t e r a t u r e  was 

surveyed con s ide r in g  the experimental and th eo re t i c a l  i n v e s t i g a t i o n s .

2.2 EXPERIMENTAL INVESTIGATIONS

Experimental i n v e s t i g a t i o n s  of the flows over  two-dimensional 

ob s tac le  have been made fo r  severa l  geometr ies  which are shown in 

F igu re  (2 .1 ) .  They include an ob s tac le  of square c r o s s - s e c t i o n  (T il lman 

(1945) and A r ie  et al (1975)) ,  an ob s tac le  th a t  is  f u l l y  surrounded by 

f l u i d  (A r ie  and Rouse (1956)) ;  a backward f a c ing  step (Tani et al (1961)) ,  

a wedge (Mue l le r  and Robertson (1963) and Bradshaw and Wong (1972)) ,  a 

a forward fac ing  step (Bradshaw and GAlea (1967)) ,  and a sharp edged normal
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plate  (P la te  (1964),  Good and Joubert  (1968),  and Sakamoto et  al (1977)) 

mounted downstream of the leading edge of  a f l a t  p la te .

The c h a r a c t e r i s t i c s  of the flow over  a two-dimensional ob s tac le  

can be descr ibed f o r  f i v e  reg ion s  i l l u s t r a t e d  in F igu re  (2 .2 ) .

In the f a r  upstream reg ion I, a boundary layer  on the p la te  develops 

normal ly  and i s  un influenced by the ob s tac le .  In the near-upstream 

region 2 , an adverse p re ssu re  g rad ien t  w i l l  be produced by the de f le c t ion  

of  the flow by the ob s tac le .  The boundary layer  w i l l  be forced to 

separate from the plane wall and w i l l  reattach on the f ron t  face of the 

ob s tac le ,  thereby enc lo s in g  a f ron t  separat ion  bubble. The flow in s ide  

t h i s  sepa ra t ion  bubble i s  steady (Good and Joubert (1968)) .  At the edge 

of the ob s tac le  the flow separates ,  and i f  the mean flow i s  steady, the 

s t ream l ine  which separates  from the edge of  the ob s tac le  w i l l  reattach 

on the plane wall downstream of  the ob s tac le .  A r ie  and Rou se ' s  (1956) 

experiments ind icate  tha t  the rear  separat ion  bubble reg ion  3, w i l l  be 

qu i te  long; the bubble behind an i so la ted  b lu f f  p la te  with a downstream 

s p l i t t e r  was 17 p la te -h e igh t s  long. In the mid-downstream reg ion 4, 

which s t a r t s  at  the reattachment l ine,  the boundary layer  recovers  s low ly  

from the d is turbance  caused by the ob s tac le .  In the far-downstream region 

5, the boundary layer  re turns  to i t s  normal undisturbed behaviour, but i t  

has a g rea te r  th ickne ss  than the boundary layer  which has developed along 

the p la te  in the absence of  an ob s tac le .

From an experimental aspect,  the most accessib I e pa rt s  of  the down­

stream flow are reg ions  4 and 5 where no reverse flow e x i s t s .  Thus r e l i a b le  

measurements of ax ia l mean v e lo c i t y  are p o s s ib le  u s in g  a s imple p i t o t  tube, 

and tu rbu len t  q u an t i t ie s  can be measured by a hot wire-anemometer.

Flow past  an ob s tac le  that  i s  f u l l y  surrounded by f l u i d  d i f f e r s  in 

severa l ways from the above descr ibed flow. The former may be considered
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to l i e  in the path of  e s s e n t i a l l y  i r r o t a t i o n a l  flow, where as la te r  

w i l l  be immersed in a boundary layer  o f  i n d e f in i t e  th ickne s s .  And 

the flow in the wake of  an i so la ted  p la te  i s  f ree to  o s c i l l a t e  about 

the plane of  symmetry, whereas such o s c i l l a t i o n  is  whol ly  prevented in 

the v i c i n i t y  of  a r i g i d  long i tud ina l  boundary. A r ie  and Rouse (1956) 

cons idered a s i t u a t i o n  in which a sharp-edged p la te  was exposed to 

uniform normal flow, but the vor tex  shedding was suppressed by a t ta ch ing  

a s p l i t t e r  p late  at  the mid -he ight  of  the back of  the p la te  as  shown in 

F igure (2 .1b) .  The to ta l  he ight,  2h, of the normal p late  was 76mm, and 

the length o f  the s p l i t t e r  p la te ,  20h, exceeded the length of the 

r e c i r c u l a t i o n  zone to prevent eddies above and below the s p l i t t e r  p la te  

from j o i n i n g .  The q u a n t i t i e s  measured in t h i s  experiment were the 

su r face  pressure  on the normal p la te ,  the mean v e lo c i t y  components, U and 

V, the Reynolds s t r e s s e s  u2 , v 2 , w2 , and uv, and the s t a t i c  pressure  

d i s t r i b u t i o n  w ith in  the flow behind the p la te .  The r e s u l t s  o f  the 

Reynolds s t r e s s e s  showed the region of maximum turbulence and maximum 

shear  to  co in c ide  at  the ou t se t  with the mean streaml ine  i s o l a t i n g  the 

main flow from that  in the zone of r e c i r c u l a t i n g  flow. The pressure  

r e s u l t s  showed tha t  the drag c o e f f i c i e n t  of  t h i s  arrangement (C q = 1.4) 

was on ly  tw o - th i rd s  th a t  of  the i so la ted  normal p la te  (C = 2 . 1 ), and 

the p re s su re  c o e f f i c i e n t  on the forward face o f  the normal p la te  with a 

s p l i t t e r  p late  (Cp = -0 .57 )  was le s s  than h a l f  that  (Cp = -1 .56 )  fo r  the 

i so la ted  p la te .  Such reduct ion in drag and pressure  drop was corresponding 

to  a con s ide rab le  d i f fe rence  in the length of the mean eddy zone.

Tani et al (1961) c a r r ied  out  an experimental study fo r  the flow 

downstreamoFabackward-facing step, F igu re  (2 .1c ) .  The step had an 

ad ju s tab le  he ight  (up to  6 cm) made on one s ide  of  a f l a t  p late  a t  a 

d i s tance  of 80 cm from the lead ing edge. The f l a t  p la te  was spanned 

a c ro s s  a t e s t  sect ion  of  a low-speed wind tunne l.  Measurements o f  the
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s t a t i c  p re s su re  d i s t r i b u t i o n  on the step face and on the bottom 

surface  o f  the p late  showed tha t  the p re ssu re  d i s t r i b u t i o n  was ra ther  

i n s e n s i t i v e  to  the change in the step he ight  as we II as  in the th ic k ne s s  

of  the approaching boundary layer. In a l l  cases ,  there was a negat ive  

pressure  on the step face (negat ive  base p re s su re ) ,  followed i n i t i a l l y  

by a s l i g h t  drag in p re ssu re  downstream of  the step, and then by a 

rather  rapid  r i s e  of  p ressure  in d i c a t in g  the reattachment o f  separated 

flow. The d i s t r i b u t i o n s  o f  turbu lence  i n t e n s i t y  u 2 and tu rbu len t  shear  

s t r e s s  -Puv  showed the same behaviour  as in A r ie  and Rouse (1956) 

r e s u l t s  in the r e c i r c u I a t i n g  zone. The turbu lence  and shear s t r e s s  were 

increased downstream in the mixing reg ion and tha t  the p o s i t i o n s  of 

maximum turbulence and maximum shear  s t r e s s  approximately  co in c ide  at 

the ou t se t  with  the mean d i v i d i n g  s t ream l ine ,  but deviate  outwards as the 

reattachment was approached. The reattachment l ine  f o r  d i f f e r e n t  step 

he ight  was a t  x/h = 7 .  A l l  measurements have been ca r r ied  out on ly  to 

some d i s t ance s  near the reattachment, and no measurements made in the 

reg ion o f  the recovery of  the flow downstream of  the reattachment.

Bradshaw and Galea (1967) used the normal step flow as means f o r  

s tudy ing  the tu rbu len t  boundary layer  developing towards separat ion  under 

a s t rong  adverse pressure  g rad ient  caused by the step.  The step used 

in t h e i r  experiment i s  shown in F igu re  (2. Id ) .  A low speed wind tunnel,  

with step he ight  equal 1.75 times the i n i t i a l  boundary- Iayer  th ic k ne s s  

has been used to  study the response o f  the e q u i l ib r iu m  tu rbu len t  boundary 

layer  approaching upstream of the step. The measurements have been made 

on ly  fo r  the tota l  p ressure,  s t a t i c  pressure ,  and sur face  shear  s t r e s s  

upstream the step and on the step face. The su r face  pressure  g rad ien t  

decreased con s ide rab ly  j u s t  before the separat ion  because of  the e f fe c t  

of  the in c rea s ing  displacement t h ic k n e s s  on the outer  flow. A f te r  

sepa ra t ion ,  the pressure  grad ient  cont inues  to  decrease and becomes
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negat ive.  Very near the step the p re s su re  s ta r ted  to  increase r a p id l y  

aga in.  Th i s  behaviour was c o n s i s t e n t  with the presence o f  a layer  of 

reversed flow, emanating from reattachment po int  pa rt  way up the step, 

tu rn in g  ab rupt ly  at the bottom of  the step and then being g rad ua l l y  

re -entra ined  into the separated shear  layer. The su r face  s h e a r - s t r e s s  

a l s o  decreased l i n e a r l y  to the va lue almost  zero a t  the separat ion  

po int .  The po in t  of  separat ion  occurred a t  1.2 step he ight  upstream of 

the s t e p .

A s i m i l a r  f low as the one o f  downstream backward step i s  tha t  

around a wedge mounted on a plane wall with i t s  v e r t i c a l  face backward. 

Bradshaw and Wong (I9T2) c a r r ied  out  experiments on a low speed flow 

downstream a wedge to demonstrate the complicated nature of  the flow 

in the reattachment reg ion,  and i t s  e f f e c t  on the slow non-monotonic 

return of  the shear  layer  to the o rd in a r y  boundary layer  s ta te .  The study 

c a r r ied  out  fo r  both, the immediate response to  the pe rtu rbat ion ,  and 

re la xa t io n  back to  the th in  shear layer  s ta te .  They defined three 

s t reng th s  of  pe rtu rbat ions  :
o

( i )  A weak pertu rbat ion ;  the v e l o c i t y  and length s ca le s  of  the flow 

are a l te red  without  s i g n i f i c a n t  change in the  d imens ion le ss  p rop e r t ie s  of 

the tu rbu lence  s t ruc tu re .

( i i )  A s t rong  pe rtu rbat ion ;  the turbulence s t r u c t u re  is  s i g n i f i c a n t l y  

a l te red  and t h in - s h e a r  layer  c a l c u l a t i o n  methods could not p re d ic t  the 

flow.

( i n  ) An overwhelming pe rtu rbat ion ;  the shear layer  changes to  one of 

a d i f f e r e n t  spec ie s ,  as in the change of  a boundary layer  into  a wake or  

mix ing layer.



The authors  c l a s s i f i e d  those s t reng th s  in terms of  h/6 (where h i s  

the he igh t  of  the ob stac le  and 5 i s  the boundary-1 ayer  t h i c k n e s s ) .  The 

s t rength  of  the perturbat ion  in the BradsKaw and Wong experiment was 

s t rong  and the convent ional boundary - Iayer  c a l c u l a t i o n  methods were 

inapp l icab le  fo r  many boundary- Iayer  th ic k n e s s  downstream of  the 

reattachment. The v e lo c i t y  p r o f i l e s  presented in t h e i r  experiments do 

not fo l low  the logar i thm ic  inner law, not on ly  in the region c l o s e  to  

the reattachment, but f o r  many boundary layer  t h ic k ne s se s  downstream.

The measurements have been made on ly  of  the mean v e l o c i t y  d i s t r i b u t i o n  

downstream the reattachment. The turbulence measurements have been made 

at one p o s i t i o n  (x/h = 10), and no fu r th e r  measurements have been ca r r ied  

in the reg ion  of  the redeveloping o f  the flow. The reattachment po in t  

took p lace  a t  x/h = 6 downstream of  the step and the l a s t  measurements 

were a t  x/h = 52.

The more d i f f i c u l t  pe rtu rbat ion  in boundary layer  flow i s  the one 

shown in F igure  (2 .2 ) ,  which invo lve s  two separat ion  reg ions .  The f i r s t  

separat ion  zone i s  upstream the obs tac le ,  and the other  i s  the separat ion  

of the flow a t  the top edge of  the ob s tac le .  I f  the ob s tac le  has a f i n i t e  

width (as  a rec tangu la r  c r o s s - s e c t i o n  ob s tac le )  the sepa ra t ion  o f  the flow 

wil l  occur  at  the top edge o f  the ob s tac le  and the separated stream l ine  

will e i t h e r  reattach on the top sur face,  o r  downstream the ob s tac le  on the 

pIane w a l l .

A de ta i led  study of  the flow over  a sharp-edged ob s tac le  mounted 

normal to  a f l a t  p late  was made by Good and Joubert (1968). The experiment 

was performed mainly fo r  the cond i t ion  of  zero external  p ressure  g rad ient .  

The q u a n t i t i e s  measured included the s t a t i c  p re ssu re  d i s t r i b u t i o n  and 

v e lo c i t y  p r o f i l e s  in the whole flow f i e l d  of  F igu re  (2 .2) and the sur face  

p re s su re  d i s t r i b u t i o n s  on the f ron t  face of  the normal p la te  and a long the
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f l a t  p la te .  Good and Joubert  showed tha t  the drag c o e f f i c i e n t  of  the

obstac le  and the surface p re s su re  on the f ron t  face could be cor re la ted

by the independent, dimension le s s  parameter ~  > —  , and - ^ 2. , , where
U a >  5  v

uQ i s  the f r i c t i o n  v e lo c i t y  and I V  i s  the f ree  stream v e l o c i t y ,  both 

measured at  the ob s tac le  p o s i t i o n  in the absence of the ob s tac le .  The 

w a l l - s i m i l a r i t y  c o r re la t i o n  obtained fo r  the pressure  on the f r on t  face 

of the normal p late  (which was independent of  the p re s su re -g rad ien t  

h i s o t r y  of  the boundary layer)  ind icated tha t  the separat ion  process 

upstream of the normal p la te  was s u f f i c i e n t l y  rapid to  be of the type 

postu lated by S t r a t fo rd  (1959) and Townsend ( I 9 6 0 ) ,  (1962).

For the va lues  of  p la te  he ight  h, to  boundary l a y e r th i c k n e s s  <S, 

r a t i o  le s s  than 0.5, the ob s tac le  was immersed in a t h in  layer  where the 

law of the wall was v a l i d  and the drag c o e f f i c i e n t  then followed a 

logar i thm ic  behaviour. For l a r ge r  h/S , the outer  part  of the v e l o c i t y  

p r o f i l e  deviated from the logar i thm ic  law and then CD deviated from the 

logar i thm ic  behaviour. For zero pressure  g rad ient  flows, the c o r r e l a t i o n s  

obta ined a l low the form drag, and the actual p re ssu re  d i s t r i b u t i o n  on the 

normal p la te ,  to  be predicted from a knowledge of  the th ic kne s s  and wall 

shear  s t r e s s  of the reference p r o f i l e .  The v e lo c i t y  d i s t r i b u t i o n s  a t  

d i f f e r e n t  s t a t i o n s ,  upstream and downstream of the normal p la te  were made. 

Unfortunate ly  these r e s u l t s  were made fo r  he igh t  of  the normal p la te  more 

than the boundary- Iayer  th ickne s s .  No attempt was made to  measure the 

tu rbu len t  c h a r a c t e r i s t i c s  downstreamof the ob s tac le .

Sakamoto, Mariya and A r ie  (1975) re-examined the flow over a sharp-  

edged normal p la te  attached to  a long f l a t  p late,  in a f i e l d  of  zero 

external  p re s su re  g rad ient .  Measurements of  the su r face  pressure  

d i s t r i b u t i o n s ,  s t a t i c  pressure,  mean v e lo c i t y  and drag fo rces  ac t in g  on 

the normal p la te  confirmed the general featu re s  shown by Good and Joubert,
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but showed a .number of de ta i l  d i f f e renc e s .  Sakamoto et a l ' s  r e s u l t s  

reproduced the wall s i m i l a r i t y  law fo r  the drag c o e f f i c i e n t ,  but showed 

that  a loga r i thm ic  v a r i a t i o n  of  Cq with h/5 was a p p l i c ab le  upto h/5 = 1.2, 

compared with Good and J o u b e r t ' s  l im i t  of  h/S = 0 .5.  Normalised p re s su re  

d i s t r i b u t i o n s  measured on the f ron t  face f o r  0.21 £ h/5 $ 2.13 showed

an even sm a l le r  dependence on Reynolds number than the r e s u l t s  obta ined 

by Good and Joubert. The corresponding  su r face  pressure  c o e f f i c i e n t s  

s a t i s f i e d  the wall law behaviour over  the whole range of h/5 tested fo r  

va lues  o f  y/h le s s  than approximately  0.7, in accordance with Good and 

J o u b e r t ' s  f i n d in g s .  Sakamoto e t  al a t t r ib u ted  to the d i s c rep anc ie s  between 

t h e i r  own r e s u l t s  and those  o f  Good and Joubert to  the ex i s tence  of  

s i g n i f i c a n t  flow blockage in the e a r l i e r  work.

In support  of the con c lu s ion s  o f  Sakamoto et a I , Ranga and P la te  (1976) 

ca r r ied  out  experiments to  study the re la t io n  between the form drag on a 

two-dimensional sharp edged normal p la te  and the p rop e r t ie s  of  the tu rb u len t  

boundary layer. The measurements were performed at  zero pressure  g rad ien t  

of  v e l o c i t y  p r o f i l e s  a long  smooth, rough and t r a n s i t i o n a l  f l a t  p la te s .

They found tha t  a f t e r  s u i t a b le  blockage c o r re c t io n s  a l l  form-drag c o e f f i c i e n t s  

co l lap sed  on a s i n g l e  curve, i f  they were ca lcu la ted  with the shear  v e l o c i t y  

as the reference v e lo c i t y ,  and p lotted a g a in s t  the r a t i o  o f  the ob s tac le  

he ight  to  the c h a r a c t e r i s t i c  roughness parameter of the approaching flow.

Ranga and P la te  corrected the r e s u l t s  obtained by Good and Joubert (1968) 

fo r  the blockage e f fe c t  u s in g  the formula deduced by Ranga Raju and 

Garde (1970).

cD = cD (I - h/q)2 *85 ( 2.1 )
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Sakamo+o et  al (1977) extend t h e i r  experiments,  c a r r ied  out in (1975),  

to study the flow around two-dimensional sharp-edged p la te s  attached to 

a plane wall a t  d i f f e r e n t  i n c l i n a t i o n s  to  the flow. T h e i r  experimental 

data were co l lec ted  to in ve s t i ga te  the e f f e c t s  o f  ( i )  i n c l i n a t i o n  of the 

p la te  to  the flow, ( i i )  the c h a r a c t e r i s t i c  o f  the smooth wall boundary 

layer  in which the p la te s  were immersed, and the pressure  fo rces  o f  the 

inc l ined  p la te s .  Further,  they examined the flow pa tte rns  around the 

inc l ined  p la te .  The c o r r e l a t i o n s  were obta ined between the v a r i a t i o n  of 

p ressure  fo rces  and the in c l in ed  p la te  length h, which was analogous in 

form to  the law of the wall o f  a boundary layer  v e l o c i t y  prof i  le.

Most of the ob s tac le s  used in the above experiments were of a sharp 

edged normal p la te ,  .whereas o b s ta c le s  in most p rac t ica l  cases  have a 

con s ide rab le  th ickne s s .  Although the data on the th in  normal p la te s  

immersed in the tu rbu lent  boundary layer  may be used as a ba s ic  information 

in t h i s  case, the q u a n t i t a t i v e l y  c o r r e c t  va lue s  of the drag c o e f f i c i e n t  

cannot be estimated from the data o f  the p la te ,  s ince  the in te ra c t ion  of  

the separated flow with the a f t e r - p a r t  of  the bodies i s  not included in 

the case of the p late.  To study t h i s  type of  flow M ik io  et  al (1975a) 

inve s t iga ted  exper imenta l ly  the p re ssu re  d i s t r i b u t i o n  on a two-dimensional 

rec tangu la r  c y l i n d e r  immersed in a tu rbu len t  boundary layer, ove r  a 

smooth wal l .

The rec tangu la r  c y l i n d e r s ,  with v a r i o u sw id th - t o -h e igh t  r a t i o s ,  were 

chosen in t h i s  i n ve s t i g a t io n  as a representat ive  shape of the bodies which 

have re sp e c t i v e l y  an a f t e r - p a r t  behind the f ixed  separat ion  po int.

The p re s su re  d i s t r i b u t i o n  and the drag on the rectangu la r  c y l i n d e r  

were co r re la ted  with the c h a r a c t e r i s t i e s  o f  the smooth-wall tu rbu len t  

boundary laye r  in which the c y l i n d e r s  were immersed. The c o r r e l a t i o n s  

obtained were s im i l a r  in form to  the law o f  the wall  fo r  the boundary 

layer v e l o c i t y  p r o f i l e .
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= Aj ib/h)  l o g 1Q + Q1 (b/h) (2.2)

where h i s  the he ight  of  the ob s tac le ,  b i s  the width and the va lues  of 

A i  and B i  are func t ion s  o f  b/h alone.

As con t inua t ion  of the l a s t  paper, M ik io  e t  al (1975b) descr ibed 

the flow patterns  around the rectangu la r  c y l i n d e r s  immersed in a tu rbu len t  

boundary layer.  The d i s t r i b u t i o n s  of  the mean v e l o c i t i e s ,  s t a t i c  p re s su re s ,  

long i tud ina l  tu rbulence i n t e n s i t i e s  and stream func t ion s  around the 

rec tangu la r  c y l i n d e r  with b/h = 2 .0  and 4.0  were c l a r i f i e d .  The geometrical 

shape of  the rear s tand ing  vo r tex  and the reattachment po in t s  of  the 

separated f lows were a l s o  determined. The general shape of  the s t a t i c -  

p ressure  d i s t r i b u t i o n  was s i m i l a r  to  that  reported by Good and Joubert 

(1968). The reattachment po in t  f o r  the r a t i o  of  b/h = 2 was at  x/h = 9, 

downstream of  the ob s tac le .  The measurements o f  the mean v e l o c i t y  p r o f i l e s  

and the turbu lence  i n t e n s i t i e s  were measured on ly  f o r  a few s t a t i o n s  down­

stream the reattachment po in t s  and no measurements were made to  study the 

recovery o f  the flow ( reg ion  5 in F igure  ( 2 . ) ) .

2.3 THEORETICAL INVESTIGATIONS

2.3.1 Review of  Approximate Ana ly t ica l  Methods

A na ly t i c a l  methods reported in the l i t e r a t u r e  can be d iv ided  into  two 

groups. In the f i r s t g r o u p ,  conformal mapping of  the v e l o c i t y  potent ia l  

and stream funct ion  are used to  obta in  stream l in e s  and the pressure  

d i s t r i b u t i o n  around a b l u f f  body; t h i s  method i s  l im ited to  two-dimensional 

f lows. The second group con ta in s  methods of ana ly z ing  the downstream wake 

region by s o l v i n g  the l inea r ized  equat ions  of motion, assuming small 

pe r tu rba t ion s  of  the v e l o c i t y  f i e l d .  These methods have been appl ied to 

two- and three-dimensional f lows.

'T
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The th eo re t i c a l  method developed by Kiya and A r ie  (1972) was based 

on a mapping procedure in the complex z -p lane .  To p red ic t  the p re ssu re  

c o e f f i c i e n t  on the f ront  su r face  of an ob s tac le  attached to  a f l a t  p late,  

the non-uniform v e lo c i t y  p r o f i l e  t yp ica l  of a two-dimensional wall 

boundary layer  (a gradual v e l o c i t y  v a r i a t i o n  in the ou te r  flow and a 

steep v e l o c i t y  g rad ient  near the wal l )  was modelled by a l i n e a r  v e l o c i t y  

p r o f i l e  in the ou te r  flow s t a r t i n g  from a non-zero v e l o c i t y  a t  the wa l l .

The theo re t ica l  r e s u l t s  f o r  p re ssu re  d i s t r i b u t i o n  were compared with 

the measurements of Good and Jouberf (1968) and s a t i s f a c t o r y  agreement 

was obtained, although the theory  included three or  fou r  con s tant s  which 

should be determined on the b a s i s  o f  the experimental information. The 

number of  constants  depending upon the shape o f  the ob stac le .

Sakamoto, Mariya and A r ie  (1975) used a s im i l a r  th eo re t i c a l  model to 

p red ic t  the pressure  d i s t r i b u t i o n  and separat ion  s t ream l ine  f o r  the same 

s i t u a t i o n .  In t h e i r  theory,  the f ront  separat ion  bubble, which was 

predicted by Kiya and Ar ie ,  was replaced by a potent ia l  vortex.  Although 

t h i s  m od i f ica t ion  s im p l i f i e d  the a n a l y s i s ,  i t  introduced a fourth  empirical 

parameter which had to be f ixed by experimental c on d i t io n s .  The p ressure  

d i s t r i b u t i o n  on the ob s tac le  obtained by t h i s  a n a l y s i s  showed good agreement 

with the a u tho r s '  own experimental r e s u l t s .

Fol lowiing the approach used by S t e i g e r  and Bloom (1963) arid Kuo and 

Badwin (1966) fo r  the p red ic t ion  of the far-downstream region of  th ree-  

dimensional tu rbu len t  free wakes, S forza  and Mons (1970) appl ied such a 

theory to  c a l c u la t i o n  of  a wall wake. The i r  main i n te re s t  was to  descr ibe  

how wake- l ike  d i s tu rbances  from two- and three-d imensional  ob s tac le s  

attached to the leading edge of  a f l a t  p la te  a ffected the development of 

the boundary layer  along the p la te .  The l inea r ized  equat ions  were used 

to c a l c u la t e  the v e l o c i t y  defect, defined as the d i f fe rence  in v e l o c i t y  

between the undisturbed boundary layer  p r o f i l e  and the d is turbed p r o f i l e s
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in the wake of  the ob s tac le .  The theory  used an eddy v i s c o s i t y  which was

a func t ion  of  the streamwise coord inate  on ly ,  but weighted in the th ree-

dimensional case by a fac to r  p roport iona l  to  the ob s tac le  dimens ions  in
*

the c ro s s - s t re am  d i r e c t i o n .  The pred icted v e l o c i t y  defect p r o f i l e s  

normal t o  the p late,  and in the three-d imens iona l  wake t ran sve r se  to 

the p la te ,  were in good agreement with experiments.

A theory  f o r  the flow behind two-dimensional and three-d imensional 

ob s tac le s  immersed in a tu rbu len t  boundary layer  on a plane sur face  

(h << 5 ) has been developed and tested by Hunt (1971, 1974, 1980),

Smith (1973),  Counihan, Hunt and Jackson (1974),  Cas t ro  and Robins  (1977). 

The o b je c t i ve s  o f  the th eo r ie s  are to p red ic t  the d i s t r i b u t i o n s  of  the 

v e lo c i t y  defect, shear s t r e s s  and tu rbu len t  in t e n s i t y  in the wake, and to 

re la te  the v e l o c i t y  defect to  the fo rce s  on the ob s tac le .  A r e la t i o n  fo r  

two-dimensional ob s tac le s  was f i r s t  obtained by Hunt (1971) in laminer flow. 

A m od i f ica t ion  of  t h i s  theory,  in which some terms were s im p l i f i e d ,  was 

d iscussed by Smith (1973).

Counihan et  al (1974) presented a theory  fo r  tu rbu len t  flow behind 

a two-dimensional body in a t h i c k  boundary layer.  Th i s  was based on 

the fo l l o w in g  assumptions:

( i )  h << h << 5 , where h , h and <5 are re spec t i ve ly  the
s s

he ights  of  the roughness elements (the mean he ight  of the i r r e g u l a r  rough 

surface in the present  i n v e s t i g a t i o n ) ,  the body whose wake i s  to  be studied 

and the boundary layer.

( i i )  S u f f i c i e n t l y  f a r  downstream of the body the v e l o c i t y  re tu rn s  to  

i t s  va lue in the undisturbed boundary layer, defined as (U (y) ,  V (y ) ,  0).

( i i i )  The mean v e lo c i t y  p r o f i l e ,  U (y ) ,  in the upstream boundary layer 

can be descr ibed by a power law

■ U(y) = Uro (y/5 )n (2.3)
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Near the wa l l ,  a logar i thm ic  p r o f i l e  i s  assumed 

^o
U(y) = fn (y/y6 ) (2 .4)

where yQ = the roughness length.

( i v )  Far downstream of  the body the small pe r tu rba t ion s  to  the 

inc ident  flows caused by the body can be d iv ided into  three reg ions  

namely: (a) a wall region ( W) in which i t  i s  assumed th a t  tu rbu len t  

energy product ion  l o c a l l y  ba lances  d i s s i p a t i o n ;  (b) an adjacent mixing 

region (M) where the pe rtu rbat ion  flow i s  s e l f - p r e s e r v i n g ;  and (c) an 

external d i s tu rbed  region (E) generated by Wand M, which can be regarded 

as i n v i s e i d  pe rturbat ion  of  the boundary laye r  flow. In reg ions  (M) and 

(E) the mean v e lo c i t y  and the mean s t r e s s e s  can be expressed as the sum 

of an und isturbed mean va lues  and a pe rtu rbat ion  va lues.

Counihan et  a I predicted tha t  the mean v e l o c i t y  defect  would show 

s e I f - p r e s e r v i n g  p r o f i l e s  in which the perturbat ion  v e l o c i t y  decays a x i a l l y  

as (x/h)- ' .  T h i s  s e I f - p r e s e r v a t i o n  was confirmed by t h e i r  own experiments 

and by the r e s u l t s  of  P la te  and Lin (1965) which involved a d i f f e r e n t  

wall roughness and Reynolds number. The pred icted behav iour  was a l s o  

supported by the experiments of  S fo rza  and Mons ( I960 )  even though in t h e i r  

case the ob s tac le  was attached to  the leading edge of a smooth f l a t  p la te,  

rather  than downstream of  the leading edge.

C a s t ro  (1979) presented de ta i led  measurements in the wakes behind 

two-dimensional square sec t ion  b locks  mounted in t h i c k  wall boundary layer 

for  cases  in which h/5 << I.  The experimental data have been compared 

with the th eo re t i c a l  p re d i c t i o n s  of  Counihan et al (1974).  Castro  found 

that, w h i l s t  the Counihan et  al theory c o r r e c t l y  ind ica te s  the way in 

which the wake decay changes with the upstream flow c h a r a c t e r i s t i c s ,  was 

s u f f i c i e n t l y  r e a l i s t i c  to  g ive  good p re d ic t ion s  of  the to ta l  f low downstream
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of  reattachment. The mean v e l o c i t y  pe rtu rba t ion s  decay i n i t i a l l y  l i ke  

(x/h)- 1 , as predicted by the theory,  but t h i s  decay rate  g rad u a l l y  

decreases  with inc reas ing  d i s tance  downstream. In the wall reg ion  the 

flow recovered rather  more r ap id ly  than elsewhere, in c o n t ra s t  to  the 

theory,  and in fact,  at a rate  which did not seem to depend s t r o n g l y  on 

the ou te r  f low.

From t h i s  review of  th e o re t i c a l  treatments  o f  b l u f f  body f lows,  i t  

is  c l e a r  th a t  t h e i r a p p I i c a b i I i t y  i s  very  l im ited.  The theory of Counihan 

et al (1974) can desc r ibe  c ro s s - s t re am  p r o f i l e s  and streamwise decay of  

the mean v e l o c i t y  defect in the f a r  wake behind b lu f f  bodies in tu rb u len t  

boundary layers .  The th e o r ie s  do not, however, adequately de sc r ibe  the 

d i s t r i b u t i o n  of  shear s t r e s s  and tu rbu len t  i n t e n s i t y  ac ro s s  the wake. 

Po s ten t ia l  f low s i t u a t i o n s  u s in g  conformal mapping have been app l ied  to 

the flow immediately upstream of a two-dimensional b l u f f  ob s tac le ,  but 

these methods f a i l  in the downstream wake reg ion.  The th e o r ie s  developed 

are a l s o  not app l icab le  to  other  geometr ies  without major m od i f ica t ion .

2.3.2  Review of Numerical Methods

Most of the numerical methods applied to  the flow around a two- 

dimensional ob s tac le  were made fo r  a laminar flow. The s t u d ie s  of 

Greenspan (1969) and Friedman (1972) considered steady, incompress ib le ,  

laminar flow over  a th i c k  rec tangu la r  ob s tac le  mounted on one waI I o f  a 

plane channel.  Greenspan so lved the equat ions  of  motions u s ing  the stream 

funct ion,  i|) and v o r t i c i t y ,  to, as dependent v a r i a b le s .  He pred icted the 

flow f o r  several  r a t i o s  of  ob s tac le  he ight  to channel he igh t  and several 

Reynolds numbers, found that  carefu l  choice  of f i n i t e  d i f fe rence  g r id  

d i s t r i b u t i o n  was necessary  to  secure convergence of  the s o l u t i o n s .  

Freidman modified Greenspan 's  numerical scheme to extend the range of 

Reynolds numbers f o r  which convergence could be obta ined.
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Kiya and A r ie  (1973) inves t iga ted  the laminar f a r  wake behind a 

symmetrical two-dimensional body placed in a uniform shear flow. They 

so lved the equat ions  o f  motion u s in g  the stream funct ion,  and the 

v o r t t c i t y ,  a) , as dependent v a r i a b le s .  The s o l u t i o n  was d i f f e r e n t  from 

that  used by Greenspan (1969),  instead of  the f i n i t e  d i f fe rence  method 

tf)ey used the Oseen type of su cce s s ive  approximation, in which the shear  

was regarded as a small pe rtu rbat ion  on a uniform stream. The exp re ss ion  

fo r  the stream funct ion  was determined up to the t h i rd  approximat ion 

both in and ou t s ide  the wake region. The stream funct ion  was found to 

conta in  four  constant s  which cannot be determined from the boundary 

con d i t io n s  f o r  the fa r  wake.

Numerical s o lu t i o n  of the Nav ie r -S toke s  equat ions,  f o r  two-dimensional 

v i s c o u s  flow past  s em ic i r c u la r  and semieI I i p t i c a I  p ro jec t ion s  attached to 

a plane wall was presented by Kiya and A r ie  (1975). Numerical s o l u t i o n s  

were obta ined f o r  the range 0.1 -  100 of the Reynolds number, which was 

defined in term of  the approaching v e l o c i t y  a t  the top of the ob s tac le  

and i t s  he ight.  They assumed tha t  the flow was laminar and the he ight  

of  the ob s tac le  was so small in comparison with  the local boundary layer  

th ic k ne s s  tha t  the approaching flow could be approximated by a uniform 

shear flow.

For a tu rbu len t  boundary layer  flow Taulbee and Robertson (1972) 

inves t iga ted  such flow toward a normal step. They treated the flow of  a 

tu rb u len t  boundary layer  in to  a step as a ro ta t iona l  flow one. The 

frozen v o r t i c i t y  theory (Robertson (1965)) was used in t h e i r  i n v e s t i g a t i o n .  

The s o l u t i o n  f o r  the stream funct ion  and the v o r t i c i t y  was obta ined by a 

s u c ce s s i v e  approximat ion f i n i t e  d i f fe rence  method. The thoery  used by 

Taulbee and Robertson p red ic t  on ly  the flow pattern upstream the step, 

but i t  does not p red ic t  the behaviour  of the turbulence p rope r t ie s .
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From the above review i f  can be seen that  the computation of  

laminar r e c i r c u l a t i n g  f lows i s  p o s s ib le  by the s imultaneous s o l u t i o n  of 

the Nav ie r -S toke s  and c on t in u i t y  equat ions  in f i n i t e  d i f fe rence  form.

In ad d i t io n  to  the obv ious  d i f f i c u l t i e s  imposed by l imited computational 

f a c i l i t i e s ,  these  e a r l y  s o l u t i o n s  were a l s o  confined to  low flow rates  

due to  numerical i n s t a b i l i t y  at  h ighe r  Reynolds numbers. Th i s  l im i ta t ion  

has recent ly  been e l im inated however, fo l low ing  the development by 

Gcsman et al (1969) and o the r s  o f  improved numerical methods which y ie ld  

s t a b i l i t y  and rapid convergence f o r  any Reynolds number. On the other  

hand, methods f o r  c a l c u l a t i n g  tu rbu len t  boundary laye rs  and o ther  th in  

shear  laye rs  are now s u f f i c i e n t l y  r e a l i s t i c  and r e l i a b l e  -  Bradshaw et  al 

( 196 7 ) , -Patankar  and Spalding- (1967),  (1972)' and Nee and Kovasznay (1969) -  

fo r  usefu l attempts to  be made to  c a l c u la t e  the more complicated flows.

There are a number of accurate numerical procedures, most ly f i n i t e  

d i f fe rence  techniques, which have been shown to be s u c ce s s fu l ,  and most 

of the d i f f i c u l t i e s  a s soc ia ted  with  such p re d ic t ion s  re la te  d i r e c t l y  to  

the lack of tota l  phys ica l  understand ing and consequent inadequacies in 

the va r iou s  turbulence models used. However, in the case of  complex 

tu rbu len t  f lows, defined as those  which f a i l  to  s a t i s f y  the boundary layer 

approximat ion,  and which are, there fo re ,  in general e l l i p t i c ,  the s i t u a t i o n  

i s  not so c le a r .  I t  i s  gene ra l ly  recognized tha t  on ly  methods based on 

modelled forms of  the f u l l  t r a n sp o r t  equations  are l i k e l y  to  have s u f f i c i e n t  

phys ica l  content to be able to cope with complex flows. Although such 

models are now being developed -  H an ja l i c  and Launder (1972) and Launder 

e t  al (1975) -  they have as yet on ly  been e x te n s i v e l y  tested fo r  the 

c a l c u l a t i o n  of  th in  shear f lows or ,  at least,  f lows which are e s s e n t i a l l y  

p a rabo l ic ;  t h e i r  adequacy f o r  more complex flows remains to  be demonstrated.
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V a s I I i c - M e l I i n g  (1976) so lved  numer ica l ly  f lows over  two- and 

three-dimensional rec tangu la r  ob s ta c le s .  The method o f  the s o l u t i o n  

con s i s ted  of  a f i n i t e - d i f f e r e n c e  procedure fo r  s o l v i n g  the e l l i p t i c  

form of the momentum equation,  and two add i t iona l  con se rva t ion  equat ions  

fo r  the turbulence K in e t i c  energy and d i s s i p a t i o n  rate, with the c on t in u i t y  

equation. The p a r t i c u l a r  method used was s i m i l a r  to  tha t  descr ibed  by 

Patankar  and Spa ld ing  (1972),  f o r  s o l v i n g  two- o r  th ree-  dimensional 

e l l i p t i c  equat ions  u s ing  v e l o c i t y  and p re ssu re  as the main dependent 

v a r i a b le s .  The s p e c i f i c  s i t u a t i o n s  examined were two-dimensional tu rbu len t  

flows over  a sharp edged normal p la te  or  square c r o s s  sec t ion  ob s tac le  

mounted normal to  a f l a t  p late,  and three-d imens iona l  f low over  a su r fa ce -  

mounted cubical  ob s tac le ,  o r ien ted  with one face perpend icu Ia r  to  the 

d i r e c t i o n  of f low. P re d i c t i o n s  of  two-dimensional flow were compared with 

measurements of  the streamwise v e l o c i t y  component, s t a t i c  pressure ,  sur face  

p ressure  and turbulence K in e t i c  energy reported by some prev ious  researchers  

No measurements were made downstream of the square c ro s s  se c t ion  ob s tac le  

to  compare the predicted flow with such measurements. Instead V a s i I i c -  

M e i l i n g  (1976) made the comparison with  Good and Joubert (1968) measurements 

downstream of  a sharp edged normal p la te  which i s  d i f f e r e n t  in geometry 

from an ob s tac le  which has a f i n i t e  th ic kne s s  as the one mentioned above. 

A lso,  the ob s tac le  he used was p a r t l y  immersed in the boundary layer which 

i s  d i f f e r e n t  than the present  in ve s t i g a t i o n .

The accuracy o f  a numerical p red ic t ion  r e s t s ,  however, not on ly  on 

the exce l lence  or  otherwise  of  the turbulence model but, even more b a s i c a l l y  

on the accuracy o f  the numerical techniques used to so lve  the equat ions  

which embody the model. Cast ro  (1979) d iscussed the numerical accuracy 

of  a f i n i t e  d i f fe rence  technique t yp ica l  of many used fo r  the c a l c u la t i o n  

of  e l l i p t i c  tu rbu len t  flows. He inves t iga ted  both a n a l y t i c a l l y  and by
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d i re c t  comparison between p red ic t ion  and experiments the s i z e  of the 

inev i tab le  t runca t ion  terms. Flow down a rearward - fac ing  step and 

over  a two-dimensional ob s ta c le  was in ve s t iga ted .  A d i f f e r e n t  mesh 

s i z e  was used to  performing g r i d  dependency check. In the flow down a 

rearward-fac ing  step the e f f e c t  o f  mesh spac ing  on mean v e l o c i t y  was 

smal l ,  and the reattachment po in t  was on ly  about 16$ f u r t h e r  downstream 

fo r  the f i n e s t  g r i d  than f o r  the other  g r i d s .  While  f o r  the flow down- 

stream,of atwo-dimensional ob s tac le  (sharp edged normal p la te  attached to  

a plane w a l l ) ,  the po in t  o f  reattachment was very  s e n s i t i v e  to  the mesh 

s i z e  in the region of  r e c i r cu I  a t i n g  flow.

2.4  CONCLUSIONS

The survey  of  experimental data fo r  flow over  b l u f f  bodies revealed 

extens ive  information fo r  su r face  pressure,  but comparat ive ly  l i t t l e  fo r  

other  q u a n t i t i e s  ( v e lo c i t y  and turbulance i n t e n s i t y )  o f  i n t e re s t  fo r  

p red ic t ion  procedures. At the same time, most o f  the experimental work 

has been c a r r ied  out f o r  two- o r  three-dimensional ob s t a c le s  attached to  

a smooth sur face  i s  d i f f e r e n t  from tha t  a c t u a l l y  found in the natural ground.

The theo re t ica l  treatments of  flow around o b s ta c le s  are b a s i c a l l y  

concerned with reg ions  upstream and fa r  downstream of  the ob s tac le .

Ana ly t ica l  methods (Kiya and A r ie  (1972);  Sakamoto et  al (1975)) based on 

conformal mapping have been proposed fo r  two-dimensional flow over  ob s tac le ,  

but they p red ic t  on ly  the upstream flow and are not adaptable to other  

geometr ies. The other  t h o e r ie s  based on pe rtu rbat ion  methods (Hunt (1971); 

Counihan e t  a I (1974)) have been developed f o r  the wake region downstream 

of the ob s tac le .  These, however, cannot be appl ied  to  the r e c i r c u l a t i n g  

region in the separat ion  flow near the ob s tac le  s in ce  the d i s tu rbances  of 

f low p rope r t ie s  caused by the body are too la rge  to  be treated as l i n ea r  

pe rtu rbat ions .
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The numerical s o lu t i o n ,  most f i n i t e  d i f fe rence  techniques have been 

shown to  be succes s fu I  f o r  p red ic t ion  of  such flows. In the present 

in v e s t i g a t i o n  the f i n i t e  d i f fe rence  technique was employed to  p red ic t  

the flow around the ob s tac le  and downstream of  the ob s tac le .  The flow 

domain can be d iv ided  into two reg ions ;  the r e c i r c u l a t i n g  flow region 

and a boundary flow region downstream of the separated flow.
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CHAPTER 3

APPARATUS ANO EQUIPMENT

3.1 APPARATUS

3.1.1 Wind Tunnel

The measurements were made in an open c i r c u i t  wind tunne l.  The 

tunnel had a 122 cms. wide x 61 cms. deep x 366 cms. long working sec t ion .

The turbu lence  level at the centre  l ine  o f  the working sec t ion  was 0.7  

percent at  a f ree  stream v e lo c i t y  of 21 m/s.

An a x ia l  f low fan dr iven  by a 50 HP sq u i r r e l  cage induct ion motor was 

fo rc ing  the a i r  to  the wind tunnel entry .  In o rde r  to ob ta in  a cond i t ion  

of  zero p re ssu re  g rad ient  a long the p late,  the passage between the tunnel 

top wall and the p late  was made s u f f i c i e n t l y  d ivergent  to  o f f s e t  the 

natural f a l l  in pressure  due to  boundary- Iayer  growth. Th i s  was accomplished 

by an ad ju s tab le  top wall which could be po s i t ioned  by screws threaded into 

the tunnel roof.  Th i s  adjustment was repeated a f t e r  p la c ing  the ob s tac le  

ins ide  the wind tunnel, to s a t i s f y  the cond i t ion  of zero p re ssu re  g rad ient  

in the whole experimental programme.

F igu re  (3.1)  shows a diagrammatical sketch o f  the wind tunnel used in 

the present  in ve s t i g a t i o n .

3.1.2  Rough and Smooth P la te s

A 367 cms. long x 122 cms. wide, and 0.635 cms. t h i c k  hardboard was 

used as a f l a t  p la te .  A sheet o f  ab ra s ive  paper of grade 16, was a f f i xed  

to the p late  and mounted on the f l o o r  of  the working sec t ion  of  the wind 

tunnel. In o rde r  to  avoid  any e f f e c t  on the s t a r t i n g  boundary- Iayer  t h i c k ­

ness, a small rounded wooden piece was mounted p a ra l l e l  to  the leading 

edge of the rough p late.
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The wind tunnel was designed with a smooth f l o o r  made of a sheet of  

formica. Th i s  smooth f l o o r  was used f o r  the smooth p la te  experiment.

The dimension of  the p late  was 360 cms. long and N O  cms. wide.

3.1.3  Dimensions of  the Two-Dimensional Obstacles  

(RIDGE and H I L L )

Two o b s ta c le s  o f  d i f f e r e n t  c ro s s - se c t  ions were used in the present 

in ve s t i g a t i o n :  one was a rec tangu la r  c r o s s - s e c t i o n  bar known henceforth 

as " r i d g e "  and the o ther  had the shape of a simple-hump known henceforth 

as " h i l l " ,  (F igu re  (3 .2a ).  The r a t i o  of the height, h, to the width, b, 

of  the " r i d g e "  was 2.5, and the r a t i o  o f  the bunda ry - Ia ye r  th ic kne s s  <S 

to the he ight  of  the ob s tac le  h, was 2 a t  the p o s i t i o n  o f  the ob s tac le  

" r i d g e "  o r  " h i l l " .  The he igh t  of  the ob s tac le  was 2 cms. in the case of 

rough p la te  and 1.2 cms. in the case o f  smooth p la te .  The simple-hump 

( h i l l )  has the surface which s a t i s f i e d  the equation,

y/h = [l + (x/h )2 ] 1 (3.1)

where h i s  the height of  the hump a t  x = 0. The spanwise length of  the 

ob stac le  was one metre. Th i s  length was a l i t t l e  b i t  s h o r t e r  than the 

width of  the wind tunnel to  leave some space, so th a t  the rubber tubes 

which were connected to  the s t a t i c -p ro b e s  could be e a s i l y  taken out  to 

the manometer.

The r idge was made of  a p la te  of  perspex with a th ic k ne s s  o f  2 mm. and 

the h i l l  was made of a f i b r e - g l a s s  coa t ing  with a th ic kne s s  of 2 mm. The 

upstream and downsteam edges of  the h i l l  were f lashed with the p late  

sur face  to  avoid any s tep -roughness  e f fe c t .

A con s ide rab le  number of  0.5 mm. diameter pizometer ho les  were 

d r i l l e d  at  the centre po rt ion  of  the " r i d g e "  and the " h i l l " ,  one s ide  had 

been d r i l l e d  as well as the top s ide  f o r  the r idge  to  measure the pressure
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d i s t r i b u t i o n  on the two ob s ta c le s .  The s ide  o f  the ob s tac le  which had 

the holes can be used as upstream face o r  downstream face to measure the 

upstream o r  downstream p ressu re  d i s t r i b u t i o n .  The p re ssu re  ho les  were 

connected to  a mult i - tube  manometer through 0.71 mm. I.D. s t a i n l e s s  

tubes and p o l y v in y ch lo r id e  tubes of  v a r io u s  d iameters. F igu re  (3.2a) 

shows the two ob s tac le s  ( r id ge  and h i l l )  used in the wind tunnel 

experiment. F igu re  (3.4) shows the p o s i t i o n  o f  the ob s ta c le s  in s ide  the 

wind tunnel and the boundary- 1  ayer  th ic k ne s s  developed on the rough

3.1.4 Rough and Smooth P ipes

A 5.08 cms. I .0. (2 in . )  and 732 cms. length s p l i t  pipe was used in 

the present  in ve s t i g a t i o n  as a rough pipe. The pipe had three pa rt s  of 

244 cms. each, with a rec tangu la r  c r o s - s e c t i o n  area which could be s p l i t  

to ha l f ,  and each ha l f  contained a long i tud ina l  s e m i - c i r c u l a r  channel of 

2.54 cms. in rad iu s .  The pipe was l ined i n t e rn a l l y  with the same ab ra s ive  

paper used in the rough p la te .  The s t a t i c  p re ssu re  drop along a length of 

244 cms. of  the pipe can be measured by means o f  two s t a t i c  p ressure  tubes 

i n s t a l l e d  c o n c e n t r i c a l l y  in s ide  the pipe.

A th ree  s tage c en t r i f u ga l  blower was used to  supply  the pipe with the 

a i r .  The v e lo c i t y  of the a i r  i n s ide  the pipe can be con t ro l led  by an e x i t  

gate va lve  o f  the blower. F igu re  (3.3a) shows the pa rt s  o f  the rough pipe 

as welI as the p o s i t i o n s  of the s t a t i c  and tota l  head tubes.

For a smooth pipe experiment, a 6 metre perspex pipe with an in s ide  

diameter o f  3.84 cms. was used. The s t a t i c  p re ssu re  drop a long the pipe 

length can be measured by d i f f e r e n t  s t a t i c  p re ssu re  taps  on the pipe wal l.

A small cen t r i fu ga l  fan dr iven  by a v a r i a b le  speed motor was used 

to d r i v e  the a i r  through the pipe. The v e l o c i t y  of the a i r  i n s ide  the

p I ate.
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pipe can be con t ro l led  by changing the speed of  the motor. F igu re  (3.3b) 

shows the smooth pipe used in the experiment.

3.1.5  Dimens ions of the Two-Dimensional Obstacle

( RING)

The ob s tac le  in the pipe experiments had a form of  s u i t a b l y  sca led

internal  ( rec tangu la r  in c r o s s - s e c t i o n )  r i n g s .  The r a t i o  between the
i.

width b to  the he ight  h of  the r i n g  was 0̂ r8€t-. T h i s  r a t i o  was kept constant  

f o r  both the rough and smooth pipe.  The r i n g  was made of  wood with a 

diameter sm a l le r  than the internal diameter of  the pipe by I mm. For the 

rough pipe the gap between the r i n g  and the pipe su r face  was sealed by 

u s ing  a blue take, t h i s  a I so protected the i rregu I a r i  ty  of the rough sur face  

of the pipe from any damage caused by the s o l i d  r i n g .  For the smooth 

pipe the gap between the r i n g  and the pipe was sealed by a foam rubber 

s e a l i n g  compound, t h i s  made i t  easy to  change the p o s i t i o n  of  the r i n g  and 

p ro tect  the smooth sur face  o f  the p ipe. F igu re  (3.2b)  shows the r i n g s  used 

fo r  the rough and smooth pipes.

3.2 INSTRUMENTATION

3.2.1 Traverse  Mechanism

A spec ia l  instrument was desinged by El-Samanoudy (1974) fo r  

measuring the boundary- Iayer  growth a t  d i f f e r e n t  s t a t i o n s  in s ide  the working 

sec t ion  of  the wind tunne l.  Th i s  instrument was used in the present 

i n v e s t i g a t i o n  to  enable t r a v e r s i n g  a t  d i f f e r e n t  p o s i t i o n s  downstream of  

the ob s tac le .

The instrument was made of  a s t a i n l e s s  steel rod r e s t i n g  on a small 

re c tangu la r  metal block with a rubber pad glued to  i t s  unders ide to  

p ro tec t  the sur face  roughness i r e g u l a r i t i e s .  The instrument had a s l i d i n g
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head c a r r y in g  the p f t o t  tube which was held t i g h t l y  by grab screws, the 

s l i d i n g  head guided by a groove a long  the road connected by the t ra ve r se  

outs ide  the wind tunnel by means o f  a ^  inch steel  cord guided by a 

small pu l le y  and kept under constant  ten s ion  by an over -hang ing  weight.

A dia l  c l o c k  guage read with an accuracy o f  0.01 mm. was used to  measure 

the disp lacement of  the p i t o t  tube o r  the hot wire probe from the su r face  

up to  50 mm. For boundary- layer  th ic kne s se s  g rea te r  than 50 mm, the sca le  

reading o f  the t ra ve r se  gear was used to  an accuracy  o f  .05 mm.

The p i t o t  tube had a hypodermic f ron t  tube of 0.71 mm. O.D. The 

s t a t i c  p re s su re  measured by a 0.81 mm. O.D. s t a t i c  tube provided with two 

s t a t i c  ho le s .  The s t a t i c  tube was held f i rm ly  by another  head f ixed  on 

the instrument road. F igu re  (3.5) shows in deta i l  the instrument and 

t rave rse  gear used in the experiment.

A standard p i t o t  - s t a t i c  tube was mounted a t  the e x i t  o f  the wind 

tunnel to  measure the e x i t  free stream v e l o c i t y  as  well as  to  control  the 

speed of  the working sec t ion .

In the pipe flow experiment the p i t o t  tube head was made of  a 

hypodermic tube of diameter 0.57 mm. and was used at  the e x i t  o f  the pipe 

to measure the v e lo c i t y  p r o f i l e s .  The p i t o t  tube was manually operated 

by a t r a v e r se  gear of 0.01 mm. reading accuracy (m ic ro -manipu lator ) .

An in c l in ed  mult i -tube  manometer was used fo r  measurements of  

pressure .  A methylated s p i r i t s  (S.G. = .815) was used as a manometric f l u i d .

3 .2 .2  Hot Wi re Equ i pment

Two d i f f e r e n t  types o f  standard ho tw i re  were used; one was a s i n g l e  

probe 5 micron tangston wire, and 1-1.5 mm. in length. The o ther  was an 

X -  probe (type: DISA 55 A 38).  The s i n g l e  probe was used for  measuring

the skewness, f l a t n e s s  f a c to r  and spectrum funct ion.  The X-probe was used 

to measure the turbulence i n t e n s i t i e s  and the shear s t r e s s  components.
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The s i n g l e  probe was connected v ia  a 5 metre cab le  to  a con stant  

temperature anemometer (type: DISA 55MOI), the output s i gn a l  vo l tage  of 

the anemometer was fed in to  a l i n e a r i z e r  (type: DISA 55M25) to provide a 

l inea r  func t ion  between the output vo ltage  s igna l  and the measured flow 

v e lo c i t y .  The vo l tage  was read from a d i g i t a l  vo ltmeter  (type: 500 MK III) . 

The output s i gn a l  from the l i n e a r i z e r  was fed to  an R.M.S. voltmeter 

(type: DISA 55D35) to  read the f l u c t u a t i n g  vo l tage  ( re la ted  to  the 

long i tud ina l  f l u c t u a t io n  v e l o c i t y ) .  The square value of tha t  s i gn a l  could 

be obtained by the R.M.S. vo ltmeter. Th i s  was squared aga in  by us ing  a 

turbulence proces so r  (type: DISA 55P25). In o rder  to  avoid  the f l u c t u a t io n  

reading of  the square va lues ,  the output of  the turbu lence  p roces so r  was 

fed to  an in te g ra to r  (type: DISA 52P30) to  g ive  an average value of 

squared s i g n a l .  Th i s  value was fed to  the d i g i t a l  vo ltmeter  to  c a lcu la te

squared s i gn a l  obtained by the R.M.S. voltmeter were fed to  an analogue

2305 r e sp e c t i v e l y  with a frequency response of  20HZ to  20KHZ) were used to  

c a l c u la t e  the frequency spectrum of the long i tud ina l  f l u c t u a t io n  component. 

The two instruments were mechan ica l ly - synchron ised  by means of a d r i v e  cab le .  

The in te rconnect ion s  fo r  the e le c t r o n i c  equipment are shown in F ig .  (3 .6 ) .

The X-probe was connected with two constant  temperature anemometer un i t s  

and two l i n e a r i z e r s .  The output s i g n a l s  o f  the l i n e a r i z e r s  were fed into a 

random s i g n a l  c o r r e l a t o r  and i nd ica to r  (type: D ISA 55A06) to  obta in  the 

s i g n a l s  add i t io n  and sub t rac t ion ,  which are proport iona l  to  long i tud ina l  and 

t ranve r se  turbulence i n t e n s i t i e s .

3.3 EXPERIMENTAL MEASUREMENTS AND PROCEDURES

In o rder  to  e s t a b l i s h  a datum from which wall d i s t ance s  were measured

The output of  the R.M.S. vo ltmeter  and the

c o r r e l a t o r  (type: DISA 55D70) to  c a l c u la t e  the skewness fac to r

A frequency ana ly se r  and level recorder  (B rue l I  and Kjaer  types 2107 and

fo r  the rough p la te  and the rough pipe, a f la t -headed copper pin was
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introduced among the roughness excrescences in the measuring plane. The 

top of  the pin was approximately 0 .5  mm. above the local peaks o f  the

roughness. The other end of  the pin  was connected to  one s ide  of a

t r a n s i s t o r i z e d  con t inu i t y  t e s t e r .  The other  s ide  of the t e s t e r  was 

wired to the p i t o t  tube so tha t  when the p i t o t  tube j u s t  made contact

with the pin  the l i g h t  of  the t e s t e r  came on. For  the smooth sur face

the measurements were s tarted  with  zero d i s tance  from the sur face.  Th i s  

was obtained by p lac ing  the p i t o t  tube adjacent to  i t s  image on the 

sur face.

The datum f o r  the hot-w ire  t ra ve r se  could not be e s tab l i s hed  us ing  

the above contact  method because of  p o s s ib le  damage to  the probe. A 

cathetometer, with a v e rn ie r  s ca le  accurate  to  w ith in  ±10  microns, was 

used f o r  the pipe experiment in o rde r  to  measure the d i s tance  between a 

pre-arranged datum j u s t  above the sur face  and e i th e r  the sur face  i t s e l f  

I in the case o f  smooth pipe) o r  the top o f  the copper pin. Once the 

datum had been determined the wall d i s tances  were measured u s ing  the 

d i g i t a l  gauge of the t ra ve r se  gear. For the wind tunnel measurements 

i t  was d i f f i c u l t  to use the above method. The wall d i s tance  was measured 

as shown in Fig.. (3 .6b).

The wind tunnel experiments  were ca r r ied  out with free stream 

v e lo c i t y  in the working sec t ion  equal to  21 m/s., and in o rder  to take 

into con s ide ra t ion  the v a r i a t i o n  of the temperature and the atmospheric 

pressure  from one day to  another  the readings  of  temperature and the 

barometr ic  pressure  were taken before s t a r t i n g  the wind tunnel.  The 

mean v e l o c i t y  p r o f i l e s  and the turbulence q u a n t i t i e s  were measured fo r  

the rough and the smooth p la te s  before p la c ing  the ob s tac le  in s ide  the 

tunne l.  These measurements were used to  determine the c h a r a c t e r i s t i c s

of the tu rbu len t  boundary layer  before d i s t u r b in g  the flow. The two-
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d im ens iona l i ty  o f  the flow was checked a f t e r  the ob s tac le  was introduced 

in s ide  the working sect ion  of  the t u n n e l - v e l o c i t y  and s t a t i c - p r e s s u r e  

d i s t r i b u t i o n  were measured a t  d i f f e r e n t  p o s i t i o n s  a t  the top of the 

ob s tac le  in spanwise d i r e c t io n .  The r e s u l t s  are shown in F ig .  (3 .7 ) .

For the rough p late,  the gap between the ob s tac le  and the su r face  was 

sealed by a foam rubber s e a l i n g  compound. In the case ofasmooth sur face  

an ab ra s i ve  tape was used to  c lo se  tha t  gap as well as to  hold the " r i d g e "  

on the su r face .

Deta i led  measurements o f  the mean v e l o c i t y  and turbulence p rope r t ie s  

were c a r r i e d  out  fo r  both the rough and smooth p la te s  downstream of  the 

ob s tac le  ( r id ge  o r  h i l l )  to  the recovery region of  the flow. Two 

ob s ta c le s  were used with the rough p la te  " r i d g e "  and " h i l l "  and on ly  one 

was used with the smooth p la te  " r i d g e "  fo r  a comparison. The r a t i o  of 

the boundary - Iayer  th ickne ss  to  the he ight  of the ob s tac le  was equal fo r  

both the rough and smooth p la te  experiments. AM measurements were made 

at  the centre  l ine  o f  the wind tunnel to  avoid the e f fe c t  of  the tunnel 

s ide  w a l l s .  The obstac le  was placed a t  a d i s tance  o f  135 cms. from the 

lead ing edge o f  the rough and smooth p la te s .

In the pipe flow experiment the a i r  supply  was switched at  least  

30 minutes before  the s t a r t  of  a measurement se s s i o n  fo r  the apparatus to  

reach e q u i l i b r i u m  cond i t ion s .  The va lues  o f  the a i r  dens i ty  and kinamatic

v i s c o s i t y  were corrected fo r  d a i l y  v a r i a t i o n s  in barometric  p ressure  and

Vn t
a i r  temperature. The value of the Reyno ld ' s  number (~^D)vias approximately  

5.8 x I05 f o r  both the rough and smooth p ipes,  where h was the he ight  of 

the r in g  and Vpthe pipe average v e lo c i t y .

• The smooth pipe was used to  c a l i b r a t e  the hot-wire  probe before the 

probe was used f o r  the rough pipe measurements. A d d i t i o n a l l y ,  the response 

of the wire to  a square wave input was checked on the o s c i l l o s c o p e  so 

that  any necessary  adjustments to the br idge balance of  the anemometer
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uv
could be made. The d i s t r i b u t i o n  o f  the turbu lence  shear s t r e s s  — __: was

measured in the smooth pipe and compared with the l i n e a r  d i s t r i b u t i o n :

(3 .2 )

as well as with some prev ious  measurements as  Lauf e r  (1955).

The mean ve lo c i t y ,  the three components of  turbu lence  normal 

s t r e s s e s  and the shear s t r e s s  d i s t r i b u t i o n  were measured a t  d i f f e r e n t  

p o s i t i o n s  downstream of  the r ing  to  the recovery con d i t io n  of the flow. 

A l l  the measurements were made at  the e x i t  se c t ion  o f  the pipes.  The 

p o s i t i o n  of  the r ing  could be changed with respect  to the measurement 

sect ion  by push ing the r i n g  in s ide  the pipe to  the des i red  d i s t ance .

Measurements of  the skewness, f l a t n e s s  and the spectrum func t ion  

of  the long i tud ina l  normal s t r e s s  were ca r r ied  out by u s in g  a s i n g l e  hot­

wire probe. The spectrum func t ion s  were measured a t  wall d i s t ance s  of

equal to  0.02, 0.35, 0.68 and 1.0 f o r  both the rough and smooth pipes.
R

3.4 METHODS OF INVESTIGATION

The main ob jec t i ve  o f  the present  in v e s t i g a t i o n  was to  study how a 

two-dimensional ob stac le  attached to  a rough su r face  a f f e c t  the tu rbu len t  

boundary- Iayer  developed on the sur face.  The experiments were ca r r ied  

out f o r  rough and smooth su r face s  as well as f o r  a rough and smooth pipe 

to study the recovery of  the flow downstream of  the ob s tac le .  The mean 

v e lo c i t y  p r o f i l e s  and the turbulence p rope r t ie s  were measured before and 

a f t e r  p la c in g  the ob stac le  in the wind tunnel or  in the pipe.

The measurements of the mean v e lo c i t y  p r o f i l e s  were used to  determine 

the wall f r i c t i o n  c o e f f i c i e n t  c^ f o r  the d i s tu rbed  and undisturbed flows. 

The graph ica l  method developed by Parry  and Joubert (1963) was used to 

determine the values of  c^ fo r  the rough su r fa ce s .  Us ing  the usual law of
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the wal I Gorrbined with the law o f  the wake (Coles,  1956),

-  = -  | n + A - —  + —  W(y/<5) (3.3)
u0 < uQ K

a multiplication of both sides by ^  [w=(£ c^)2] leads to the form

Uoo K V
1 I  ̂ * Au— I n w + A ------
< uQ

♦  w *
< 5

(3.4)

For a smooth sur face  (|y  = o) the above equation g i v e s  a f a m i l y  of 

s t r a i g h t  l i n e s  of  (-  ̂ ) ve r su s  ( I n - ^ 0  -  C lau se r  (1954) -  each l ine  

corresponding  to  a given value of w. Thus a cha rt  may be constructed,  and 

by p l o t t i n g . t h e  experimental po in t s  on such a cha r t  the l ine  upon which 

they f a l l  g i v e s  the appropr ia te  value of w. The accuracy  o f  the r e s u l t  

may be confirmed by two p rop e r t ie s  of  the l ine,  these being i t s  s lope  and 

i t s  placement on the chart .  In the case o f  a rough sur face  d i f f i c u l t i e s  

a r i s e ,  these being that  the o r i g i n  fo r  y i s  not known and a l s o ,  s ince  

the roughness of the sur face  causes a s h i f t  in the logar i thm ic  p r o f i l e ,  

the value of c^ i s  confirmed on ly  by the s lope  of  the logar i thm ic  l ine  

and not i t s  p o s i t i o n .  Perry  and Joubert (1963) assumed that  the o r i g i n  

was located a t  d i s tance  c, below the c r e s t s  o f  the elements used to  s imulate  

the rough su r face .  In the present  i n v e s t i g a t i o n  tha t  d i s tance  was below 

the c r e s t  of the a r t l f i c a l  datum (the top o f  the copper p in ) .  The va lue 

of,  e, was determined by adding a small d i s tance  to  the va lue of, y, such 

tha t  the experimental va lues  of  (yj ) g i v e s  a best  f i t  to  a s t r a i g h t  l ine  

in the logar i thm ic  inner region.  Once the value of  e was known, the 

value of c^ cou ld  be determined from the s lope  of  the logar i thm ic  l ine.

The va lues  of the roughness  funct ion  —  could be determined for
uo

d i f f e r e n t  va lues  of Reynolds numbers by p l o t t i n g  the equation (3.3) fo r

a smooth su r face  (—  = o) and fo r  a rough su r face ,  the r e s u l t s  of  the
uo

rough su r face  w i l l  s h i f t  from that  of the smooth su r face  by value equal
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to —  at  a ce r ta in  Reynolds number, 
uo

Nikuradse  (1933) used the loga r i thm ic  law in s l i g h t l y  d i f f e r e n t  

form. He defined an a l t e r n a t i v e  roughness func t ion ,  x > such that

U = i
uQ k

+ X (3.5 )

where X = — In 11 s U-° + A -  —  (3.6)
k v uQ

and hs i s  the equ iva lent  sand roughness he ight  of  the rough su r face ,  and 

i t  depends on the roughness he igh t  and the roughness geometry of  the 

sur face.  For the f u l l y  rough f lows funct ion  fa c to r  i s  independent of  

Reynolds number) Nikuradse ( I 933) found tha t

f = (2 log §  + I . 7 4 )“2 (3 .7)
hs

The va lue of the f r i c t i o n  fa c to r  f was determined f o r  the pipe 

experiments by measuring the p re s su re  drop over  a known length of  the 

pipe

To = AP
4

D
L

(3.8a)

where To i s  the value o f  the wall shear  s t r e s s ,  the re spect ive  f r i c t i o n  

fac to r  i s

f =
8To (3.8b)

where Vp is  the average v e l o c i t y  of the pipe defined as

R

V  w  i  U(R' y) dy <3-9>

The value of  the roughness he igh t  hs determined from equation (3.7) 

was compared with that  determined by the s t a t i s t i c a l  examination of  the 

rough su r face  (see Appendix A) and i t  was found tha t  no sub s tan t ia l  

d i f fe rence  between the ten -p o in t  he igh t  and N ik u r a d se ' s  equ iva len t  sand 

roughness he ight.
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The measurements o f  the turbu lence  normal and shear  s t r e s s e s  were 

used to  determine the tu rbu len t  eddy v i s c o s i t y  and the mixing length 

d i s t r i b u t i o n  downstream of the ob s tac le  f o r  both the boundary- Iayer  

flow and the pipe flow. The formulae used fo r  t h i s  purpose were

( t / p )
v t  = (3U/3y)

and

(t/p /*
Am “ (3U/3y)

(3.10a)

(3.10b)

3U
The value of  the mean v e lo c i t y  g rad ien t  (— ), was ca lcu la ted  from

ay

the local v e l o c i t y  d i s t r i b u t i o n .  The experimental va lues  of the eddy 

v i s c o s i t y  obtained from the above equation (3.10a) were compared with 

C l a u s e r ' s  model o f  the eddy v i s c o s i t y  in the inner and the outer  reg ions  

of the boundary layer.

v^_. = k y Uq (3.11a)

and \> = a Uoo 6 *  (3.11b)
to

where a i s  an eddy v i s c o s i t y  p r o p o r t i o n a l i t y  constant ,  which assumed to 

be equal 0.018 fo r  an e q u i l ib r ium  boundary - Iayer .  Th i s  value was 

determined f o r  the d is turbed flow downstream the ob s tac le ,  where the flow 

was in non -equ i l ib r ium  cond i t ion .

The frequency spectrum of  the long i tud ina l  tu rbulence normal s t r e s s  

was ca lcu la ted  f o r  both boundary - Iayer  and pipe flow. I f  u i s  the 

component of the f lu c tua t ion  v e l o c i t y  at  a f ixed  po in t  of  tu rbu lent  

motion in the d i r e c t ion  of  the main stream resolved into harmonic 

components, the mean value of  u may be regarded as being the sum of 

c o n t r ib u t io n s  from a l l  f requenc ies  and u2F(n) dn i s  the con t r ibu t ion  

from frequenc ies  between n and n + dn, then

/ F(n) dn = I
o

(3.12)
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I f  F(n) i s  p lotted a g a in s t  n, the diagram so produced i s  a form 

of the spectrum curve.

For two po in t s  in a tu rb u le n t  flow, separated by a d i s tance,  Ax, in 

the x d i r e c t i o n ,  the long i tdu ina l  spa t ia l  c o r r e l a t i o n ,  R̂ ., i s  defined 

to  be

U(x),.-J^£ * Ax) (3.13a)
u2

where u(x) and u(x  + Ax) represents  the instantaneous va lues  o f  the 

long i tud ina l  f l u c t u a t in g  v e l o c i t y  at  x and (x + Ax) r e sp e c t i v e l y .  The 

value of  u(x) and u(x  + Ax) can be measured u s in g  a two s i n g l e  hot wire 

separated h o r i z o n t a l l y  by a d i s tance,  Ax. T h i s  method i s  not accurate 

because the wake of the upstream probe i s  bound to a f f e c t  the flow near 

the downstream probe.

Tay lor  (1938) postu lated t h a t  the sequence of changes in u at a 

f ixed po in t  i s  due to  the passage o f  a ' r i g i d '  tu rbu len t  eddy past  the 

point,  and i f  the v e lo c i t y  of the a i r  stream, U, which c a r r i e s  the eddies  

i s  very much greater than the tu rbu len t  v e l o c i t y ,  u, the f I u c t u a t i o n s  at  

the po int  may be imagined to be caused by the whole tu rb u len t  flow f i e l d  

pass ing  tha t  po in t  with a constant  v e lo c i t y ,  U. Then the c o r r e la t i o n  

U(t) U(t + At) averag ing  with  respect  to, t , must then be ident ica l  with 

the c o r r e l a t i o n  u(x) u(x + Ax) averag ing  with respect  to x. The advantage 

o f  t h i s  model i s  the fact  th a t  the space c o r r e l a t i o n s  can be deduced from 

time c o r r e l a t i o n s .  The l a t t e r  can be measured e i t h e r  d i r e c t l y ,  u s ing  a 

time-delay un i t ,  o r  i n d i r e c t l y  by c a l c u l a t i n g  the Fou r ie r  t ransform of the 

measured frequency spectrum funct ion.  The Fou r ie r  t ransform method was 

used throughout the present in v e s t i g a t i o n .  The requ ired r e la t i o n  between 

the spa t ia l  c o r r e la t i o n  c o e f f i c i e n t  and the frequency spectrum function are
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= f  F(n) Cos p p  Ax dn (3.13b)
o

00
F(n) = -g / R̂ . Cos p p  Ax d(Ax) (3.13c)

o

The PDP8 computer program w r i t ten  by Musker (1977) was used to 

ca lcu la te  the va lues  of and F(n ).

The above c a l c u l a t i o n s  were used to  determine the in tegra l  length 

s ca le s  o f  the turbulence f i e l d  downstream of the ob s tac le .  T a y lo r  (1938) 

described two length s ca le s  of turbu lence,  macro-scale and m ic ro - s ca le  of  

turbu lence.  The macro-scale of t u r  bulence i s  a measure o f  the s i z e  of 

the l a r ge s t  eddies  and i t  can be defined in terms o f  the longitudinal spa t ia l  

c o r r e l a t i o n  c o e f f i c i e n t  by

l j  = f  R_ d (Ax) (3.14a)
o

The m ic ro - sca le  of  turbu lence  X i s  a measure of  the s i z e  of sm a l le s t  

eddies  of the tu rbu lent  f lows re spon s ib le  f o r  the d i s s i p a t i o n  o f  energy, 

Tay lor  def ined,  X , in terms o f  the curvatu re  of  Rj curve at  i t s  vertex.

= 2 Lt
Ax^o

■ -  r T 
(Ax )2 (3.14b)

Us ing  equation (3.13b) a f t e r  app ly ing  a s e r i e s  of  expans ion f o r  the

cos ine term, as Ax o, leads to:

00

— —  = -̂ 2— ^ n2 F(n) dn (3 .14c)
X2 U o

Hence X can be ca lcu la ted  from the second moment of the frequency 

spectrum funct ion .

In the homogenous tu rbu len t  flow, the p r o b a b i l i t y  dens ity  d i s t r i b u t i o n  

curve o f  the f l u c t u a t in g  v e l o c i t y  then shows a symmetry with respect  to 

an a x i s  ( i n  the case o f  a po int  source)  o r  with respect to  a plane ( in  the 

case of a l ine  source)  the shape o f  these d i s t r i b u t i o n  curves  w i l l  be
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determined by the c h a r a c t e r i s t i c s  o f  the turbu lence  and by spa t ia l  

d i s t r i b u t i o n  o f  the v e l o c i t y .  To study the homogeneity of  the flow, two 

fa c to r s  are  provided by measurements, skewness and f l a t n e s s  f a c to r  

defined by K lebanoff  (1954) as:

—OO u3 P(u) du u3
00
f

—CO u2 P(u) du] ^ 2 ( u V *

00

; u1* P(u) du 1 ,*+—00 u

[ /  w—oo
1 ■f

u2 P(u) du j2
( U ) z '

(3 .15a)

(3.15b)

where P(u) du i s  defined as the f r a c t i o n  of to ta l  time the f l u c t u a t io n  

spends between u and u + du and,

f  P(u) du = I , ( 3 . 1 5c)
—oo

Townsend (1947) has found tha t  the p r o b a b i l i t y  dens i ty  d i s t r i b u t i o n  

of  a l l  th ree f l u c t u a t in g  v e l o c i t y  components a t  an a r b i t r a r y  po int  and a t  

a given time of decay in the turbulence flow behind a square-mesh g r id  are 

approximately normally d i s t r i b u t e d .  He found tha t  the f l a t n e s s  fac to r ,

F , l i e s  between 2.9 and 3 .0  as  compared with the value 3 .0  appropr iate  

to a normal d i s t r i b u t i o n .  The skewness f acto r ,  S^, i s  found to  be zero 

as the va lue  f o r  a normal d i s t r i b u t i o n  o r  any symmetrical d i s t r i b u t i o n .

At l a s t  the force ac t in g  on the o b s ta c le s  ( f o r  the boundary- Iayer  

■ flow) was determined by measuring the p ressure  d i s t r i b u t i o n  on the ob stac le  

w a l l s .  The va lues  of  the drag c o e f f i c i e n t ,  Cg, were obtained by 

i n te g ra t in g  the areas under the curves of the s t a t i c  pressure  c o e f f i c i e n t  • 

Cp ve r su s  y/h, where y i s  the d i s tance  on the wall of the ob s tac le .  The
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va lues  of CD and Cp were ca lcu la ted  u s in g  the formulae

y/h
c D = / cp d(y/h) (3.

P -  Poo
i  ?  u
‘  00

(3.

where P® and U® are the free stream s t a t i c  p re ssu re  and v e lo c i t y  

respect i  ve ly .

16a)

16b)
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WIND TUNNEL EXPERIMENTS

4. INTRODUCTION

An experimental study of  the e f f e c t  of a two-dimensional ob s tac le  

attached to  a plane wal l ,  on which a tu rb u len t  boundary- Iayer  was developed, 

i s  cons idered in t h i s  chapter.  Two types  of  geometry were used in these 

exper iments.  These two-dimensional ob s ta c le s  were descr ibed in Chapter 3: 

one was a rec tangu la r  c r o s s - s e c t i o n  bar ( r id ge )  and the other  was a s i n g l e ­

hump ( h i l l ) .  In the present study two d i f f e r e n t  plane w a l l s  were used: 

one was a rough plane and the other  was a smooth plane. The comparison 

of the r e s u l t s  of  these experiments are presented in due course.

The rough p la te  descr ibed in Chapter 3 was used in these exper iments. 

The average he ight  of the i r r e g u l a r  rough p late,  hs , ca lcu la ted  from the 

s t a t i s t i c a l  examination of  the sur face  was 0.98 mm (see Appendix A).  Th is  

average he igh t  i s  sma l le r  than the he ight,  h (= 20 mm), of  the ob s tac le s  

used in the rough p la te  experiments. The boundary- Iayer  th ic kne s s ,  <5, above 

the o b s ta c le s  ( r id ge  or  h i l l )  was 40.5 mm.

For both the sur faces  (rough and smooth), the r idge  used was of  the 

same w id th - t o -h e igh t  r a t i o  ( i . e . ,  b/h = 2 .5 ) ,  and o f  the same h e ig h t - t o -  

boundary- Iayer  th ickne ss  r a t i o  ( i . e . ,  h/5 = 0 .5 ) .  The boundary- Iayer

th ickne ss  above the ob stac le  ( r i d g e ) ,  attached to  the smooth p late,  was 

25 mm. For both of the su r face s ,  the p o s i t i o n  of  the ob s tac le  was 1350 mm 

from the leading edge of the p la te .  The length of  a I I the ob s tac le s  in 

both ca se s  was 1000 mm.

The con d i t io n  of  zero p ressure  g rad ien t  in the working sec t ion  of  

the wind tunnel was checked before and a f t e r  i n s e r t i n g  the ob stac le  in s ide  

the working se c t io n .  The free stream v e lo c i t y  in the working sec t ion  was 

21 m/s f o r  both the experiments rough and smooth p la te s .  The measurements

CHAPTER 4
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were c a r r i e d  out  a t  d i f f e r e n t  s t a t i o n s  downstream of  the ob s tac le ,  no 

measurements were made in the sepa ra t ion  reg ions  because of the d i f f i c u 1 1 ies  

of  measuring the flow d i r e c t i o n  in such reg ions .  The measurements were 

taken a t  x = reattachment, 50, 69, 86, 116, 139 and 185 cms. from the 

p o s i t i o n  of the obstac le .

4.2 STATIC PRESSURE DISTRIBUTIONS

The two-dimensional ob s tac le  in these experiments can be cons idered 

as a b l u f f  body immersed in a tu rbu len t  boundary- Iayer,  such tha t  an 

adverse p re ssu re  grad ient  wi l l  be produced upstream of the ob s tac le .  The 

boundary- layer  wi l l  be forced to separate from the plane boundary wall 

and wi l l  reattach on the f r on t  su r face  of the ob s tac le ,  thereby producing 

a separat ion  bubble on the upstream s ide  of  the ob s tac le .  The mean flow 

ins ide  and ou t s ide  the f r on t  sepa ra t ion  bubble i s  qu ite  steady (Good and 

Joubert (1968) and Sakamoto et al (1975)) .  F igu res  (4 .1 )  and (4 .2) show 

the s t a t i c  p ressure  d i s t r i b u t i o n  on the f r on t  and rear  su r fa ce s  of the 

r idge  and the h i l l  attached to  the rough p la te .  I t  can be seen that  the 

po int of the reattachment (the po in t  of maximum pressure  on the f ron t  

sur face)  occurs  at  the range of  0.5  < y/h < 0.6  in the case of the r idge.  

This  va lue i s  d i f f e r e n t  from th a t  in the case of the h i l l  which occurs  

at y/h = 0.25. Th is  d i f fe rence  i s  due to the fac t  tha t  in the case of 

the r idge,  the f ron t  su r face  behaves as a normal p la te  attached to  the 

rough su r face  c rea t in g  a severe adverse pressure  g rad ien t  (same as found 

by Good and Joubert (1968) who ca r r ied  out an experiment on normal p la te s  

attached to  a plane wal l ,  o r  as found by Bradshaw and Galea (1967) on the 

upstream forward fac ing  s tep ) ,  which i s  much more than the one created by 

a g rad ua l l y  i n c rea s ing  su r f a ce -h e igh t  such as the h i l l  used in the present 

in v e s t i g a t i o n .  Moreover, the length of the f ron t  separat ion  bubble in the 

case of the r idge  i s  b igge r  than tha t  fo r  the h i l l .
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The flow wi l l  separate aga in a t  the upstream top edge o f  the 

ob stac le ,  producing a free shea r . la ye r ,  reattached on the plane wal l  

downstream of  the ob stac le .  The s t a t i c  pressure  d i s t r i b u t i o n  on the 

rear su r fa ce  (base pressure)  fo r  the r idge  and the h i l l  are s u b s t a n t i a l l y  

constant  as shown in F ig s .  (4 .1) and (4 .2 ) .

The separat ion  po int  in the case of the h i l l  i s  not known and F ig .

(4.2b) represents  the s t a t i c  p ressure  d i s t r i b u t i o n  on the f ron t  and rear 

su r face s  of the h i l l  with respect  to  the non-dimensional streamwise 

d i r e c t ion ,  x/h . I t  can be predicted that  the flow wi l l  separate near the 

top of the h i l l ,  a t  x/h = -0 .3 ,  which corresponds to  y/h = 0 . 9 .  At t h i s  

po int  the pressure  decreased to  the value of  the base pressure  on the 

downstream su r face  of the h i l l .

The s t a t i c  pressure  d i s t r i b u t i o n ,  on the f ron t  and rear su r face s  fo r  

an ob s tac le  ( r id ge ) ,  attached to  the smooth plane are shown in F ig .  (4 .1 ) .

I t  can be seen tha t  the po in t  of the maximum p ressu re  (reattachment on the 

f ron t  su r face )  occurs  at 0.5 < y/h < 0.6 as in the case of  the r idge  attached 

to  the smooth plane. The va lues  of the s t a t i c  pressure  c o e f f i c i e n t  on the 

f ront  su r fa ce  are h igher  on the r idge  attached to  the smooth plane than tha t  

fo r  the r idge  attached to  the rough plane. On the other  s ide ,  the base 

pressure i s  lower in the former case than the la t te r .  Although the r a t io ,  

h/6, is  the same fo r  both cases,  the v e l o c i t y  components c lo se  to  the r idge  

on the rough plane are d i f f e r e n t  than i f  the r idge i s  attached to  the 

smooth plane by the value of  the v e l o c i t y  s h i f t  Au. In smooth su r face s  

no v e l o c i t y  s h i f t ,  Au , occurs  and therefo re ,  the r idge  attached to 

the smooth boundary wi l l  o b s t ruc t  h igher  v e lo c i t y  components compared 

to the rough wal l  boundary. I t  i s  expected then that  the drag force 

on the r idge  attached to the smooth p late  i s  h igher  than that  on the 

r idge attached to  the rough plate. -The drag force on the ob stac le  was 

ca lcu la ted  by i n teg ra t in g  the p ressure  d i f fe rence  p r o f i l e ,  from which the

values  of  the drag c o e f f i c i e n t  C^, were ob ta ined . The drag c o e f f i c i e n t ,
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for  the r idge  attached to  the rough p la te  was 0.48 and f o r  the r idge  

attached to  the smooth p la te  was 0.629. For the h i l l  attached to the 

rough p la te ,  CD was 0.41 which i s  le s s  than tha t  f o r  the r idge  attached 

to the same p la te .  Th is  i s  p o s s ib le  because the adverse pressure  

grad ient  created upstream of  the r idge  i s  more than the one created 

upstream o f  the h i l l .  Moreover, the flow separates  a t  the top edge of  

the r idge  ( i . e . ,  y/h = I) whereas in the case o f  the h i l l ,  the flow 

separates  a t  y/h = 0.9.

These va lues  of  the drag c o e f f i c i e n t s  were corrected fo r  the 

blockage e f f e c t s ,  u s ing  Ranga Raju e t  al (1972) formula,

CD - cD u - ^ - 85
C  1

where, Di, i s  the he ight  of  the wind tunnel working sec t ion  and, h, i s  

the ob s tac le  he ight.

F igu re  (4.3)  shows the s t a t i c  p re ssu re  d i s t r i b u t i o n  on the upper 

su r faces  of  the r idge  attached to  the rough and smooth p la te s .  The 

pressure  d i s t r i b u t i o n  on the upper su r face  has approximately s i mi l a r  shapes 

fo r  the r idge  on the rough and smooth p la te .

A s t a t i c  tube was used to measure the s t a t i c  p re ssu re  d i s t r i b u t i o n s  

downstream of  the r idge and the h i l l .  In fac t  these readings  are in 

doubt because the actual d i r e c t ion  of  the flow i s  not known in the 

separat ion bubbles, but i t  may g ive  some ind ica t ion  about the behaviour 

of the s t a t i c  p re ssu re  in such a reg ion.  However, these measurements 

can be used to  p red ic t  the po int  of  reattachment of  the flow on the plane 

wal l  downstream of  the ob stac le  ( r id ge  o r  h i l l ) .  F igu re s  (4 .4a ) ,  (4.4b) 

and (4.4c)  show the s t a t i c  p ressure  d i s t r i b u t i o n  in the separat ion  bubbles 

behind the r idge  and the h i l l  on the rough p la te  and f o r  the r idge  on the 

smooth p la te  re spec t i ve ly .  The s t a t i c  p re s su re  d i s t r i b u t i o n s  are shown 

in the form of the s t a t i c  p ressure  c o e f f i c i e n t  at  d i f f e r e n t  s t a t i o n s



a g a in s t  the non-dimensional d is tance  y/h. The edge of the shear layer 

is  marked on each curve, i t  can be seen th a t  the p re ssu re  f i e l d  caused 

by the ob stac le  does not end a t  the edge of the shear layer.

Near reattachment, the s t a t i c  p re ssu re  is  recovered and, thereby, i s  

returned to  a constant value w ith in  the boundary - Iaye r  th ic k n e s s .  The 

value o f  the s t a t i c  p ressure  downstream of the ob stac le ,  in the 

separat ion  bubble, i s  dependent upon the geometry of the o b s ta c le .  T h is  

can be seen from the measurements downstream of the r idge  which show th a t  

the r idge  causes a severe e f fe c t  in the s t a t i c  p re ssu re  more than in the 

case of the h i l l .  The d i s t r i b u t i o n  of the s t a t i c  p re ssu re  downstream of 

the r idge , on the smooth p la te ,  does not d i f f e r  too much from tha t  on 

the rough p la te ; but i t  re tu rns  more re a d i ly  to  the free stream va lue.

The reattachment po in t s  pred icted  by u s in g  the s t a t i c  p re ssu re  

measurements, are 25.0>cms. and 18 cms. downstream of the r idge  and the 

h i l l  on t h e 1rough p la te  re sp e c t iv e ly .  For the r idge  on the smooth p la te  

the po int of reattachment is  13.5 cms. downstream o f the r idge .

4.3 BOUNDARY-LAYER MEAN FLOW CHARACTERISTICS

4.3.1 Mean V e loc ity  D i s t r ib u t io n s

Mean v e lo c i t y  p r o f i l e s  at  d i f fe re n t  s t a t io n s  downstream o f the 

ob stac le s  ( r id ge  o r  h i l l )  were measured to  study the local boundary - Iaye r  

c h a r a c t e r i s t i c s  a f t e r  the shear layer was d istu rbed  by the o b s ta c le s .

The measurements of the mean v e lo c i t y  in a l l  the experiments, f o r  the rough 

and the smooth p la te s,  were s ta rted  a f t e r  the po in t s  of the reattachment. 

The reason fo r  that is  the d i f f i c u l t y  of measuring the flow d ire c t io n  in 

the region of the separated flow ( in s id e  the bubble). However, the main 

aim of the present in ve s t ig a t io n  is  the study of the recovery of the 

tu rbu len t  shear  layer downstream of the ob stac le .
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The c h a r a c t e r i s t i c s  o f  the  tu rb u le n t  boundary - Iaye r  on the rough 

and smooth p la te s  were determined before in s e r t in g  the ob stac le  in s id e  

the working sec t ion  of the wind tunne l.  F igu re s  (4.5a) and (4.5b) 

represent the mean v e lo c i t y  d i s t r ib u t io n  on both o f  the rough and smooth 

p la te s  w ithout the ob stac le ,  the f ig u re s  include the mean v e lo c it y  

p r o f i l e  a t  the p o s it io n  of the ob stac le ,  x = 135 cms. from the leading 

edge o f  the p la te s .

The mean v e lo c it y  p r o f i l e s  downstream of the r id ge  and the h i l l  

attached to the rough p la te  are  shown in F ig s .  (4.6a) and (4 .6b ).  The f i r s t  

three p r o f i l e s  measured a t  the top of the r idge  and the h i l l ,  x = 7 cms. 

and at x = 9 cms. are shown w ithout the negative  v e lo c i t y  va lues  in s id e  

the separated flow (bubble), where x i s  the d is tance  downstream of the 

r idge  and the h i l l .  These p r o f i l e s  g iv e  an idea about the s i z e  of the re­

c ir c u la te d  flow region downstream of the ob stac le .  The po in ts  o f  the 

reattachment could be determined by moving the p i t o t  tube very near to  

the plane w a ll,  downstream o f the r idge  o r  the h i l l ,  in s id e  the re c ircu la te d

flow reg ion. The va lues  of x (d is tance  from the ob s ta c le  to the
//. i r  f

reattachment) were found to  be equal to 22.5 cms. and 18 cms. in the case 

of the r id ge  and the h i l l ,  r e sp e c t iv e ly .  From t h i s  r e su l t ,  i t  can be sa id  

that the length of the separated region is  a ffected  by the shape of the 

ob stac le .  A l s o  i t  is  expected then tha t  the recovery of the boundary - Iaye r  

does depend apprec iab ly  on ob s ta c le  shape. I t  i s  found tha t  the reattachment 

downstream o f the r idge attached to  the smooth p la te  to  occur at x r = 11.5 cms.

The measurements in the wake reg ions  downstream o f  the reattachment 

ind ica te  tha t  the tu rbu len t  boundary- Iaye r e x h ib i t s  x -  w ise s t a b i l i t y  

and the v io le n t  d i s t o r t io n  in the v e lo c i t y  p r o f i l e s  d isappear as the 

boundary- Iayer proceeds downstream o f  the ob s ta c le .  I t  can be seen tha t  

the inner po rt ion  o f  the boundary- Iayer re tu rn s  much more q u ic k ly  to  i t s
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natural shape; t h i s  recovery depends on the geometry o f  the ob stac le  

(r idge  o r  h i l l ) .  I t  i s  f a s t e r  fo r  the h i l l  than fo r  the r id ge .  The 

mean v e lo c i t y  p r o f i l e s  downstream o f  the r idge  attached to  the smooth 

p late  are  shown in F ig .  (4 .6 c ).  I t  can be seen th a t  the inner po rt ion  

of the boundary-1 ayer re tu rn s  more spee d ily  to  i t s  natura l shape than 

in the case  o f  the r idge  attached to  the rough p la te .  I t  can be 

concluded tha t  the recovery of the inner po rt ion  o f  the boundary-1ayer 

depends on the geometry o f  the ob stac le  and the su r fa ce  roughness which 

the ob s ta c le  is  attached.

The loga r ithm ic  p r o f i l e s  fo r  the mean v e lo c i t y  d i s t r i b u t i o n s  are 

shown in F ig s .  (4.7a) to  (4 .7 c ) .  The redevelopment of the boundary - Iaye r  

downstream o f the reattachment is  c le a r l y  ev ident.  The present r e s u l t s  

fo r  the smooth p la te , approach c lo s e r  to the Coles (1956) formula.

-  = 5.75 log (^ )  + 5. (4.2)

I t  i s  important to  know th a t  the va lue  o f  t r a v e r s in g  d is tance ,  y, fo r  

the rough p la te  i s  equal to  the displacement d is tance  of the t ra v e r se  

gear p lu s  the v i r t u a l  o r i g i n  of the boundary- Iayer, e , determined u s in g  

the Parry  and Joubert method (1963).

For the rough p late , i t  i s  known th a t  the va lue  of the roughness 

function —  i s  constant fo r  a ce r ta in  R e yn o ld 's  number in the working
u0

section  o f  the wind tunne l. Th is  value was checked downstream of the

reattachment fo r  the r idge  and the h i l l  attached to the rough p la te .

A u uo
Figure (4.8) shows the va lue  o f  —  a ga in s t  x-w ise  R e yn o ld 's  number (x — ),

the va lues o f  ( -S-U° ) are included in some s t a t io n s .  I t  i s  c le a r  that 
v

the value o f  —  is  hiqh near the reattachment, where the va lue  of uQ is  
u0

very low. The value of —  reduces downstream of the reattachment to a
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minimum value  fo r  both r idge  and h i l l  experiments. Fu rther  downstream

of the reattachment the roughness func t ion  —  increases towards the
uo

value of —  fo r  the rough p la te  w ithout the ob s ta c le .  The rate  of 
uo

increase of —  in the case o f  the h i l l  i s  g rea te r  than fo r  the r idge , 
uo

which in d ic a te s  th a t  downstream of the h i l l ,  the wall f r i c t i o n  v e lo c i t y ,  

uQ, re tu rn s  to  i t s  va lue  f o r  the rough p la te  w ithout the ob s ta c le  f a s t e r  

than fo r  the r id ge  attached to  the same p la te .

4 .3 .2  Wall F r ic t io n  C o e f f ic ie n t

The wall f r i c t i o n  c o e f f ic ie n t ,  determined from the local mean v e lo c i t y  

p r o f i l e s  i s  shownin F ig s .  (4.9a) and (4 .9b ).  The va lues o f  the f r i c t i o n  

c o e f f ic ie n t  f o r  the rough and smooth p la te s  w ithout the ob stac le  are a l s o  

shown in the above f ig u re s .  Because of the d i f f i c u l t i e s  o f measuring the 

local v e lo c i t y  p r o f i l e  in the separated flow downstream of the ob sta c le s ,  

the va lue s  of the f r i c t i o n  c o e f f ic ie n t  was determined downstream of the 

reattachment. Figure (4.9a) represents  the f r i c t i o n  c o e f f ic ie n t  downstream 

of the r idge  and the h i l l  attached to the rough p la te . I t  i s  c le a r  that 

the va lue s  o f  the f r i c t i o n  c o e f f ic ie n t ,  downstream of the h i l l  are returned 

more ra p id ly ,  than in the case  o f  the r idge, to the o rd ina ry  tu rb u len t  

boundary- layer value on the rough p late . Figure (4.9b) shows the same 

re su l t s  f o r  the f r i c t i o n  c o e f f i c ie n t  va lues downstream of the r idge  on 

the rough and smooth p la te .  I t  can be seen th a t  fo r  the rough p la te  with 

the r idge  attached to  it ,  the flow i s  not f u l l y  recovered a t  the end of 

the p late , but fo r  the smooth p la te  the flow has reached the recovery 

cond i t  ion.

The p o in t s  o f the reattachment downstream of the o b s ta c le s ,  on the 

rough and the smooth p la te s,  can be pred icted by e x t ra p o la t in g  the wall 

f r i c t io n  curves. The va lues  of x r (d is tance  from the ob stac le  to  the
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tO $
rea+tachment) determined by t h i s  method were 20 cms. and 16 cms. fo r  the

ridge  and the h i l l  on the rough p la te  re sp e c t iv e ly .  For the r id ge  on
9.0

the smooth p la te  the va lue  o f  x̂ . was 10.8 cms. from the r idge .

4 .3.3  In teg ra l Q ua n t it ie s

The boundary- laye r in teg ra l  q u a n t i t ie s  fo r  the rough and smooth 

p la te s  w ithout the ob stac le  ( r id ge  o r  h i l l )  are shown in F ig .  (4 .10a ).

The boundary - Iaye r  th ic k n e sse s ,  before and a f t e r  the flow was d istu rbed  

by the o b s ta c le s ,  a re  a l s o  included in the F igu re . I t  can be seen th a t  

the edge o f  the shear laye r  (boundary - Iaye r  th ic k n e s s )  i s  d isp laced  

outward. Therefore, the boundary- Iaye r developed downstream of the 

ob stac le  has a th ic k n e ss  5, g rea te r  than th a t  developed on the rough o r  

smooth p la te s  w ithout the o b s ta c le s .

F igu re  (4.10b) shows the boundary - Iaye r  in tegra l q u a n t i t ie s  downstream 

of the o b s ta c le  ( r id ge  o r  h i l l )  attached to the rough p la te . S ince  the 

displacement th ic k n e ss  i s  th a t  d is tance  by which the external po tent ia l 

f ie ld  o f  flow is  d isp laced  outwards as consequence of decrease in v e lo c i t y  

in the boundary- Iayer, i t  i s  expected then tha t  the value of the d i s p la c e ­

ment th ic k n e s s ,  6*, j u s t  behind the reattachment i s  very  la rge. On the 

other hand, the momentum th ic k n e s s ,  9 does not vary  much. Thus the shape 

parameter, H, has a very large va lue  behind the reattachment. T h is  value 

of H, decreased to  a con stant  va Iue of 1.41, which i s  d i f f e r e n t  than the 

constant va lue  o f  H, fo r  the rough p la te  w ithout the ob s ta c le  (H = 1.55). 

Th is  is  because the boundary- layer th ic k n e s s  5, i s  changed, a l s o  the 

integra l va lue s  of the d isp lacement and momentum th ic k n e sse s  6* and 9 are 

changed. The same r e s u l t s  were shown fo r  the case of the smooth p late , 

and F ig .  (4 .10c) shows the shape parameter and the boundary- Iaye r d i s p la c e ­

ment and momentum th ic k n e s se s .  A lso  included are r e s u l t s  from other
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in v e s t ig a t io n s  f o r  d i f f e r e n t  but re lated flow c o n f ig u ra t io n s  (M u l le r  

et a I (1964) r e s u l t s  fo r  flow downstream a step; Ota and Itosaka  (1976) 

data f o r  flow over a f l a t  p la te  with f i n i t e  th ic k n e s s  and b lunt lead ing 

edge). The con stant  va lue  o f  H fo r  the smooth p la te  downstream of the 

r id ge  was 1.29, which i s  lower than the va lue  of H f o r  the flow on the 

smooth p la te  w ithout the ob stac le  (H = 1 . 4 4 ) ,  fo r  the same reasons as 

above.

The most usefu l s in g le  parameter fo r  measuring the departure of a 

tu rb u len t  boundary-1 ayer from e q u i I ib r iu m  i s  C lau se r  parameter G. The 

value o f  G f o r  an eq u i l ib r iu m  boundary- Iaye r with constant pre ssu re  

g rad ien t  is  6 .8 .  The va lue  of G was ca lcu la ted  u s in g  the equation

G = (2/cf ) 1,1 (H -  I )/H (4.3)

F igu re  (4.11) shows the v a r ia t io n  of G with downstream d is tance  x/h.

I t  i s  ve ry  la rge  j u s t  behind the reattachment and decreases sha rp ly  

downstream, becoming nearly  constant a t  a d is tance  of about 70 ob s ta c le  

he igh ts  fo r  the rough p la te  and about 40 ob stac le  he igh ts  fo r  the smooth 

p late . The va lue  of 6.9 obtained at x/h = 80 fo r  the smooth p la te  i s  

almost equal to  the accepted va lue  of 6.8  fo r  the e q u i l ib r iu m  f u l l y  

developed constant  pre ssu re  boundary- layer. For the rough p la te  the value 

of 5.5 and 5.9 obtained at x/h = 100, fo r  the h i l l  and the r idge  re sp e c t iv e ly ,  

are sm a lle r  than the value of 6 .8 . I t  may be concluded from these r e s u l t s  

that the recovery of the boundary- Iayer occurs  very  s low ly  fo r  the rough 

surface  and a s u f f i c i e n t l y  long t e s t  se c t ion  i s  needed in o rde r  to  observe 

the inc rease  o f  G at the long d is tance , downstream of the reattachment.

Further I t  seems p lo u s ib le  that G = 5.5 and 5.9, fo r  the h i l l

and r idge , re sp e c t ive ly ,  represent the correspond ing s ta te s  

of eq u i l ib r ium  being d i f f e re n t  from that fo r  a r idge  on a

smooth p la te .  ,
i
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4.4 BOUNDARY-LAYER TURBULENCE MEASUREMENTS

4.4.1 Normal S t re s se s

F igu re s  (4.12a) and (4.12b) represent the d i s t r i b u t i o n s  of the 

long itud ina l  tu rb u le n t  normal s t r e s s , / " u V u 0 , a g a in s t  the non-dimensional 

d is tance ,  y/h, downstream of the r id ge  and the h i l l  attached to  the rough 

p late. • Near the reattachment the va lue s  o f ,  X u^/u q , are very h igh  and 

the maximum va lue  occurs at non-dimensional d is tance  y/h = 1.5 fo r  both 

the r idge  and the h i l l .  The maximum value  is  decreased downstream of 

the reattachment, but the rate  o f  changing o f  / 5 / u o .  in the streamwise 

d ire c t io n  i s  very  slow. T h is  behaviour is  the same fo r  the t ran sve r se  

tu rb u le n t  normal s t r e s s e s ,  X v^/ uq, which can be shown in F ig s .  (4.13a) 

and (4 .13b).  Comparison of the r e s u l t s  o f the r idge  on the rough p la te  

with those on the smooth p la te  are shown in F ig s .  (4.14a) to  (4.15b) fo r  

the va lue s  o f,X "u2/u0 , and X v * / u Q, re sp e c t iv e ly .  I t  i s  found tha t  the 

maximum va lue s  o f X u 2 / u 0 , and X v^/uq, f o r  the smooth p la te  to  occur at  

y/h = 1.5, which i s  the same as the value o f  y/h in the case of the rough

pI ate.

4 .4 .2  Shear S t re s se s

Turbu lent shear s t r e s s  d i s t r i b u t i o n  at d i f f e r e n t  s t a t io n s  downstream 

of the reattachment i s  shown in F ig s .  (4.16a) to  (4 .16c ).  In these f ig u re s  

a comparison between the r e s u l t s  of the r idge  and the hi I I attached to the 

rough p la te  are shown. Near the reattachment the shear s t r e s s e s  r i s e  from 

a very small va lue, a t  the su r face ,  to  a maximum valuenear to  the top of the 

ob stac le .  Th is  maximum value o f  the shear s t r e s s  takes place a t  y/h = 1.5 

fo r  the r id g e  (attached to  the rough o r  smooth p la te ) ,  and at y/h = 1.4 

fo r  the h i l l .  Downstream of the reattachment a new inner layer w i l l  

grow up u n t i l  a f u l l y  developed tu rb u len t  boundary - Iaye r  having a maximum 

shear s t r e s s  a t  the su rface  i s  e s ta b l ish e d
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a t  some d is tance  from the reattachment. I t  can be seen th a t  the va lue s  

o f  the tu rb u le n t  shear s t r e s s  downstream o f the h i l l  are much le s s  than 

th a t  downstream of the r idge  (a t  x/h = 25, 43, 58 and 69 .5 ). At the 

la s t  s t a t io n ,  x/h = 92.5; there  is  s t i l l  some d if fe re n ce  in the va lue s  

o f  the tu rb u le n t  shear s t r e s s .  Therefore, to  reach a complete recovery 

fo r  the tu rb u len t  shear s t r e s s ,  more d is tance  is  needed downstream o f  the 

r idge . I t  i s  c le a r  tha t  the geometry o f  the ob s ta c le  a f fe c t s  the 

tu rb u le n t  shear s t r e s s  d i s t r ib u t i o n  downstream of i t .  Near the wall and 

a t  the edge of the boundary- Iayer th ic k n e s s  the va lue s  o f  the tu rb u len t  

shear s t r e s s  are  equal fo r  both the r id ge  and the h i l l .  In the middle 

po rt ion  o f  the boundary-Iayer, where the shear layer i s  spread a t  the top 

of the ob s ta c le ,  the va lues  of the tu rb u len t  shear s t r e s s  are d i f f e r e n t  

fo r  d i f f e r e n t  geometry of the ob stac le .

A comparison between the r e s u l t s  o f  the tu rbu len t  shear s t r e s s  

d i s t r i b u t i o n s  fo r  the r id ge s  attached to the rough and the smooth p la te s  

i s  shown in F ig s .  (4.17a) to  (4 .17c ).  The behaviour of the shear s t r e s s  

d i s t r ib u t i o n  downstream o f  the r id ge  attached to the smooth p la te  i s  the 

same as th a t  downstream of the r idge  attached to the rough p la te ,  near 

the reattachment. The maximum va lue  of the tu rbu len t  shear s t r e s s  fo r  

both ca ses,  occurs  at y/h = 1.5. I t  can be seen th a t  there  i s  a change 

in the va lue s  of the shear s t r e s s  between the s t a t io n s  x = 139 cms. and 

x = 185 cms. T h is  change i s  very  small f o r  the smooth p la te  r e s u l t s .  

Therefore, i t  can be concluded that,  fo r  the r idge  attached to the smooth 

surface, the flow recovery occurs  in a d is tance  le s s  than tha t  fo r  the 

r idge  attached to  the rough p la te .
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4.4 .3  D i s t r i b u t io n  P ro p e rt ie s  (skewness and f la t n e s s  f a c t o r s )

To study the p r o b a b i l i t y  de n s ity  d i s t r i b u t i o n  of the lon g itu d in a l  

v e lo c it y  f lu c tu a t io n ,  a s e r ie s  o f  f la t n e s s  and skewness fa c to r  measure­

ment downstream of the reattachment were made. The measurements were 

ca rr ied  out on ly  fo r  a comparison between the  e f fe c t s  of the two- 

dimensional ob s ta c le  ( r id ge )  attached to  a d i f f e r e n t  su r face  -  rough o r  

smooth. For the i s o t ro p ic  tu rbu lence, the p r o b a b i l i t y  dens ity  

d i s t r ib u t i o n  I s  a Gaussian e r ro r  curve. For tu rb u len t  shear flow -  

gen e ra l ly  when the mean v e lo c i t y  i s  not uniform  but i s  a func t ion  of 

the space coo rd ina te s  -  the d i s t r i b u t i o n  w i l l  be more o r  le s s  skew. For 

a normal d i s t r i b t u i o n  the f la t n e s s  and skewness f a c to r s  are equal to 

3 and 0 r e sp e c t iv e ly  (Townsend (1947)).

F igu re  (4.18) shows the skewness fa c to r  d i s t r i b u t i o n  downstream of 

the r idge . In the region o f  the r e c i r c u la t in g  flow (separated bubble), 

the skewness fa c to r  i s  p o s i t i v e  near the wal I and changes to  a negative  

value away from the w a ll.  However, these measurements are in doubt because 

of the reverse  flow and the unknown d i r e c t io n  o f  the v e lo c i t y .  Downstream 

of the reattachment, the d i s t r i b u t i o n  of the skewness fa c to r s  a c ro ss  the 

boundary- Iaye r th ic k n e ss  i s  not changing much fo r  both the rough and 

smooth p la te s .  In the no n - in te rm itten t  region -  near the wall -  the 

d i s t r i b u t i o n s  are very nea r ly  Gaussian. Near the edge of the boundary- 

layer the p r o b a b i l i t y  dens ity  i s  s t r o n g ly  n e ga t ive ly  skewed because of 

the lower v e lo c i t y  f lu c tu a t io n s  w ith in  the tu rb u len t  reg ions.

The d i s t r I  but ions of the f la t n e s s  fa c to r  are shown in F ig .  (4 .19 ).

I t  can be seen that the f la t n e s s  fa c to r  has.a con stant  va lue  fo r  a l l  the 

s t a t io n s ,  downstream of the reattachment, up to  y/h = 3. The va lues  

obtained are  in the range o f  2 -  2 .5 . These va lue s  are lower than the 

correspond ing Gaussian value of 3.0. The f la t n e s s  fa c to r  i s  increased
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in the ou te r  po rt ion  of the boundary- Iayer,  where the in te rm ittency  

value i s  low,"a small va lue of the interm ittency  fa c to r ,  defined as 

the f r a c t io n  o f  time tha t  tu rbu lence  occu rs ,  y ie ld s  a la rge  va lue  of 

the f l a t n e s s  f a c to r "  Ueda and Hinze (1975).

4 .4 .4  Spectra l P rope rt ie s

A s i g n i f i c a n t  advance in dea l ing  with the energy spectrum was made

in the domain o f  homogeneous and i s o t ro p ic  tu rbu lence  (Kolmegroff (1941)).

The b a s ic  concept under ly ing  t h i s  advance i s  tha t  energy en te rs  the

spectrum through the large edd ies and i s  then t ra n s fe r re d  through the

spectrum to  the sm a lle r  edd ies where i t  i s  f i n a l l y  d is s ip a te d .  I f  the

lower wave numbers are excluded there e x i s t s  a range in which the eddies

are in a s ta te  o f  eq u il ib r ium , governed by the rate  at which they

t r a n s f e r  and d i s s ip a te  energy. When the Reynolds number i s  h igh enough,

in e r t ia l  fo rces  w i l l  predominate in the lower wave numbers o f  t h i s

e q u i l ib r iu m  range, and a r e la t i v e l y  pure t r a n s f e r  region w i l l  e x i s t .  By

dimensional reason ing Kolmogroff (1941) found tha t  the spectrum w il l  vary 

-5/3as K in t h i s  range. Heisenberg (1948) extended t h i s  concept by

assuming tha t  the t r a n s fe r  o f  energy at wave number K was caused by a

tu rbu lence  f r i c t i o n  produced by eddies with wave number g rea te r  than K.

-5/3
He found tha t  in the e q u i l ib r iu m  range the spectrum w i l l  vary  as K 

fo r  low wave number and fo r  the high wave number end where v is c o u s  

fo rces  predominate, as K 7 . In the presence o f  shear flow the s i t u a t io n  

i s  complicated by such fa c to rs  as p roduct ion, d i f f u s io n s ,  convection and 

the absence o f  iso tropy  and homogeneity. Any co n c lu s io n s  as to  the e f fe c t s  

of the d i f f u s io n  and convection are  d i f f i c u l t  to draw (K lebanoff  (1954)).

I t  may be assumed tha t  such e f fe c t s  are confined to  the very low wave 

numbers which l i e  ou ts ide  the eq u i l ib r iu m  range. In a d d it io n ,  the 

convection may be considered n e g l i g ib le  ac ro ss  most o f  the laye r.  An
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attempt to  a s se s s  the in f luence  o f  the production term in the e q u i l ib r iu m  

range o f  the spectrum was made by Tchen (1953). By c o n s id e r in g  the

in f luence  o f  the mean v e lo c i t y  g rad ien t  the con c lu s ion  is  reached that

- I  -5/3a range o f  K w i l l  e x is t ,  in the wave-number reg ion  where K normally

ex ists.w hen  there  is  no g rad ien t .

The r e s u l t s  of the spectrum func t ion  at d i f f e r e n t  va lue s  o f  y/6 are 

shown in f i g u re s  (4.20a) to  ( 4 . 2 1e). I t  can be seen th a t  the -7  law i s  

approached a sym pto t ica l ly  in a l l  d is tan ce s  except a t  y/6 = 1.27 which

e x h ib i t s  a severe d istu rbance  near the r idge . The e f fe c t  reduces g ra d u a l ly  

downstream o f the r idge. The spectrum curves fo r  the p o in ts  not too 

c lo se  to  the wall even con ta in  a rather wide range where -5/3 lew is  

c lo s e ly  fo llowed. The curves fo r  the p o in ts  very c lo se  to the wall 

con ta in s  a region where the - I  law is  c lo s e ly  fo llowed.

The measurements of the c o r r e la t io n  c o e f f ic ie n t  R̂ . are  shown in 

F ig s .  (4.22a) to (4.22d). These measurements are  used to c a lc u la te  the 

m acro-sca le  o f  turbulence downstream o f  the r idge , on the rough and 

smooth p la te s .  The m ic ro -sca le  of turbu lence  i s  re la ted  to  the area 

under the second-moment curve (T ay lo r  (1938 )) .  F igu re s (4 .2 3 a )  to  (4.23d) 

show the va lu e s  of the second-moments of the frequency spectra  p lo tted  in 

the form of a product of the wave-number and the first-moment o f  the 

spectrum func t ion ,  a ga in s t  the wave-number. The r e s u l t s  are obtained 

fo r  d i f f e r e n t  va lues  of y/6 downstream of the r idge  attached to the 

rough o r  smooth p la te s .

4.5 RESULTANT BOUNDARY-LAYER TURBULENCE PROPERTIES

4.5.1 Length Sca le s

Measurements of the macro-scale of tu rbu lence  -  s c a le  of the la rge s t  

eddies in the flow -  are shown in F ig .  (4 .24 ).  The measurements were 

ca rr ied  out in the streamwise d i r e c t io n  and at d i f f e r e n t  va lue s  of y/6.
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Near the rea+taehment and a t  y/<5 = .06, the va lue s  o f  the m acro-sca le, L , 

are very  sm a ll.  These va lues  are Increased in the case of the smooth 

p la te  in streamwlse d ire c t io n .  For the rough p la te  the va lue s  o f  the 

m ic ro -sca le ,  Lj.at y/<$ = .06, are almost constant in the streamwise 

d ire c t io n .  The macro-scale measurements fo r  o ther  r a t io s  of y/6 behave 

s im i l a r l y  fo r  both the rough and the smooth p la te s ,  where there  are small 

va lues near the reattachment which increase downstream to  almost constant 

va lues. These constant va lues  are  30 mm. f o r  the rough p la te  and 20 mm. 

fo r  the smooth p late.

The measurements o f  the m ic ro -sca le  of tu rbu lence  -  the s i z e  of the 

sm a l le s t  eddies in the flow -  are shown in F ig .  (4 .25 ).  Near the region 

of the reattachment the va lues  of the m ic ro -sca le  of tu rbu lence  X, are 

small. These va lues are increased in the streamwise d ire c t io n  to  the 

value o f  2-3 mm. fo r  both the rough and smooth p la te s .  At y/6 = .06, 

near the w a ll,  f o r  the rough p la te  the va lue s  of X are a lmost constant 

and equal to about I mm. The high f lu c tu a t in g  va lue s  of X , a t  y/6 = 1.27

fo r  both the rough and the smooth p la te s  are expected, because the 

measurements are in the in te rm ittent  reg ion. In t h i s  region the boundary- 

layer t r a v e l s  downstream with an o u t l in e  c o n s tan t ly  changing in an 

i r r e g u la r  manner, and the interm ittency is  cha racte r ized  by a la rge - sc a le  

d i f f u s io n  process, c a r ry in g  with i t  sm a l l -  sca le  tu rb u len t  motions.

4 .5.2  Turbu lent Eddy V i s c o s i t y

Measured R eyno ld 's  shear s t r e s s  -uv, together with experimental mean 

3l)ve lo c it y  g rad ien t  —  were used to  ob ta in  the eddy v i s c o s i t y  and the 

mixing length £m. F igu re s  (4.26a) and (4.26b) represent the non-dimensional 

tu rbu lent  eddy v i s c o s i t y  (v t/ v ) ,  ve rsu s  y/6 downstream of the ob stac le  

(r id ge  or h i l l )  attached to  the rough p la te . For e q u i l ib r iu m  boundary- 

layer C lau se r  assumed tha t  the eddy v i s c o s i t y  in the inner po rt ion  of the



-57-

boundary-1 ayer can be determined by the formula,

vt. = k y u0 ( 4 . I )

T h is  assumption fo r  the eddy v i s c o s i t y  i s  a l s o  shown in the above 

f ig u re s .  I t  can be seen tha t  near the reattachment the experimental 

va lues of the eddy v i s c o s i t y  are  h ighe r  than th a t  ca lcu la ted  u s in g  the 

above equation. T h is  i s  due to  the fa c t  th a t  C lau se r  assumed tha t  the 

mixing length hypothes is  i s  v a l id ,  but in t h i s  case the s i z e  o f  the 

eddies i s  not proportional,'to the d is tance  from the w a ll,  and the va lue  o f  

T/Cau/3y) i s  d i f f e re n t  from th a t  of Tw/(au/9y) which C lau se r  used to 

get the s t r a i g h t  l ine . Downstream of the reattachment, the inner region 

is  changing toward the e q u i l ib r iu m  con d it io n ,  where the experimental 

eddy v i s c o s i t y  i s  equal to the value determined u s in g  Eqn. (4 .1 ) .  In 

t h i s  region a f u l l y  developed tu rb u len t  boundary-1 ayer having a maximum 

shear s t r e s s  a t  the su rface  i s  e s ta b l ish e d .  T h is  reg ion  s t a r t s  a t  x = 86 

cms. downstream of the h i l l  and a t  x = 139 cms. downstream of r idge .

The tu rb u le n t  eddy v i s c o s i t y  fo r  the r id ge  attached to  the rough 

and smooth p la te s  i s  shown in F ig s .  (4.27a) and (4 .27b). The behaviour 

of the inner layer of the boundary-1 ayer fo r  the smooth p la te  is  the 

same as on the rough p la te ,  except th a t  on the smooth p la te  the inner 

I a y e r . recovery i s  fa s te r ,  a t  116 cms. T h is  i s  due to the fa c t  tha t  

the recovery of the mean v e lo c i t y  and shear s t re s s  fo r  the inner layer on 

on the smooth p la te  is  f a s t e r  than th a t  on the rough p la te .  S ince  a new 

inner layer w i l l  grow up downstream of the reattachment, the su rface  

roughness w i l l  a f f e c t  t h i s  layer when i t s  th ic k n e s s  i s  a t  the same order 

as the average he igh t  of the su r face  roughness.

Study of the outer region of the flow ca r r ie d  out by c a lc u la t in g  

the eddy v i s c o s i t y  p r o p o r t io n a I i t y  constant a -  from C la u s e r 's  assumption
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fo r  the tu rb u len t  eddy v i s c o s i t y  in the ou te r  laye r  o f  the boundary- 

layer,

v t 0 = a U» 6 *  (4 .2 )

F igu re  (4.28) represent the va lue s  a a t  d i f f e r e n t  d is tance  x, 

non-d im ensionaI¡zed by the he ight of the o b s ta c le .  The value a (=.018) 

ca lcu la ted  by C lau se r  fo r  an e q u i l ib r iu m  flow i s  a l s o  shown in the 

F i g . (4 .28 ).  I t  can be seen th a t  the ou te r  flow reg ion  in the smooth 

p la te , i s  more d istu rbed  and the va lue  o f  a downstream o f the r idge  is  

h ighe r  than the e q u i I ib r ium  ,vaIue .018. The behaviour o f  a downstream 

of the r idge  and the h i l l  on the rough p la te  i s  the same, except that 

in the case o f  the h i l l ,  the va lue  of a decreased to  the e q u i l ib r iu m  

va lue  f a s t e r  than in the case  o f  the r idge .

4 .5 .3  M ix ing  Length

The measurements of the m ixing length downstream of the reattachment 

are shown in F ig s .  (4.29a) and (4 .29b). The measurements are compared with 

P r a n d t l ' s  h ypo thes is  U m= 0 . 4 ly ) ,  which c a lc u la te  the m ixing length in 

the constant shear  s t r e s s  reg ion. The f ig u re s  show th a t  the d i s t r i b u t i o n  

.of the m ixing length downstream of the r id ge  o r  the h i l l  i s  the same fo r  

a l l  d is tan ce s .  Near the reattachment, the m ixing length i s  completely 

d i f fe re n t  from the value of 0 .4 ly .  T h is  in d ica te s  th a t  the mixing length 

is  not proport iona l to  the d is tance  from the wall in such reg ion s .  The 

m ixing length d i s t r ib u t io n  fo r  the r idge  on the rough and smooth p la te s  

is  shown in F ig s .  (4.30a) and (4 .30b).  The behaviour o f  the m ixing length 

is  the same fo r  the smooth p la te .
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4.6  SUMMARY AND CONCLUSION

The e f fe c t  of the su r face  roughness on the recovery o f  the flow 

downstream o f a two-dimensional ob s ta c le  was s tud ied .  Two types of 

geometry were used fo r  the o b s ta c le ;  one be ing a bar o f  re c tangu la r  

c o r s s - s e c t io n  ( r id ge )  and the o the r  a sing le-hump ( h i l l ) .  The experiments 

were once aga in  repeated on a smooth su rface .  The c h a r a c t e r i s t i c s  of 

the flow on both the rough and smooth p la te s  were determined before and 

a f t e r  the ob stac le  was introduced onto the p la te  concerned. A l l  the 

experiments were ca rr ied  out fo r  a zero external p re ssu re  g rad ien t  with 

a free  stream v e lo c i t y  of 21 m/s.

The adverse pre ssu re  g rad ien t  created upstream of the r idge  is  

g rea te r  than th a t  created upstream o f the h i l l .  Therefore  the s i z e  of the 

f ron t  sepa ra t ion  region upstream o f the r id ge  i s  g re a te r  than th a t  upstream 

of the h i l l . I t  may be concluded tha t  the p re ssu re  d i s t r i b u t i o n  on the 

ob stac le  and the fron t  sepa ra t ion  reg ion  depends on the geometry o f  the 

ob stac le  i t s e l f .  The drag force  on the r idge  attached to  the rough 

su rface  i s  le s s  than tha t  on the r idge  attached to the smooth su rface .

T h is  i s  due to  the v e lo c i t y  s h i f t ,  Au/u0 , caused by the p la te  surface  

roughness.

Both the geometry of the ob s ta c le  and the su rface -roughness  a f fe c t  

the recovery of the inner po rt ion  o f  the tu rb u len t  boundary- Iayer. For 

d i f f e re n t  geometry of the ob s ta c le  ( r id ge  o r  h i l l )  attached to  the same 

rough su rface , the inner layer recovers  a t  x = 86 cms. downstream of the 

h i l l  while  the r idge  recovers at x = 139 cms. But with the same r idge 

attached to  the smooth su rface , the recovery o f  the inner layer occurs 

at x = 86 cms.

The c o e f f ic ie n t  of f r i c t i o n ,  c^, assumes an almost zero va lue  near 

the reattachment but at a fa r  downstream reg ion  ( i . e .  downstream of the
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ob stac le )  i t  catches up the undisturbed va lue  o f  the  flow w ithout the 

o b s ta c le .  For example, in the case  o f  the h i l l ,  the va lue  of c^ reaches 

the undisturbed flow value at nearly  x = 186 cms. but in the case of 

the r idge  an add it iona l d is tance  downstream of the r id ge  is  needed fo r  

c^ to  reach the undisturbed flow va lue.

The presence o f  the ob stac le  inc reases  the ab so lu te  boundary- Iayer 

th ic k n e s s  by about 30$ and 50% fo r  the rough and smooth p la te s  re sp e c t iv e ly .  

T h is  increase in the boundary- Iayer th ic k n e s s  a f fe c t s  the va lues  of the 

boundary- Iaye r in tegra l th ic k n e sse s  6 *  and 0 downstream of the ob stac le .

/
U2  /  yy2 y  y
—  ,/ —  and — 2 
uo u0 Uq

( F ig s .  (4.12) to  ( 4 . 17 ) ) show tha t  these q u a n t i t ie s  requ ire  a g rea te r  

d is tance  downstream of the ob stac le  than the mean v e lo c i t y  to  recover.

In the near wake region the shear s t r e s s  d i s t r i b u t i o n  has a maximum value 

a t  y/h = 1.5 fo r  a l l  the o b s ta c le s  on the rough o r  smooth p la te . T h is  

maximum va lue  depends on the shape of the ob stac le  i t s e l f .  At x = 50 cms. 

downstream o f  the r idge  attached to  the rough p late , the maximum va lue  of 

the shear s t r e s s  i s  about 70$ h ighe r  than th a t  fo r  the h i l l  at the same 

downstream p o s it io n .  In the fa r  wake region the shear s t r e s s  d i s t r ib u t io n  

downstream of the h i l l  reaches the f u l l  recovery a t  about x = 139 cms., 

while  the shear  s t r e s s  downstream of the r idge  needs a g rea te r  d is tance  

to reach the same. For the smooth p la te  the recovery of the shear s t r e s s  

occurs  at  d is tance  x = 139 cms. downstream of the r id g e .  I t  can be 

concluded th a t  the recovery of the tu rb u len t  shear s t r e s s  downstream of a 

two-dimensional ob stac le  attached to  a plane wall depends on the geometry 

of the ob stac le  and the su rface  roughness of the plane wall.

Downstream of the reattachment the d i s t r i b u t i o n s  of the skewness 

fa c to r  in the non - in te rm itten t  region (near the w a ll)  are nearly  Gaussian 

fo r  both the rough and smooth p la te s .  Because of the lower f lu c tu a t in g
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v e lo c i t i e s  in the outer region o f  the bounda ry - Ia ye r  the p r o b a b i l i t y  

density  d i s t r ib u t i o n  is  negativel-y skewed. The d i s t r i b u t i o n  o f  the 

f la tn e s s  f a c to r  i s  found to  vary  between 2 and 2.5 which is  le s s  than 

the Gaussian value of 3.0.

The macro- and m ic ro - sca le s  of tu rbu lence  show th a t  the rough 

surface  has a sm a lle r  streamwise in tegra l length s c a le  in the inner 

layer, than the smooth wall counte rpart .  In the ou te r  reg ion  these

va lues l ie  between 5 - 3 0  mm. and between I -  3 mm. re sp e c t iv e ly ,  fo r  

both the rough and smooth p la te s .  T h is  behaviour ind ica te s  th a t  the 

ou te r  layer of the flow i s  unaffected by the su rface  roughness of the 

pIane w a ll.
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P IPE FLOW EXPERIMENTS

5 . I INTRODUCTION

In Chapter 5 the e f fe c t  of a two-dimensional ob stac le  attached to  a 

rough and smooth boundary was d iscu ssed .  In t h i s  Chapter the experiments 

were repeated in a fu I ly deveI oped tu rb u len t  flow in a rough and smooth 

pipe. The rough pipe has the same background roughness as on the rough 

p la te  in the wind tunnel experiment. The two-dimensional o b s ta c le s  ta k in g  

the form of s u i t a b ly  sca led  in terna l ( re c tan gu la r  in c r o s s - s e c t io n )  r in g s ,  

are described in Chapter 4.
was

The pipe flow average v e lo c i t y  chosen such tha t  the flow dynamic 

s im i l a r i t y  in the inner reg ion  of the pipe flow and tha t  on the rough p late  

i s  well preserved. Th is  requ ire s  the roughness Reynold’s number (u0hs /v) 

to be iden t ica l  in both cases.

For a f u l l y  rough tu rb u le n t  pipe flow the f r i c t i o n  fa c to r  f as g iven 

by N ikuradse (1933) is

f = (1.74 + 2  log £  ) ”2 ( 5 . I )
hs

where f = 8  ^ 4  „ R = pipe rad iu s,  = waI I shear s t r e s s , V  = pipe average
pVp  ̂ w P

v e lo c it y ,  hs = equ iva len t  sand g ra in  roughness, and fo r  a f u l l y  rough f l a t  

p la te  the Prandtl - S c h l i c h t in g  (1934) re la t io n  fo r  the local c o e f f i c ie n t  

of f r i c t i o n  c^ is

c f = (2.87 + 1.58 log j ^ ) “2 ' 5 (5.2)

P re se rv in g  the dynamic s im i l a r i t y

u h  u h„
(-------) p i pe = (-------) p la te

v v
(5.3)
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The two r e la t io n s h ip s  r e s u l t  in the fo l lo w in g  r a t io  of the pipe 

average v e lo c i t y  to  the free  stream v e lo c i t y  in the wind tunne l,

(Preston and Lewkowicz (1973 )) :
_R_

Vp = (hs )pL _v_pL 3,48 * 4 logpfhs] pi (5<4)

Uco (hs )pi v p i  [2.87 + 1.58 log10( ^ ) p L ]  1' 25

where X is  the p o s i t io n  o f  the ob stac le  on the rough p late  from 

the lead ing edge, the free stream v e lo c i t y  of the boundary - Iaye r  and 

V the average v e lo c i t y  in the pipe flow.

The pipe, rough and smooth and the two-dimensional ob stac le  ( r in g )  

used in these  experiments were descr ibed  in Chapter 3. The two-dimensional 

ob stac le  th a t  was used in the pipe w i l l  be re fe rred  to as 'th e  r i n g '  du r ing  

t h i s  Chapter.

The measurements were ca r r ie d  out a t  the e x i t  sec t ion  of the pipe, 

and the r in g  was placed at d i f f e r e n t  p o s i t io n s ,  to  monitor the flow p ro p e rt ie s  

as they recovered downstream of the r in g .  S ince  the r in g  occupies a 

con s ide rab le  amount of area of the pipe se c t io n ,  the centre l ine  v e lo c i t y  of 

the pipe changed with the r in g  in s id e  the pipe. The v e lo c it y  on the 

upstream s id e  of the r in g  was le ss  than tha t  fo r  the pipe w ithout the r in g .

So the upstream v e lo c i t y  was adjusted to  the undisturbed v e lo c i t y  va lue  

( v e lo c i t y  of the pipe w ithout the r in g ) ,  to make sure  of the flow s im i l a r i t y  

before and a f t e r  pu tt in g  in the r in g .

A l l  the c h a r a c t e r i s t i c s  fo r  the rough and smooth pipes were determined 

before the in se r t io n  of the r in g  in the p ipes. For the flow recovery 

in v e s t ig a t io n ,  on ly  one r in g  of re c tangu la r  c r o s s - s e c t io n  was used in both 

the rough and smooth pipe. The same r a t io s  of r/h and b/h (where h and 

b are the he igh t  and the width of the re c tangu la r  c ro s s - s e c t io n  of the 

r in g )  were maintained fo r  both p ipes as well as the Reyno ld 's  number,

(= 4.5 x 10^) used was a lso  the same fo r  both p ipes.
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5.2 AVERAGE VELOCITY

The average v e lo c i t y  fo r  both the rough and smooth pipes are shown 

in F ig .  (5 .1 ) .  Th is  was ca lcu la ted  by in te g ra t in g  g r a p h ic a l ly  the 

v e lo c it y  p r o f i l e s  u s in g  S im p son 's  ru le .  The r a t io  o f  the average 

v e lo c it y  to  to  the centre  l ine  v e lo c i t y  i s  about 0.76 fo r  the rough 

pipe and 0.87 f o r  the smooth pipe.

5.3 FRICTION FACTOR AND ROUGHNESS FUNCTION

Figu re  (5 .2 )  shows the graph of R e y n o ld 's  number Rg ve rsu s  f, the

f r i c t i o n  fa c to r  fo r  both the p ipes. I t  i s  seen th a t  the value o f  the

f r i c t i o n  fa c to r  fo r  the rough pipe i s  constant and equal to 0.058 fo r

R > 2.4  x I0 4 , which in d ica te s  th a t  f u l l y  rough regime was a tta ined .  In 
s

t h i s  region N ik u r a d se 's  formula Eqn. (1.5) can be used to eva luate  the

value of the eq u iva len t  sand g ra in  roughness hs . The r a t io  of r/hs is

found to be 16. In the case ofasmooth pipe the f r i c t i o n  fa c to r  i s

decreased with the in c rea s in g  Reynold number.

The a l t e r n a t iv e  roughness func t ion , x> defined by N ikuradse (1933),

fo r  the rough pipe i s  shown in F ig .  (5 .2 ) .  The method o f  determ in ing the

roughness func t ion  —  i s  shown in F ig .  (5 .3 ) .  The va lues obtained from
uo

t h i s  f ig u re  were used in Eqn. (3.5) to  eva luate  the va lue  of x • I t  is  

found tha t  the va lue  o f  x i s  almost constant and equal to 7.5 in the 

range of R e y n o ld 's  numbers th a t  were used.

5.4 MEAN VELOCITY DISTRIBUTION

The mean v e lo c i t y  p r o f i l e s  downstream of the r in g  in the rough pipe 

fo r  tw o -d if fe re n t  R e yn o ld 's  numbers based on the average v e lo c i t y  are shown 

in F ig s .  (5 .4a) and (5 .4b ).  The mean v e lo c i t y  p r o f i l e s  downstream of the 

r ing ,  in the case  of the smooth pipe are shown in F ig .  (5 .4 c ).  The shape 

of the d istu rbed  mean v e lo c i t y  p r o f i l e s  in the pipe flow i s  the same as
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that downstream of the ob stac le  in the tu rb u len t  boundary - Iaye r  flow.

V io le n t  d i s t o r t io n s  in the v e lo c i t y  p ro f i le 's  are observed immediately 

a f t e r  the r in g ,  but they d ie  out as the flow proceeds fu r th e r  downstream 

of the r in g .  I t  can be seen tha t  the reattachment occurs a t  9 .9  < x/h < 11.9 

fo r  the rough pipe and a t  3.95 < x/h < 7.9 fo r  the smooth pipe.

The undisturbed mean v e lo c i t y  p r o f i l e  fo r  the rough and smooth pipe 

i s  a l s o  included In the above f ig u re s .  I t  can be seen tha t  near the 

reattachment (a t  x/h = 7.9 and 11.9) the v e lo c i t y  i s  sm a lle r  than the 

undisturbed v e lo c i t y  in the pipe w ithout the r in g .  Downstream of the 

p o s it io n  x/h = 1 1 . 9  the mean v e lo c i t y  inc rease s  to  a value g rea te r  than 

the undisturbed v e lo c i t y  p r o f i le .  Th is  increase  in the v e lo c i t y  produces 

a region o f  a negative  wateeffect downstream of the r in g  in both the 

rough and smooth pipe. Th is  negative  wake e f fe c t  i s  exp la ined by the 

ex istance  o f  secondary flow in t h i s  reg ion . In the boundary- Iaye r flow 

the s i t u a t io n  i s  d i f fe re n t  because of the increase in the th ic k n e ss  of 

the sh e a r - Ia y e r  downstream of the ob stac le .  The in fluence  of the secondary 

flow in the mean v e lo c it y  p r o f i l e  end at x/h = 126 fo r  both the rough 

and smooth p ipes. Downstream of p o s i t io n  x/h = 126 the mean v e lo c i t y  

p r o f i le  re tu rn s  to  i t s  undisturbed p r o f i le .

The logar ithm ic  p r o f i l e s  o f the mean v e lo c i t y  are shown in F ig s .  (5 .5a) 

and (5 .5b ).  For the rough pipe the v i r t u a l  o r i g i n  of the p r o f i le ,  e, was 

determined by u s ing  Perry and Jou be rt  (1963) method. I t  is  c le a r  from 

the f ig u re s  th a t  the presence of the r in g  has d is to r te d  the ou te r  pa rt  of 

the v e lo c i t y  p r o f i le .  The wake parameter i s  high nearer the r in g ,  t h i s  is  

due to  the fac t  that the flow j u s t  reattaches from the sepa ra t ion  co n d it io n .  

Downstream of the reattachment the value of the wake parameter decreases 

and reaches a negative  value. Th is  behaviour of the wake parameter 

a s so c ia te s  with the negative wake e f fe c t  which i s  shown in the v e lo c i t y
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p r o f i l e s  (see F ig s .  (5.4a) to  (5 .4 c ).  Downstream of the p o s i t io n  x/h =

94.9 the wake parameter increases, aga in  to  reach the va lue  of the 

undisturbed flow. F igu re  (5 .6 )  shows the above mentioned behaviour of 

the wake parameter.

As mentioned in se c t ion  ( 5.1), the presence of the r in g  changes 

the ce n t re l in e  v e lo c it y  and t h i s  change is  abrupt j u s t  downstream of 

the r in g .  Further downstream, however, t h i s  change d ie s  out and the 

c e n t re l in e  v e lo c i t y  becomes equal to  the reference v e lo c i t y  upstream of 

the r in g .  F igu re  (5.7) shows the r a t io  of the c e n t re l in e  v e lo c i t y  down­

stream of the r in g  to  th a t  reference v e lo c i t y  upstream of the r in g ,  Jr- ,
ref

a g a in s t  the non-dimensional d is tance ,  x/h. I t  can be seen tha t  the 

maximum value of the v e l o c i t y - r a t i o  appears near the r in g ,  and t h i s  

reduces to a minimum value, below the va lue  of 1.0, a t  a d is tance  of 

about x/h = 50. Further downstream of x/h = 50, the v e lo c i t y  r a t io  

increases to reach the va lue  of 1.0, a t  t h i s  po in t  the centre  l in e  v e lo c i t y  

i s  equal to  the centre  l ine  v e lo c i t y  upstream of the r in g .  I t  can be seen 

tha t  fo r  the same R e yn o ld 's  number of 4.6 x I 0 \  the c e n t re l in e  v e lo c i t y  

fo r  the smooth pipe recovers e a r l i e r  than in the case of the rough pipe.

5.5 WALL FRICTION COEFFICIENT

The wall f r i c t i o n  c o e f f ic ie n t ,  c , ,  ca lcu la ted  from the local mean 

v e lo c it y  p r o f i l e s  are shown in F ig *  (5 .8 ) fo r  the rough and smooth p ipes. 

The wall f r i c t i o n  c o e f f ic ie n t  has a very low va lue  near the reattachment 

and a t t a in s  a maximum value in the v i c i n i t y  o f  the minimum v e lo c i t y  r a t io  

as shown in F ig .  (5 .7 ) .  The wall f r i c t i o n  c o e f f i c ie n t  re tu rn s  to  a constant 

va lue  a t  the same x/h fo r  the rough and smooth p ipes. The po in t  of the 

reattachment downstream of the r in g  can be determined from the f r i c t i o n  

c o e f f ic ie n t  d i s t r ib u t io n  curve, by a sc e r t in g  the va lue  of x/h where c^ 

becomes zero. T h is  can be accomp I i shed by extending the curve of ĉ . ve rsus
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x/h. The va lue s  of x/h = I I  and 6 were determined to  be the reattachment 

po in ts  fo r  the rough and smooth pipe re sp e c t iv e ly .

5.6 TURBULENCE MEASUREMENTS

5.6.1 Turbulent Normal S t re s se s

The measurements of the turbu lence  q u a n t i t ie s  were c a r r ie d  out fo r  

the undisturbed rough and smooth p ipes flow, and the r e s u l t s  were 

compared with those of some p rev ious  authors.  F igu re  (5 .9 ) shows the 

comparison between present measurements in the rough pipe and those of 

Townes et a I (1972) and El-Samanoudy (1974). The smooth pipe measurements 

were compared with the measurements of Laufer (1955). There is  a good 

agreement between a l l  the measurements.

Then the turbulence q u a n t i t ie s  were measured in the flow recovery 

a f te r  the r in g  was placed in the p ipes. The d i s t r i b u t i o n s  of lo n g itu d in a l ,  

rad ia l and periphera l tu rb u len t  normal s t r e s s e s  are shown in F ig s .  (5.10a) 

to (5 .12b). The measurements were c a r r ie d  out a t  d i f f e r e n t  s t a t io n s  down­

stream of the r in g  and a t  the same x/h r a t io  f o r  both the rough and smooth

values at y/R = 0.4, which is  correspond ing  t o  y/h = 1.5 fo r  the rough and 

smooth pipe. T h is  va lue  of y/h i s  the same as in the tu rb u len t  boundary- 

layer d iscu ssed  in Chapter 4. Between x/h = 11.9, and x/h = 63.3, the 

values of the normal s t r e s s e s  are d i f f e r e n t  from one s ta t io n  to  another.

downstream s t a t io n s .  Comparison of the r e s u l t s  w ith tha t  fo r  undisturbed

pipe flow, the recovery of the normal s t r e s s e s  can be detected a t  9 4 .9 <  x/h < 126.6

5 .6.2  Turbu lent Shear S t re s s

The tu rb u le n t  shear s t r e s s  d i s t r i b u t i o n  downstream of the r in g  fo r

p ipes. Near the reattachment have maximum

Beyond are almost the same fo r  a I I

both the rough and smooth pipes are shown in F ig s .  (5.13a) and (5 .13b). The 

r e s u l t s  are shown with respect to the l in e a r  shear s t r e s s  d i s t r ib u t io n :
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x = t  (I -  y/R) (5 .5 )
o

Ju s t  downstream of the r in g  the flow behaves l ik e  a free  je t .  The 

tu rbu len t  shear s t r e s s  uv/u^, has a maximum va lue  near the separated 

stream l in e  which i s o la te s  the j e t  flow and the r e c i r c u la t in g  flow reg ion.

Th is  maximum va lue  decays downstream o f the reattachment and the flow 

reaches the eq u i l ib r iu m  co n d it io n  of Eqn. (5 .5 ) .  The maximum va lue s  of 

the shear s t r e s s  takes place a t  y/R = 0.4 which corresponds to  y/h = 1.5. 

Downstream of the p o s it io n  x/h = 47.4 the d i s t r i b u t i o n  of the shear s t r e s s  

i s  lower than the l in e a r  d i s t r i b u t i o n  of Eqn. (5 .5 ) ,  where the reg ion  of 

the negative  wake e f fe c t  appears in the mean v e lo c i t y  d i s t r i b u t i o n .  More­

over thevalue of the wall shear s t r e s s  reaches the maximum (c^ is  maximum). 

Downstream of the p o s it io n  x/h = 47.4 the shear s t r e s s  s t a r t s  in c re a s in g  

to  reach a f u l l y  developed pipe flow d i s t r i b u t i o n  a t  x/h = 166.1.

5 .6 .3  D i s t r ib u t io n  P ro p e rt ie s  (skewness and f la tn e s s  f a c t o r s )

The p ro b a b i l i t y  den s ity  d i s t r i b u t i o n  of the lon g itu d ina l  v e lo c i t y  

f lu c tu a t io n  can be stud ied  by knowing the f la tn e s s  and skewness fa c to r.

A s e r ie s  of measurements of these two fa c to rs  downstream of the reattachment 

are shown in F ig s .  (5.14) and (5.15) fo r  the rough and smooth p ipes. I t  

i s  known th a t  fo r  the i s o t ro p ic  turbu lence  the p ro b a b i l i t y  de n s ity  d i s t r ib u t io n  

is  a Gaussian e r ro r  curve, and fo r  tu rb u le n t  shear flow (where v e lo c it y  

g rad ient  e x i s t )  the d i s t r i b u t i o n  wi l l  skew from Gaussian d i s t r ib u t i o n .  The 

measurements of the skewness fa c to r  are shown in F ig .  (5 .14 ).  I t  can be 

seen tha t  there  i s  no su b s ta n t ia l  d if fe rence  between the va lues  of the 

skewness fa c to r  fo r  the rough and smooth p ipes. At a I I va lues of x/h, 

except near the reattachment (x/h = 11.9) the skewness fa c to r  has zero 

va lue  near the wall and changes to a negative  value as the centre of the 

l ine  of the pipe i s  approached. At x/h = 11.9, the skewness fa c to r  is  

p o s i t iv e  near the w a ll;  t h i s  i s  due to  the presence of high va lues of the
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long itud ina l tu rbu lence  in t e n s i t y .

F igu re  (5 .15) shows the va lue s  of the f la t n e s s  fa c to r  a t  d i f f e r e n t  

s t a t io n s  downstream of the reattachment. The va lues  of the f la tn e s s  

fa c to r  fo r  both the p ipes do not d i f f e r  too much from the Gaussian va lue  

of 3.0. The present va lue s  l ie  between 2.5 and 3 .0  fo r  the rough and 

smooth p ipes.

5 .6 .4  Spectra I P ropert i es

The frequency spectra  o f  the lon g itu d ina l  f lu c t u a t in g  v e lo c i t y  u2 

are shown in F ig s ;  (5.16a) to  (5 . l7 e ) .  The r e s u l t s  were obtained a t  the 

re la t iv e  d is tance  y/R = 0.02, 0.35, 0.68 and 1.0 from the pipe w a ll.  I t  

can be seen tha t  the frequency spectra  near the reattachment (x/h = 11.9) 

fo llow s the -5/3 law, where the energy i s  t ra n s fe r re d  from large to  

small eddies w ithout being influenced s i g n i f i c a n t l y  by e ith e r  the production 

o r  d i s s ip a t io n  mechanism. At the po in t  y/R = .02 ( in ne r  region o f  the 

flow) the frequency spectra  fo l low s  the -7  law a t  h igh wave-numbers (small 

wave lengths),  where the energy received from lower wave-numbers ( la rge  

wave lengths) i s  d is s ip a te d  by the a c t io n  of molecu lar v i s c o s i t y .  Down­

stream of the reattachment the three ranges of the energy (p roduct ion - 

intermediate s u b ra n g e -d is s ip a t io n )  are c le a r l y  defined a t  a l l  s t a t io n s .

In the rough pipe the range o f  -7  law is  approached a sym p to t ic a l ly  in a l l  

s t a t io n s  fo r  a w ider range of wave-numbers than in the smooth pipe. The 

general f ig u re  of the frequency spectra  does not d i f f e r  from that fo r  the 

rough and smooth p ipes w ithout the r in g .

The second moments of the frequency spectra  are shown in F ig s .  (5.18a) 

to (5 . l8e )  fo r  the rough and smooth p ipes. The r e s u l t s  are p lo tted  in 

the form of a product of the wave-number and the f i r s t  moment of the 

spectrum funct ion  a g a in s t  the wave-numbers. These re su l t s  are used to 

c a lcu la te  the m ic ro -sca le  of turbu lence, which is  re lated  to  the area
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under the second-moment curve (Eqn.(3.14b )). Near the reattachment fo r  

both rough and smooth p ipes the r e s u l t s  show a poor c o l la p se  a t  y/R =

0.35, 0.68 and 1.0. Th is  ind ica te s  th a t  the m ic ro -sca le  is  a ffected  by 

the high tu rbu lence  and the large eddies o f  tu rbu lence  due to the flow 

sepa ra t ion .  The long itud ina l  s p a t ia l  c o r re I  a t  ion coe f f i c i ent caI eu Iated 

u s in g  Eqn. (3.13b) are shown in F ig s .  (5.19a) to  (5 .19 e ).

5.7 RESULTANT PIPE FLOW TURBULENCE PROPERTIES

5.7. Length Sca le s  (M ic ro -  and Macro-Sca le  of Turbu lence)

F igu re  (5.20a) shows the va lues of the m ic ro -sca le  o f  turbulence 

downstream of the reattachment. The r e s u l t s  were obtained at r e la t iv e  

d is tance  y/R = .02, 0.35, 0.68 and 1.0 from the pipe w a ll.  The va lue s  of 

the m ic ro -sca le  of turbulence a t  the same r e la t iv e  d is tance s ,  fo r  the 

rough and smooth p ipes w ithout the r in g ,  are a l s o  shown in the above f ig u re .  

From these r e s u l t s  i t  can be seen tha t  a t  y/R = .02 ( in n e r  reg ion) the 

small eddies have a minimum value  near the reattachment and reaches to  

maximum value a t  x/h = 40. Downstream of p o s i t io n  x/h = 40 the m icro­

sca le  of turbulence reduce to  reach the value fo r  the pipe flow w ithout 

the r in g .  At y/R > .02 the va lues of the m ic ro -sca Ie  have a I most con stant  

va lues of 1.5 mm. fo r  both the rough and smooth p ipes.

The m acro-sca les of turbu lence  are shown in F ig .  (5 .20b). The re su l t s  

show the same trend as the m ic ro -sca le  of turbu lence.

5 .7 .2  Turbu lent Eddy V i s c o s i t y  and M ix ing  Length

From the mean v e lo c it y  d i s t r ib u t i o n  and s h e a r - s t r e s s  d i s t r ib u t i o n ,  the 

tu rb u len t  eddy v i s c o s i t y ,  v^, and the m ixing length , were ca lcu la ted .  

F igu re s  (5.21a) to  (5.21c) show the re su l ta n t  tu rb u len t  eddy v i s c o s i t y  

ca lcu la ted  u s in g  Eqn. (3 .10a).

The va lues  of the eddy v i s c o s i t y  are small near the w a ll,  where the 

molocular v i s c o s i t y  dominates. Away from the wall the tu rb u len t  shear
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s t r e s s  inc reases  and so the eddy v i s c o s i t y  i s  increased. Near the centre  

l ine  of the pipe the tu rb u le n t  shear s t r e s s  has a small va lue  and the 

v e lo c i t y  g rad ien t  i s  a l s o  decreas ing, thus the eddy v i s c o s i t y  i s  reduced.

In a l l  the s t a t io n s  downstream of the reattachment t h i s  behaviour of the 

eddy v i s c o s i t y  e x i s t s ,  except th a t  the maximum va lue  of the eddy v i s c o s i t y  

i s  h ighe r  near the reattachment because of the high va lue  of the shear 

s t r e s s  and low v e lo c i t y  g rad ien t .  Comparing the r e s u l t s  with those fo r  

the pipe flow w ithout the r in g ,  the d i s t r i b u t i o n  o f  the eddy v i s c o s i t y  i s  

returned to  i t s  undisturbed flow d i s t r i b u t i o n  at d is tance  of x/h = 126.6 

fo r  the rough and smooth pipe.

The r e s u l t s  of the m ixing length d i s t r ib u t i o n  are  shown in F ig s .  (5.22a) 

to  (5.22c) fo r  the rough and smooth pipe. Near the reattachment the flow 

i s  fa r  from the e q u i l ib r iu m  con d it io n  and the experimental m ixing length, 

in the inner layer, i s  h ig he r  than tha t  ca lcu la ted  fo r  e q u i l ib r iu m  flow 

(£ = icy). Downstream of the reattachment the inner la ye r  increased and

the flow re tu rns  to i t s  o r i g i n a l  m ixing length d i s t r i b u t i o n  a t  x/h = 126.6.

5.8 SUMMARY AND CONCLUSIONS

In t h i s  Chapter the e f f e c t  of a two-dimensional ob stac le  on a f u l l y

developed tu rb u len t  flow i s  s tud ied .  The experiments were c a r r ie d  out fo r

a rough and smooth pipe. The two-dimensional o b s ta c le s  were in the form

of s u i t a b ly  sca led  internal ( re c tangu la r  in c r o s s - s e c t io n )  r in g .  The 

h R
he igh t-to -w id th  (^ = .86) and the r a d iu s - t o -h e ig h t  (ff = 4 . 0 )  r a t io s  were 

the same fo r  both smooth and rough p ipes. The same R e y n o ld 's  numbers of

4.5 x I0 5 was a l s o  maintained fo r  both the p ipes. The rough pipe was 

lined in t e rn a l ly  with the same background roughness used on the boundary- 

layer flow experiments. The r e s u l t s  of the f r i c t i o n  fa c to r,  f, and the 

roughness f u n c t i o n , x  , f o r  the rough pipe, show tha t  the experiments were 

ca r r ied  out fo r  a f u l l y  rough reg ion.
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The mean v e lo c i t y  d i s t r i b u t i o n  downstream of the p o s i t io n  x/h = 23.74 

has h ighe r  va lue s  than the undisturbed v e lo c i t y  d i s t r ib u t i o n  (pipe 

w ithout the r in g ) .  Th is  due to  the negative  wake e f fe c t  caused by the 

secondary flow downstream of the ob stac le .  T h is  e f fe c t  does not e x i s t  

in the boundary-1aye r  flow where the the flow has the tendency to increase  

the ab so lu te  th ic k n e s s  downstream of the ob stac le .

The recovery of the mean v e lo c i t y  d i s t r i b u t i o n  occurs  between the 

p o s it io n s  94.9 < x/h < 126.6 fo r  both the rough and smooth p ipes. These 

p o s it io n s  are correspond ing  to  59.8 cms. < x < 79.6 cms. fo r  the rough 

pipe and to  47.5 < x < 63.3  fo r  the smooth pipe. These p o s i t io n s  when 

compared with those  obtained fo r  the boundary - laye r  flow, 116 cms. < x < 139 cms. 

fo r  the rough p la te  and 86 < x < 116 fo r  the smooth p la te , show that  the 

p o s it io n  of the recovery on the f l a t  p la te  i s  about 1.8 times the d is tance  

of the recovery in the pipe flow. I t  must be noted that the r a t io  of R/h 

in the pipe flow is  twice the r a t io  of 6/h on the bo und a ry - la ye r .

The recovery of the shear s t r e s s  d i s t r i b u t i o n  in the pipe flow occurs 

at  126.6 < x/h < 166 which corresponds to 79.8 cms. < x < 104 cms. fo r  

the rough pipe and to  63.3 cms. < x < 83 cms. fo r  the smooth pipe. For 

the rough p la te  t h i s  recovery occurs at 139 cms. < x < 185 cms.; f o r  the 

smooth pipe a t  116 cms. < x < 139 cms. Comparing t h i s  recovery of the 

shear s t r e s s  fo r  the pipe flow with tha t  obtained fo r  the boundary-1ayer 

y ie ld s  the same conc lu s ion  as obtained fo r  the recovery of the mean v e lo c it y  

d i s t r i  buti on .

The e f fe c t  of the secondary flow in the pipe flow reduced the shear 

s t r e s s  below the l in e a r  d i s t r i b u t i o n  of the shear s t r e s s  ( t / t 0 = I -  y / R ) .

Near the reattachment the maximum shear s t r e s s  occurs at y/h = 1.5 which 

is  the same fo r  the boundary layer experiments.
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The r e s u l t s  o f the spectrum func t ion  downstream of the r in g  f o r  

the rough and the smooth pipe show th a t  the behaviour of the frequency 

spectra  i s  the same fo r  a i l  s t a t io n s  downstream of the r in g .  The three  

ranges of the energy (production  -  intermediate sub -range  -  d i s s i p a t io n )  

are c le a r l y  defined a t  a l l  s t a t io n s  downstream of the r in g .  Th is  behaviour 

i s  a l s o  shown fo r  the boundary - Iaye r  r e s u l t s .

The d i s t r i b u t i o n  of the skewness fa c to r  downstream of the r in g  shows 

tha t  the p ro b a b i l i t y  den s ity  d i s t r i b u t i o n  is  less  skewed in the cen t re ­

l i ne of the pipe, than in the ou te r  layer of the boundary - Iaye r  flow.

T h is  i s  due to  the fac t  th a t  in the pipe flow there are two shear layers  

whereas in the boundary- laye r flow there  is  on ly  one shear layer near the 

f l a t  p late . I t  i s  a l s o  found tha t  the f la tn e s s  fa c to r  i s  nearly  Gaussian 

(v a r ie s  between 2.5 and 3 .0 ) fo r  both the rough and smooth pipe. The 

va lues of the skewness and f la t n e s s  fa c to rs  near the reattachment are not 

Gaussian where these va lues are a ffected  by the sepa ra t ion  and reattachment 

o f  the flow.

The m ic ro -sca le  of turbu lence  (small eddy s i z e )  downstream of the r in g  

has a constant value downstream of the p o s i t io n  x/h = 40, which i s  s i m i l a r  

to the undisturbed f low d i s t r i b u t i o n  (p ipe  w ithout r i n g ) .  Upstream of x/h 

= 40, the m ic ro -sca le  of tu rbu lence  has high va lues because of the e f fe c t  

of the sepa ra t ion  of the f low. The macro-scale of turbu lence  ( l a r ge  eddy 

s i ze )  has a d i f f e r e n t  behaviour than tha t  fo r  the m ic ro -sca le .  At the 

p o s it io n  x/h £ 40 the va lues of the macro-scale are the same fo r  a l l  the 

va lues of y/R (= 0 .35 ,0.68  and 1.0).  Downstream of x/h = 40 the va lue s  of 

the macro-scale tend to  catch up the undisturbed va lues.  I t  can be concluded

from the above d is c u s s io n  tha t  the presence of the r i ng  i ns i de the pipe 

a f fe c t s  the large eddies more than the smal l  edd ies.

The recovery of the mixing length and the tu rb u le n t  eddy v i s c o s i t y  

occurs at the same d istance  126.6 < x/h < 166, fo r  both the rough and the 

smooth pipe.
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CHAPTER 6

EQUATIONS OF MOTION AND NUMERICAL PROCEDURE

6.1 INTRODUCTI ON

In the present chapter the d i f f e r e n t ia l  equations which govern 

tu rbu len t  flows and t h e i r  f i n i t e  d if fe re n ce  forms are d iscu ssed .  The 

method of s o lu t io n  fo r  the r e s u l t in g  a lg e b ra ic  equations are a l s o  

described. The v e lo c it y  components U and V were replaced a long with 

the p re ssu re  by both v o r t i c i t y  and the stream func t ion .  The tu rb u le n t  

f lu x  terms which appear in the v o r t i c i t y  equation were ca lcu la ted  through 

the use of a two-equation turbulence model c o n s i s t in g  of d i f f e r e n t ia l  

equations fo r  the k in e t ic  enegy of turbu lence  and i t s  d i s s ip a t io n  rate.

The pred icted po in ts  of sepa ra t ion  and reattachment, are compared 

with the experimental r e s u l t s  of the re c tangu la r  c r o s s - s e c t io n  ob stac le  

(r id ge )  attached to both the smooth and rough p la te s .  S im i la r  comparisons 

are made fo r  the v e lo c it y  d i s t r ib u t i o n  and tu rb u len t  k in e t ic  energy 

downstream of the reattachment.

6.2 DIFFERENTIAL EQUATIONS

6.2.1 Stream Function and V o r t i c i t y  Equations

The dependent v a r ia b le s  in the present numerical s o lu t io n s  are the 

stream func t ion  ip and the v o r t i c i t y  w. The v o r t i c i t y  to is  a measure of 

the amount of a n t ic  Iock-w ise  ro ta t ion  and deformation which the f l u id  

po sse sse s.  I t s  d e f in i t io n  is :

Id
9V
3x

3U
3y

(6.1 )

where U and V are the v e lo c i t y  components a t  d i re c t io n  x and y re sp e c t ive ly .
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The stream func t ion  is  a s c a la r  quan t ity  defined by:

\p = /pUdy = -/pVdx (6 .2 )

The r e la t io n  between the v o r t i c i t y  and the stream func t ion  which 

p lay  a centra l part in the present c a lc u la t io n  procedure, can be obtained 

by combination o f  E q n s . ( 6 . l )  and (6 .2 ) ;  i t s  simple form is :

dz\p 9 2i|»
l x 2" + ay7

-p’to (6 .3 )

Equation (6 .3 )  i s  the stream func t ion  equation. The v o r t f c i t y  

equation is  derived from the two d i f f e r e n t ia l  equations which re la te  to  

the momentum in x and y d i r e c t io n  re sp e c t iv e ly :

au w au
°U 33? * pV 37

-  lE. .
ax ay '

, ,  av ... av 
pU 33? * pV 37 ■

3p + a lxy  
ay 3x ‘

with the c o n t in u i t y  equation

au + av
ax ax , 0

(6.4a)

(6.4b)

(6 .4c)

By e l im in a t in g  the pre ssu re  from the momentum equations (6 .4a) and 

(6 .4b ),  the two equations can be replaced with one equation fo r  the 

v o r t i c i t y .  The r e s u l t  i s :

pU
3to 3<o
ax + pv ay

a2
ax (y e f f to)

a2
aT2 (y e ff

to) + S (6 .5 )

where

to
= 2

3x3y
l t 3V
lye f f  ( 3y

_3U.
ax + 2

ax-1 (y e ff
au.
3y

0 a2 ,  av.  f e e s

-  2 w  <Be f f  3 7 ’ <6-6a)
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and yg ^  = y + y^ (6.6b)

where y i s  the molecular v i s c o s i t y  and y+ i s  the tu rb u len t  eddy 

v i s c o s i t y ,  the va lue  of i s  zero in the uniform v i s c o s i t y  flow and 

boundary- layer flows (W o lfsh t ine  (1967 )) .  The f in a l  equations fo r  the stream 

function  ^ , and the v o r f i c i t y  o>, are Eqns. (6 .3 ) and (6 .5 ) .

6 .2 .2  Turbulence Model

The va lue  of the tu rb u len t  eddy v i s c o s i t y  y^, which is  needed to 

c a lc u la te  y can be ca lcu la ted  in a number of ways (Launder and 

Spa ld ing  (1972 )) .  The necessary a lg e b ra ic  o r  d i f f e r e n t ia l  equations 

c o l l e c t i v e l y  c o n s t i t u te  a ’turbulence model '.

The standard fo r  the cho ice  of a tu rbu lence  model include economy 

of computer time, accuracy, width of a p p l i c a b i l i t y  and s im p l i c i t y .  A 

c l a s s i f i c a t i o n  f o r  tu r  bulence models and some examples of t h e i r  a p p l ic a t io n s  

are provided by Launder and Spa ld ing  (1972). Turbulence models can be 

c l a s s i f i e d  acco rd ing  to  the number of a d d it io n a I  d i f f e r e n t ia l  equations 

which they con ta in .  Most zero-, one- and two-equation models represent 

the Reynold’ s shear s t r e s s  by means of the tu rb u le n t  v i s c o s i t y  concept.

The tu rb u le n t  v i s c o s i t y  i s  taken to  be p roport iona l to the product 

of a v e lo c it y  sc a le  and length sca le  c h a r a c t e r i s t Î c of the local tu rb u len t  

flow. Zero-equation  models employ the m ixing length hypothes is  (P rand t l,  

(1925)) in which the length sca le  i s  s p e c i f ie d  by a "m ix ing  length " i m

and the v e lo c i t y  sc a le  i s  of the form l1 r
3U

3 U
3y

; the v e lo c i t y  g rad ien t

—  i s  ca lcu la ted  from local mean flow c o n d it io n s .  T h is  model i s  ap p l icab le  
3y

to  simple two-dimensional boundary- layer flows (Patankar and Spa ld ing  (1970)) 

where £ i s  e a s i l y  p re sc r ibed  e m p ir ic a l ly  and the predominant mean v e lo c i t y

grad ient  does not change s ig n .
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In one- and two-equation models, the tu rb u len t  eddy v i s c o s i t y  y+ , 

i s  re lated  to  the k in e t ic  energy of tu rbu lence, k = £ (u2 + v2 + w2 ) and 

a length sca le  l  , by the experssion:

y+ = Cy p kV2 l  (6 .7 )

where Cy i s  an em pirica l c o e f f ic ie n t .  The value of k can be obtained by 

s o lv in g  the d i f f e r e n t ia l  t r a n sp o r t  e q u a t io n 'f o r  k inetic  energy, but 

s u f f i c i e n t  knowledge of the length sca le ,  l  , d i s t r i b u t i o n  is  requ ired .

Two-equation models provide a more general approach by s o lv in g  

t ra n sp o r t  equations fo r  both k , and a quan t ity  re lated  to  the length 

sca le  H. In p ract ice , i t  proves to  be more s a t i s f a c t o r y  to  so lv e  fo r  

the tu rb u len t  d i s s ip a t io n ,  e , ra the r  than fo r  the d i s s ip a t io n  length 

sca le  H. The two v a r ia b le s  are re lated  (Launder and Spa ld ing  (1974)) 

by the equation:

where is  a constant to  be determined from experimental data. By 

combining equations (6.7) and (6.8) the tu rb u len t  v i s c o s i t y  can be linked 

to  k and e , thus:

y+ = C p - 2 (6 .9 )
t  y e

"Two-equation models are the s im p le s t  a v a i la b le  means of c a lc u la t in g  

tu rb u len t  s t r e s s e s  in rec i rcuI a t in g  o r  separated flows where the length 

sca le  d i s t r i b u t i o n  cannot be p re sc r ibed  a l g e b r a i c a l l y "  (Launder and 

Spa ld ing  (1972)).  Such models have been app lied  to  wall boundary- Iaye rs  

(Pope and W h ite law (1975)) and two-deminsionaI r e c i r c u la t in g  flows over 

a backward fac ing  step (Minh and Chassa iny  (1978)) and flow over a 

rec tangu la r  c ro s s  se c t ion  ob s ta c le  ( Vasi I ic -M e I I in g  (1977), Durst  and 

Rastogi (1979 )).
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More e labo ra te  turbu lence  models e x i s t  which do not employ the 

tu rb u len t  v i s c o s i t y  concept, but so lve  d i f f e r e n t ia l  equations fo r  the 

Reyno ld 's  s t r e s s e s .  In a study of a two-dimensional channel flow,

H an ja l ic  and Launder (1972), so lved  an equation fo r  one shear s t r e s s  

component in ad d it io n  to equations f o r  the k in e t ic  energy and d i s s ip a t io n .

Th is  model was la te r  extended by rep la c in g  the tu rbu lence  energy equation 

by t ra n sp o r t  equations fo r  the three  normal s t r e s s e s  and s o lv in g  these 

a long with equations fo r  shear  s t r e s s  and d i s s ip a t io n .

In the present study, the two-equation k -e  tu rbu lence  model was 

applied to  p re d ic t  the flow over a two-dimensional o b s ta c le .  Th is  flow 

i s  cha rac te r ised  by a reg ion  o f  r e c i r c u la t io n  and wake. Zero- and one- 

equation models are inadequate fo r  such flow because of t h e i r  dependence 

on p rescr ibed  length sc a le  d i s t r ib u t i o n .

As described above, the turbulence model used in the present in v e s t ­

ig a t ion  i s  the two-equation model, fo r  the t ra n sp o r t  equations fo r  both 

the tu rb u len t  k in e t ic  energy k, and the d i s s ip a t io n  rate e . The t ra n sp o r t  

equation fo r  tu rbu len t  k in e t ic  energy f i r s t  derived by Kolmogorov (1942) 

i s  obtained u s in g  the equations fo r  the tu rb u len t  v e lo c i t y  and p ressure  

f lu c tu a t io n s  in the momentum equations (Eqns. (6.4a) and (6.4b) and ave rag in g  

with respect to  time the two-dimensional tu rb u len t  flow equation can be 

w r itten  as:

uv ( 6 . 10a)

uv (6.10b)

It  may be shown tha t  a f t e r  some lengthy a lgebra , th a t  the turbu lence

energy equation i s :
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8 k
pU

ak 
pv a7

—  au 
'  p uv a7

_a_
•ax

(p' + k) v  + y(
a2 k + a2k
3xz + 8yz

8u_ _3u_ 3v 3v 
3x 3x + 3y 3y

( 6 . 11)

The s tep sto  get the above equation are g iven by Hinze (1975). The 

physica l meaning of the va r io u s  terms in the equation may be id e n t i f ie d  

as  f o l l o w s :

pUS + pv

-p uv

—  au
-p uv

_a_
ax

ay

(p +

8u 3u
ax ax

ak _
ay =

k ) V 

•) =

convection  o f  the turbu lence  energy by the mean motion

the Reyno ld ’ s shear s t r e s s

production of the turbu lence  energy

tu rb u len t  d i f f u s io n  of the turbu lence  energy

v iscou s  d i f f u s io n  of the turbu lence  energy

—  I = v iscou s  d i s s ip a t io n

The above terms have to  be approximated in terms of q u a n t i t ie s  which 

could be known o r  can be determined. These approximation forms are 

presented by Launder and Spa ld ing  (1972) and when Eq. (6.11) i s  rearranged 

the f in a l  equation  becomes:

. I a k w a k
pu ax + pv a7

_ !  ( r  Ü )  
ax r k 3x

_a_
ay ( r L

a_k

ay ) + G -pe 6.12a

W t
where T i s  the exchange c o e f f i c ie n t  = y+ —

k  o k

and

G - y , 2 ( ^ ) 2
ay

2( | ^ ) 2 
3x

(3V + 9U)2
3x 3y

6. 12b
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By a s im i l a r  procedure to  th a t  used above, the equation fo r  the 

d i s s ip a t io n  rate, e , can be deri.ved. The r e s u l t in g  equation i s  long 

and complicated, and i t  w i l l  suffice here to  s ta te  a modelled form 

(Launder and Spa ld ing  (1974)):

,| 3e v 3e _ 3 ,r 3e. 3 ,r
pU 35 pV w  '  »  (Ii  S *  W  <rt P  * s

P ̂
C 2 p f (6.13)

where

v + —

The va lues  o f  the con stan ts  , cre , Cj and C2 appearing in 

Eqns. (6.12a) and (6.13) were determined approxim ately  from data fo r  

simple tu rb u le n t  flows. Then these  con stan ts  were optim ised by p re d ic t io n s  

fo r  a d i f f e r e n t  flow s i t u a t io n .  D e ta i l s  o f the e va lua t ion  of these 

constants  were g iven by Launder and Spa ld ing  (1972). These con stants  

take the va lues given in tab le  (6 .1 ) .

Table 6.1

The v a lu e s  of constants  in the k ~ e model.

c
y

C l C 2
CTk

a
e

0 . 0 9 1 . 4 4 1 . 9 2
1 o 

1 . 9 1 . 3

6.2 .3  Conservation  Equation fo r  Property  cj>

As shown in the la s t  se c t io n  (6 .2 .2 ) ,  the d i f f e r e n t ia l  equations 

which contro l the flow are the Eqns. (6 .3 ) ,  (6 .5 ) ,  (6.12a) and (6 .13 ).  

A ll of these equations can be regarded as p o s se s s in g  the common form fo r  

dependent v a r ia b le ,  <j} , (Gosman et al (1969 )):
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f 3 , i  3ii>̂  3 3iK-, r 3 , u 3 ° ^  3 , t 3C<?4>
34 { 3^ ^  3 7 } -  37  (<? W } "  { 3^  %  T x  ’ "  37  %  " l y

) }  + S, = 0 (6.14)
<P

where the terms in the f i r s t  c u r ly  b rackets  represent the t r a n sp o r t  

of <J> by convection . The terms in the second c u r ly  b rackets  represent 

the d i f f u s i o n  of cj>. The " s o u rc e "  term S^, con ta in s  q u a n t i t ie s  re la ted  

to  the generation  o r  de st ru c t ion  of <j>, as well a s  any other terms which 

are not accounted fo r  in the convection  and d i f f u s i o n  e xp re ss io n s .  The 

new c o e f f ic ie n t s  a,, b, and c. are shown in tab le  (6 .2 ) :
t  <f> <j>

Table 6.2

The func t ion s  a ,,  b., c. and
?  ?  ?

S, a s soc ia ted  with
Î

Eqn. (6 .14)

3<1>

o
-e

-

0) 1 .0 1 .0 ue f f  ' 2 3x3y l “e f f  < 3x>l * 2 3x2- <“e f f  3y>

-  32 , 3V . \ ') 
2 3y2 ye f f  3 x '

♦ 0 1 .0 1 .0 -. U)

k 1 .0 rk , ^ 1 .0 -  (G -  pe)

e 1 .0 re 1 .0 -  (C i f  G -  C2 p ei )

.2.4 Boundary Cond it ion s

The d if fe re n t ia l  equations of the form of (6 .14) are second-order 

e l l i p t i c  equations. Therefore, in form ation must be provided to  sp e c i fy  

the va lue  of each v a r ia b le  (o r  i t s  f i r s t  d e r iv a t iv e ,  normal to  the boundary) 

on each boundary. The boundaries of the s o lu t io n  domain may co in c ide  with 

an upstream loca t ion  at which a s p e c i f ie d  in flow , s o l i d  w a l l s ,  a free 

boundary and a downstream loca t ion  where outflow  takes place.
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At the upstream boundary, i t  i s  necessary  to  provide d i s t r i b u t i o n s  

of a l l  v a r ia b le s ,  in c lu d in g  ip, a), k and e. The va lues  of the stream 

function  and the v o r t i c i t y  were ca lcu la te d  u s in g  a mean v e lo c i t y  p r o f i l e  

whose o u te r  reg ion  was modified by Moses (1964) and F in ly  (1966). Th is  

mean v e lo c i t y  p r o f i l e  s a t i s f i e s  the c o n d it io n  th a t  the c ro ss -s t re am  

mean v e lo c i t y  g rad ien t  should be zero a t  the edge of the boundary- laye r:

V_

uo
A Au + J L

u0 k
(6 .15)

where n i s  the wake-strength parameter and 5 i s  the ab so lu te  boundary - Iaye r  

th ic k n e ss .  The va lue  of —  i s  the roughness func t ion ,  which i s  equal
u0

to zero fo r  smooth su rface . The above va lue s  can be determined exper im enta lly  

in the upstream locat ion .

The a p p l ic a t io n  of the boundary c o n d it io n s  a t  w a lls  in tu rb u le n t  flow ^  

requ ire s  a more e labora te  treatment than a t  the upstream boundary. Thus, 

although the v e lo c i t y  components are zero (iji = con st  and (|y) = 0 ),  spec ia l  

formulae are  necessary to c a lc u la te  the re su l t a n t  wall shear s t r e s s e s .

These, to ge the r  with the boundary c o n d it io n s  on the turbu lence  k in e t ic  

energy, k , and d i s s ip a t io n  rate  e, are deduced from wall func t ion  ap p rox i­

mation to  the t ra n sp o r t  equations in the near wall reg ion. D e t a i l s  of 

these p ra c t ic e s  are shown in Appendix C.

At the free  boundary, the c o n d it io n s  are known from the d i s t r i b u t i o n  

of v e lo c i t y ,  turbulence energy, e t c . .  However, t h i s  information i s  not 

always a v a i la b le  in complete d e ta i l ,  e s p e c ia l l y  i f  the flow was d istu rbed  

by an o b s ta c le .  Therefore, i t  i s  requ ired to  locate the computational 

free boundary s u f f i c i e n t l y  fa r  from the ob stac le .  I f  t h i s  precau t io n  

is  taken, con stant  va lues of stream-wise  v e lo c i t y  (or con stant  stream 

function  ip), k and ecan be sp e c i f ie d  a long the free boundary. The 

v o r t i c i t y  and the normal v e lo c i t y  are se t  equal to zero.
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F in a l l y ,  the o u t le t  plane boundary was located downstream of the 

ob stac le ,  where the v e lo c it y  normal to the boundary i s  d irected  every ­

where outwards. A l l  the d e r iv a t iv e s  with respect to  the stream-wise

d ire c t io n ,  x, were se t  to  zero (
3<}>
3x 0).

6.3  F IN ITE  DIFFERENCE EQUATIONS

In se c t io n  (6.2) the d i f f e r e n t ia l  equations which have to  be so lved  

are presented. Genera lly , there  i s  on ly  one p ra c t ic a l  method to  ob ta in  

s o lu t io n s  of these  equations; t h i s  i s  by f in i t e - d i f f e r e n c e  techn iques.

The contro l volume was covered with a mesh, which i s  rec tangu la r  in the 

present work. In each mesh po in t  the d i f f e r e n t ia l  equation was replaced 

with a f in i t e - d i f f e r e n c e ,  a lg e b ra ic  equation. The con tro l volume and the 

mesh are  shown in F ig .  (6 .19 ).

As mentioned in se c t io n  (6 .2 ) ,  a l l  the d i f f e r e n t ia l  equations were 

represented by the general con se rva t ion  Eqm. (6 .14 ).  The f in i t e - d i f f e r e n c e  

form o f t h i s  equation is  then obtained by in te g ra t io n  of Eqn. (6 .14) over 

small re c tang le s ,  su rround ing  each mesh po in t.  These rectang le s  are so 

defined tha t  t h e i r  s id e s  l i e  half-way between the mesh po in ts  and the 

paralile l to  the x and y axes (see F ig .  (6 .1 b ) ) .

D e t a i l s  o f  the in te g ra t io n  o f  Eqn. (6.14) over the contro l are given
A

by Gosman e t  al (1969). Here i t  w i l l  s u f f i c e  to  present the f in a l  r e su l t ,  

fo r  the va lue  of cj> at po in t  p surrounded by the p o in ts  E, W, N and S as 

foI Iows :

tp  = CE ^E + CW K  + CN + CS + D ( 6 J 6 a )

where
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CE ■  ( a e + b e A f E )/EAB

CW ■  (AW + BW % w )/EAB

C N ■  (a n + b n c+ , n )/!:a b

C S = (A s + BS c4>, S,/I:A8

D
P V/y - Jp.p

ZAB
= Ae Hh Aw + a n + As + c.

4>p (b e + Bw + b n + Bs )

ahd

VP ' i <*E - xw) <vN - V

AE *  0 [< *SE  * *S ‘  *NE ■  V  * I % E  * +S -  *NE '  *N

and the A^, A^, A^ are s im i l a r  e xp re ss io n s .

( 6 . 16c) 

(6.17)

(6.18)

The e xp re ss io n s  of the terms A£, A^, A^ and Ag de sc r ibe  the t ran sp o r t  

of <j> by convection. Those of B^, B^, BN and B<, de sc r ibe  the <j> t ran sp o r t  

by d i f f u s io n .  A fu r th e r  d i s c u s s io n  of the equation (6.16a) was presented 

by Gasman et al (1969).

Equation (6.16a) represents  the f in i t e -d i f f e r e n c e ,  a lg e b ra ic  equations, 

fo r  a l l  the dependent v a r ia b le s  (<j>) : to , ip, k and e . Once the a lge b ra ic  

equations were derived, a procedure must be found fo r  s o lv in g  them. When 

the equations are l in e a r  and few in number, standard matri x - in v e r s io n
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techniques can be used. U su a l ly ,  e i t h e r  because the equations are very 

numerous, o r  because of n o n - l i n e a r i t i e s ,  su c ce s s iv e  s u b s t i t u t io n  

tech in ique s  must be employed (Gosman et a I (1969 )) .  In these, i n i t i a  I 

guesses fo r  the va lues o f  the v a r ia b le s  are su b s t i tu te d  in to  su c ce s s iv e  

s u b s t i t u t io n  formulae which were derived from the a lg e b ra ic  equations and, 

new va lue s  are computed; then these  va lues  are used as new guesses to  the 

s o lu t io n .  Such procedures are commonly re fe rred  to  as i t e ra t iv e ,  and each 

se t  of c a lc u la t io n s  of new va lue s  i s  terms a c yc le  of i t e ra t io n .

As mentioned before ( se c t io n  (6.2.4)) the so lu t io n  o f  these f i n i t e -  

d if fe rence  equations needs inform ation fo r  the boundary domain (boundary 

c o n d it io n s ) .  At the upstream boundary, the app rop r ia te  c o n d it io n s  are 

supp lied  by a s s ig n in g  the s p e c i f ie d  d i s t r i b u t i o n s  of <j> a t  a l l  g r id  nodes 

in the entry  plane of the s o lu t io n .

At the s o l i d  boundary the va lue  o f  \p was se t  to  zero, the v o r t i c i t y  

was taken as va ry in g  l in e a r ly  w ith the normal d is tance  from the w a ll,  t h i s  

assumption made by Gosman et al (1969), which g ive  the v o r t i c i t y  a t  the 

wall boundary as

co
P

3( 'Jjnp  -  t n ) + ^NP

Vn p "  p 2
(6.19)

where ĉNp and “np  are the va lue  of the stream func t ion  and the v o r t i c i t y  

a t  the near wall boundary.

At the free  boundary s p e c i f i c  va lues  were a ss igned  to  a l l  v a r ia b le s  

as described in se c t ion  (6 .2 .4 ) .  At the o u t le t  plane, the stream-wise 

d i f f u s io n  was se t  to zero, i . e . ,  = 0, f o r  a l l  the p ro p e rt ie s  ip, co, k and e
a X

The important boundary i s  the corner marked, p, in F ig .  (6 .1 c ).  A 

f ixed  sepa ra t ion  stream l in e  method was used. Th is  method used by Gosman et al 

(1969), and by Debenham and Dugglns (1977). I t  i s  based on the assumption 

tha t  the sepa ra t in g  stream line  leav ing  the co rne r  con tinues  forward to  the
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next g r id  po in t  (p in F ig .  ( 6 .1 c ) ) .  The f in i t e - d i f f e r e n c e  equation fo r  

jpp u s in g  the notation  of Eqn. (6.16a) i s :

ipp = CE 4>e + Cw ^  + CN + Cs + Cp W ( 6 .20 )

where ip = ip - ip , , and the la s t  term on the r igh t -hand  s ide  
r s r p r walI a

represents, D, in Eqn. (6 .16a ).  U t i l i s i n g  the above assumption, i|ip is  

known ( = $ ||) and Eqn. (6.20) i s  rearranged to  g iv e  an exp re ss ion

fo r  w .
P

The complete flow domain can be d iv ided  in to  two re g ion s :  the r e c i r ­

c u la t in g  flow region which extends from 5h upstream o f  the ob s ta c le  to  I5h 

downstream of the ob stac le  (where h is  the he igh t  of the ob stac le )  and 

the boundary - Iaye r  region which p re v a i l s  in f ro n t  o f  the ob stac le  

(x/h < -5 )  and beyond the re c ir c u I  a t in g  flow reg ion . In the reg ion  around 

the ob stac le  d i f f u s io n  is  equa lly  important in both x -  and y - d i r e c t i o n s ; 

there e x i s t s  no dominant d i re c t io n  of flow, and the flow is  influenced by 

the downstream c o n d it io n s .  In the region beyond the separated flow, 

there e x i s t s  a dominant d i r e c t io n  of flow and d i f f u s io n  is  important on ly  

in the c ro ss -s t re am  d i re c t io n .  Th is  reg ion  is  governed by the d i f f e r e n t ia l  

Eqns. (6 .3 ) ,  (6 .5 ) ,  (6.12) and (6.13) w ithout the d i f f u s io n  terms in the 

x-d i rect i o n .

6.4 CONVERGENCE AND ACCURACY OF THE SOLUTION

Gosman e t  al (1969) found tha t  when Eqn. (6.19) i s  used e x p l i c i t l y  

fo r  the c a lc u la t io n  of the wall v o r t i c i t i e s ,  and when the spac ing  between 

the g r id  l in e s  p a ra l le l  to  the wall i s  non-uniform, d ivergence may occur. 

The source of the d ivergence appears to  be the linkage  of the v o r t i c i t y  

and stream funct ion  equations throw the v o r t i c i t y  boundary c o n d it io n s .
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T h is  divergence may be averted by the fo l lo w in g  two measures:

( i )  Near the wall, the r a t io  of the in t e r v a l s  between the nodes

would be kept as c lo se  to  un ity  as p o s s ib le .

( i i )  The wall v o r t i c i t y  should be removed from the s u b s t i t u t io n  

formulae fo r  the near-wall nodes by o n c e -a n d - fo r -a I I  a lg e b ra ic  e l im in a t io n .  

Thus fo r  example, i f  p i s  the in t e r io r  node which l i e s  adjacent to  a 

wall node S, and equation (6.19) i s  the v o r t i c i t y  boundary co n d it io n ,  

then the fo l lo w in g  modified s u b s t i t u t io n  formula should be used 

(Gosman et a I (I 969 )):

The divergence may a l s o  occur when the source term D in Eqn (6.16a) 

i s  a function  of <j>. T h is  can be seen in the k in e t ic  energy equation and 

the d i s s ip a t io n  rate equation. To ave rt  t h i s  divergence the source term 

was modified. Pun and Spa ld ing  (1977) l in e a r ise d  forms fo r  the source 

terms in the k in e t ic  energy and d i s s ip a t io n  rate equations were used in 

the present so lu t io n .

The f a c t o r s  which a f fe c t  the accuracy o f  the p re d ic t io n s  are the 

degree to which the so lu t io n  s a t i s f i e s  the d i f f e r e n t ia l  equations, the 

degree to  which i t  s a t i s f i e s  the f in i t e -d i f f e r e n c e  equations, the locat ion  

of and c o n d it io n s  imposed on the boundaries and the adequacy of the 

turbu lence  model.

The f i r s t  fa c to r  r e s u l t s  from t run ca t ion  e r ro r  which i s  the d if fe rence  

between the so lu t io n  of the d i f f e r e n t ia l  equations and the s o lu t io n  of 

the f in i t e -d i f f e r e n c e  equations. I t  a r i s e s  because of the approxim ations

W
P

( 6 .21 )

involved in the replacement of the d i f f e r e n t ia l  c o e f f ic ie n t s  by the 

f i n i t - d i f f e r e n c e  ones. These e r ro r s  can be minimised by reducing the 

spac ing  between nodes to  an acceptable leve l,  p re fe rab ly  by u s in g  a non­
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uniform g r id  w ith modes concentrated in re g io n s  o f  high g rad ien ts .  

Concerning the second fac to r,  the extent to  which the cu rren t  s o lu t io n  

s a t i s f i e s  the f in i t e - d i f f e r e n c e  equations can be asse ssed  by tha t  the 

d if fe rence  between the v a r ia b le s  at  N and N + I i t e r a t io n s  i s  very  sm a ll.

E r ro r s  caused by inapprop ria te  locat ion  of boundaries o r  s p e c i f i c a t io n  

of boundary c o n d it io n s  can be detected by a d ju s t in g  the loca t ion  c o n d it io n s  

of the boundary and determ ining the s e n s i t i v i t y  o f  the so lu t io n  to such 

changes. I f  a l l  the I 'a t t e r f a c to r s  are e l im inated, the adequacy of the 

turbulence model may then be assessed  by comparing the s o lu t io n  with the 

experimental data.

6.5 COMPARISON OF NUMERICAL RESULTS WITH EXPERIMENTAL DATA 

6.5.1 R e c irc u la t in g  Flow Region

Computations were ca r r ie d  out to  so lve  Eqns. (6 .3 ) ,  (6.5) (6.12a) and 

(6.13) upstream and downstream o f the two-dimensional re c tangu la r  c r o s s -  

sec t iona l bar ( r id ge )  attached to  the rough and smooth p la te s.  The 

computations were ca r r ied  out to  so lve  these equations a t  between 5 and 15 

ob stac le  he igh ts  upstream and downstream o f the ob s ta c le  re sp e c t ive ly .

The r e c i r c u la t in g  flow program was used fo r  t h i s  purpose. A 51 x 17 

f in i t e - d i f f e r e n c e  g r id  fo r  the smooth p la te  and a 48 x 20 f in i t e -d i f f e r e n c e  

g r id  fo r  the rough p la te  was used. The i n i t i a l  c o n d it io n s  a t  x/h = -5  

fo r  \p, w, k were taken from the experimental data while  the d i s s ip a t io n  

rate  was assumed to  fo llow  the m ixing length h ypo the s is .  About 6000 

i t e ra t io n s  and 500 secs, of computing time were requ ired  to  ob ta in  the 

converged s o lu t io n s .  The time required f o r  the s o lu t io n  of the rough 

p la te  was 630 secs, fo r  the same number of i t e ra t io n s .

F igu re s  (6 .2 )= shows the computed■ stream 1 i ne pattern- around the 

ob stac le  attached to  both the rough and the smooth p la te s.  The separated 

stream l in e  determined experim enta lly  i s  a l s o  shown in the same f ig u re .
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Agreement between the  pred icted va lue  of the reattachment length and 

the experimental i s  not too good. T h is  d iscrepancy  may be a t t r ib u te d  

to  the unsteady flow in the reattachment zonj^S The experiments c a r r ie d  

out by Abbott and K l in e  (1962) fo r  flow pa tte rn s  over backward fa c in g  

steps showed tha t  the o ve ra l l  length o f  the sepa ra t ion  reg ion  was 

unsteady and p e r io d ic a l l y  changing in s iz e .  The above r e s u l t s  were 

obtained by s o lv in g  the k in e t ic  energy and d i s s i p a t io n  rate  equat ions  

with the con stan ts  of tab le  (6 .1 ) .

The r e c i r c u la t in g  flow reg ion  upstream of the ob stac le  i s  a l s o  

shown in the above mentioned f ig u re .  Due to  the negative  p re ssu re  g rad ien t  

created upstream of the ob s ta c le ,  the flow w il l  separate  from the wall 

boundary and reattach aga in  on the fron t  su rface  o f  the o b s ta c le .  The 

agreement between the pred icted and the experimental po in t  of reattachment 

on the f ro n t  su rface  i s  good. The po in t  o f  reattachment occu rs  at y/h = 0.6 

fo r  the r idge  on the rough p la te  and a t  y/h = 0.55 fo r  the r id ge  on the 

smooth pI ate

The s o lu t io n  was repeated fo r  d i f f e r e n t  va lues o f  the con stan ts  

C i  C2 , C , a and a in the k in e t ic  energy and d i s s ip a t io n  rate  equations. 

The e f fe c t s  o f t h i s  change are  shown in F ig s .  (6 .3 ) and (6 .4 ) .  These 

r e s u l t s  show th a t  these con stan ts  a f fe c t  the general behaviour of the 

flow around the ob stac le .  The con stan ts  which g ive  a reasonable  agreement 

are those recommended by Launder and Spa ld ing  (1974).

6 .5 .2  Boundary Layer Flow Downstream of Reattachment

Downstream of the reattachment, there  e x i s t s  a dominant d i re c t io n  

o f  the flow and d i f f u s io n  i s  important on ly  in the c ro ss -s t re am  d ire c t io n .

r e c i r c u la t in g  flow, w ithout the d i f f u s io n  terms in the x -d i r e c t io n .  A 

d i f fe re n t  computer program was used to  ob ta in  the s o lu t io n s  fo r  t h i s  flow.

T h is  region i s  governed by the d i f f e r e n t ia l  equations used in the
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The boundary cond it io n  fo r  i|>, a>, k and ewere taken from the experimental 

data. A 51 x 18 f in i t e -d i f f e r e n c e  and fo r  the smooth p la te  was used.

For the rough p late, two f in i t e - d i f f e r e n c e  g r id s  were used, one was 

51 x 22 and the o ther  29 x 26. The so lu t io n  was obtained fo r  a r a t io  

x/h = 50 downstream of the reattachment.

F igu re  (6 .5 ) shows the  measured v e lo c i t y  d i s t r i b u t i o n s  superimposed 

on the th e o re t ic a l  ones. The la t t e r  were ca lcu la ted  from the stream 

funct ion  r e s u l t s .  For the smooth p la te , the wall func t ion  (the law of 

the wall i s  v a l id  between the near g r id  p o in t s  and the s o l id  w a l l ) ,  

which is  d iscussed  in Appendix B, was used in the near-wall reg ion .  As 

t h i s  f ig u re  shows, the numerical s o lu t io n  with and w ithout the wall 

function  i s  almost the same fo r  the mean v e lo c i t y  and k in e t ic  d i s t r i b u t i o n s  

The two s o lu t io n s  with the wall func t ion  and w ithout i t  are in reasonable 

agreement with the experimental r e s u l t s .  The wall f r i c t i o n  c o e f f i c ie n t s  

determined from the wall func t ion  is  shown in F ig .  (6 .6 ).  I t  can be seen 

that the agreement between the experimental and p re d ic t ion  d i s t r i b u t i o n  

is  good in near region downstream o f the reattachment.

The r e s u l t s  o f the mean v e lo c i t y  d i s t r ib u t io n  obtained fo r  the 

rough p la te  do not agree well w ith the experimental r e s u l t s .  To improve 

the so lu t io n  fo r  the rough p la te  severa l computational attempts were made 

and the fo l lo w in g  p o s s i b i l i t i e s  were con s idered:

( i )  the e f fe c t  of the f in i t e - d i f f e r e n c e  g r id ;

( i i )  the e f fe c t  of the number of i t e r a t io n s .

I t  was found tha t  the s o lu t io n  was independent of the f i n i t e -  

d if fe rence  g r id s  used in the present a n a ly s i s .  A lso  the so lu t io n  was 

independent of the number o f  i t e r a t io n s  when the la t t e r  exceeded 6000.

The d iscrepancy  between the th e o re t ic a l  and experimental r e s u l t s  

was due to  the fact  that the su rface  roughness was not considered. A lso  

the wall func t ion  could not be used, except i f  the r e la t io n sh ip  between
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the constant E in Eqn. ( I . C )  and the va lue s  of the wall f r i c t i o n  

v e lo c i t y  u i s  known.

The k in e t ic  energy d i s t r i b u t i o n s  are shown in F ig .  (6 .7 )  f o r  both 

rough and smooth p la te s.  I t  can be seen th a t  there  i s  a good agreement 

between the pred icted and the experimental p r o f i l e s  f o r  the smooth 

p la te . However, the agreement fo r  the rough p late  proved to  be le s s  

s a t i s f a c t o r y .  N e ither the change of the f in i t e - d i f f e r e n c e  g r id  nor the 

number o f  the i t e r a t io n s  improved the r e s u l t s .

The boundary - Iaye r  in tegra l th ic k n e s se s  S *  and 9 and the shape 

parameter H ca lcu la ted  from the th e o re t ic a l  and measured mean v e lo c i t y  

p r o f i l e s  are  shown in F ig .  (6 .8 ) .  The smooth p la te  r e s u l t s  are  seen to  

be in good agreement with t h e i r  experimental coun te rpa rts .  Because of 

the poor agreement of the pred icted and measured v e lo c i t y  p r o f i l e s  on 

the rough p la te , there is  a no t¡cab le  d if fe re n c e  between the th e o re t ic a l  

and experimental boundary-layer in tegra l th ic k n e sse s  5 *  and 9. In sp it e  

of t h i s ,  the shape parameter H, i s  p red icted f a i r l y  w e ll.

6.6  SUMMARY AND CONCLUSION

T h is  chapter has presented the equat ions  o f  motion and a method fo r  

t h e i r  s o lu t io n  fo r  a two-dimensional tu rb u len t  flow of uniform  property  

f lu id .  The dependent v a r ia b le s  in the so lu t io n  were the stream funct ion  

\p and the v o r t i c i t y  to. A two-equation k -  e tu rbu lence  model was used 

to c a lc u la te  the va lue  of A general con se rva t ion  equation fo r  any

property cf> was formulated. Then f i n i t e - d i f f e r e n c e  v e r s io n  was derived by 

in te g ra t in g  the p a rt ia l  d i f f e r e n t ia l  equations over a small contro l volume 

centred a t  a rep resenta t ive  node of the f i n i t e - d i f f e r e n c e  g r id .  The 

flow was d iv ided  into two reg ions,  a r e c i rcuI a t in g  flow region around 

the ob stac le ,  and a boundary- layer flow downstream o f  the reattachment.
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The p re d ic t io n  of the r e c i r c u la t in g  flow region i s  good compared 

with the a v a i la b le  experimental data. The so lu t io n  can p re d ic t  the 

sepa rat ion  bubble upstream of the ob s ta c le .  The change in con stan ts  

Cj C2 , C , a and a in the k in e t ic  energy and d i s s ip a t io n  rate  

equations a f fe c t  the so lu t io n  of the r e c i r c u la t in g  flow reg ion . Down­

stream of the reattachment the agreement between the pred icted and 

experimental r e s u l t s  i s  acceptable fo r  the smooth p la te . For the rough 

p la te  there  i s  a d i s p a r i t y  between the pred icted and the experimental 

r e s u l t s .  T h is  d i s p a r i t y  i s  probably due to  the om iss ion  of su r face  

roughness and must be taken into  con s id e ra t io n  i f  the so lu t io n  is  

to  be improved. Th is  may be achieved by u s in g  the wall func t ion  formula 

in the near wall region.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

7 . I SUMMARY

T h is  t h e s i s  in ve st iga ted ,  experim enta lly  and t h e o r e t ic a l ly ,  the 

recovery o f  a tu rb u len t  shea r  flow downstream o f  a two-dimensional 

ob stac le ,  the e f fe c t  of an i r r e g u la r  su rface  roughness on the mean flow 

and tu rbu lence  p rop e rt ie s  downstream of the ob stac le .  The experiments 

were ca r r ie d  out fo r  tu rb u len t  boundary- Iayers  developed on smooth and 

rough p la te s .  Two types of geometry were used fo r  the ob stac le :  one 

being a re c tangu la r  c r o s s - s e c t io n  bar ( r id ge )  and the other a s in g le  hump 

( h i l l ) .  The c h a r a c t e r i s t i c s  of the flow, on both the rough and smooth 

p la te s,  were determined before and a f t e r  the ob stac le  was Introduced into  

the working se c t io n  o f  the wind tunne l. A l l  the experiments were made fo r  

a zero external pressure  g rad ien t  with a free stream v e lo c it y  of 21 m/s.

The experiments were repeated, w ith in  the present pro ject,  f o r  a 

f u l l y  developed tu rb u len t  pipe flow. Study of the pipe flow may lead to  a 

better  understand ing of the behaviour of the tu rb u len t  boundary- Iaye r flow. 

The shear s t r e s s  d is t r ib u t ion ,  i s  a lready  known fo r  a f u l l y  developed pipe 

flow. The pipe flow experiments were ca r r ie d  out fo r  both rough and 

smooth p ipes. An ab ra s ive  paper sheet, of grade 16, was used to s im ulate  

the i r r e g u la r  rough background fo r  both the boundary- Iayer and pipe flows.

The two-dimensional ob stac le  used with the pipe experiments was a rec tangu la r  

c ro s s - s e c t io n  r in g .

A th eo re t ica l  in v e s t ig a t io n  was ca r r ied  out to  p red ic t  the separat ion  

zone upstream and downstream of the ob stac le  ( re c tangu la r  c r o s s - s e c t io n  bar) 

in add it ion  to  the flow recovery downstream of the ob stac le .  The main flow 

was d iv ided  into  two reg ion s:  (a) the r e c i r c u Ia t in g  flow region upstream
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of the ob stac le  x/h > -5  to  x/h g 15 downstream o f  the o b s ta c le  and (b) 

the boundary- laye r region which p re v a i l s  in f ro n t  of the ob stac le  

(x/h < -5 ) and beyond the r e c i r c u la t in g  flow reg ion . The stream func t ion  ip 

and the v o r t i c i t y  u> were the dependent v a r ia b le s  in the present i n v e s t i g ­

a t io n .  The k-e turbulence model was employed to  s p e c i f y  the tu rb u le n t  

v i s c o s i t y  y.|.. The avai I a b le f i n i t e  d if fe rence  c a lc u la t io n  procedures fo r  

r e c i r c u la t in g  flow and boundary- laye rs  (Gosman et a I (1969)) were used to 

so lve  the govern ing, p a r t ia l  d i f f e r e n t ia l  equat ions.

7.2 CONCLUSIONS

The fo l lo w in g  important con c lu s io n s  can be a r r iv e d  a t:

(a) Wind Tunnel Experiments

(1) The pre ssu re  d i s t r ib u t i o n  on the ob stac le  depends upon the shape of 

the ob stac le  i t s e l f .  For the r idge  and the h i l l  attached to the rough p late, 

the adverse pre ssu re  g rad ient,  created upstream of the r idge , is  g rea te r  

than tha t  created upstream of the h i l l .  Th is  p re ssu re  g rad ien t  a f fe c t s

the s i z e  o f  the f ron t  sepa ra t ion  bubb I e ( upstream o f the o b s ta c le ) .  Due to  

t h i s  adverse p re ssu re  g rad ient,  the flow separates from the plane boundary 

and reattaches on the f ro n t  su r fa ce  of the ob s ta c le .  At t h i s  reattachment 

the s t a t i c  p re ssu re  d i s t r ib u t io n  on the f ro n t  su r face  reaches I t s  maximum 

value. For the same geometry ( r id g e ) ,  with the same aspect r a t io  (b/h = 2.5) 

and the same bo u n d a ry - Ia ye r - to -o b s ta c Ie  he ight (S/h = 2 ),  attached to  rough 

and sm oothp Iates the reattachment of the flow on the f ro n t  su r face  occurs  

at  0.5 < y/h < 0 .6 .  For d i f f e r e n t  geometry ( r id ge  o r  h i l l )  with the same 

S/h, the reattachment on the f ro n t  su rface  o f  the h i l l  occurs  a t  0.2  < y/h < 0.3.

(2) The flow separates at the top o f  the ob stac le  and reattaches at

the wall boundary downstream of the ob stac le .  In the case of the rec tangu la r  

c ro s s - s e c t io n  bar ( r id g e ) ,  the separated flow from the wall boundary
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(upstream o f  the r idge ) i s  reattached on the f ron t  su r fa ce  o f  the ob s ta c le  

and separates aga in  a t  the top edge o f  the f ron t  su r fa ce  o f  the ob s ta c le .  

The s t a t i c  p re ssu re  d i s t r ib u t i o n  on the f ro n t  su r face  wi l l  be decreased 

to the base p ressure  value (Cp = -0 .26  r id ge  and -0 .36  h i l l )  on the rear 

su rface  of the ob stac le  a t  the sepa ra t ion  po in t  of the flow. Th is  

sepa ra t ion  occurs  at y/h = 1.0 fo r  the r idge  and in the case  o f  the h i l l  

the sepa ra t ion  occurs at  y/h = .9.

(3) For two ob s ta c le s ,  with the same boundary - Iaye r  t h ic k n e s s - t o -  

ob stac le  he igh t  -  6/h and the same aspect r a t i o - b / h ,  attached to  smooth and 

rough su r fa ce s ,  the drag fo rce  on the o b s ta c le  attached to  the smooth p la te  

is  h ighe r  than tha t  on the ob s ta c le  attached to the rough p late . T h is  is  

due to  the v e lo c it y  s h i f t - A u / u 0 -  caused by the p la te  su r face  roughness.

(4) The s iz e  of the r e c i r c u la t in g  flow reg ion, downstream o f  the 

ob stac le ,  depends on the geometry of the ob s ta c le  i t s e l f  and the su rface  

roughness o f  the plane wal l .  The length o f  the r e c i r c u la t in g  flow region 

downstream o f  the rec tangu la r  c r o s s - s e c t io n  bar ( r id ge )  i s  about 25$ more 

than tha t  downstream of the h il l - .  For the same geometry of the ob s ta c le ,  

the length of the rec i rcu l.at i ng zone on the rough p la te  is  about 15$ more 

than tha t  on the smooth p la te .

(5) Downstream of the reattachment, the mean v e lo c i t y  d i s t r i b u t i o n  

recovery depends on both the geometry of the ob stac le  and the su rface  

roughness. For d i f f e r e n t  geometries o f  the ob stac le  attached to  the same 

rough su r face ,  the v e lo c i t y  recovers a t  116 cm < x < 139 cms in the case 

o f  the r idge, while  in the case o f  the h i l l - s h a p e d  ob stac le  the recovery

J
occurs a t  86 cms < x < 116 cms. For d i f f e r e n t  su r fa ce s  and the same

I ~ 5?
ob stac le  geometry, the recovery o f  the mean v e lo c i t y  occurs  at 116 cm s< x <

I 7 / T f>
i fo r  the rough su rface  and a t  86 cms < x < 116 cms f o r  the smooth su rface .

6 l f  

I 39 cms
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(6) The r e s u l t s  obtained fo r  the wal l  f r i c t i o n  c o e f f i c ie n t  Cf, and 

C lau se r  parameter G, confirm s the above conc lu s ion  (5 ) .  F igu re  (4.9a) 

shows the f r i c t i o n  c o e f f ic ie n t  found downstream o f the reattachment fo r  

both the r idge  a n d t h e h i l l .  I t  i s  c l e a r l y  no t iceab le  tha t  the value of 

Of increases from a near zero va lue, near the reattachment, to  reach 

the value o f  c f ,  fo r  the undisturbed flow in the case  o f  the h i l l .  In 

the case o f  the r idge, an ad d it io na l d is tance  downstream o f  the rea ttach ­

ment i s  needed fo r  C f  to  reach the value of c f  f o r  undisturbed flow. A 

s im i l a r  behaviour occurs fo r  the r idge  on both the rough and smooth 

su rface  (F ig .  (4 .9 b ) ) ,  with the exception tha t  Cf reaches i t s  undisturbed 

value much e a r l i e r  with the smooth p la te  than with the rough one. C lau se r  

parameter, G, (F ig .  (4 .11 ))  shows the same sequence of recovery which 

occurs f i r s t l y ,  downstream o f  the r idge  on the smooth p la te , secondly, 

downstream of the h i l l  on the rough p la te  and, t h i r d l y ,  downstream of the 

r idge  on the rough p late.

(7) The presence of the ob stac le  in a tu rb u len t  shear flow increases  

the ab so lute  boundary- Iayer th ickne ss  downstream o f  the ob stac le .

(8) In the fa r  region, downstream o f  the ob stac le ,  the mean flow 

c h a r a c t e r i s t i c s  are d i f f e r e n t  than those f o r  the flow w ithout the ob stac le .  

The main changes in these c h a r a c t e r i s t i c s  are:

(a) the boundary- Iayer th ickne ss  i s  con s ide rab ly  increased. T h is  

increase i s  about 30$ fo r  the rough p la te  and about 50$ fo r  the 

smooth p la te .

(b) both the boundary- Iayer in tegra l th ic kn e sse s  <5* and 9 are 

changed downstream of the ob stac le .  These changes a f fe c t  the value 

o f  the shape parameter H -  which decreases from 1.55 fo r  the rough 

p late , w ithout the ob stac le ,  to 1.4 fo r  the rough p la te  with the 

ob stac le .  The same behaviour fo r  the smooth p la te  occurs  where the 

va lue  of H decreases from 1.44 fo r  the smooth p la te , w ithout the



-9 7 -

ob tac le , to  1.3 fo r  the smooth p la te  w ith the ob s ta c le .  The decrease 

In the va lue  of H I s  about 10$ fo r  both the rough and smooth p la te s .

(9) The v a r ia t io n  of the tu rb u le n t  q u a n t i t ie s  p lo tted  as a func t ion  

of the p o s i t io n s  downstream of the reattachment ( F ig s .  (4.12) to  (4 .17 ))  

shows tha t  these q u a n t it ie s  requ ire  a g rea te r  d is tance  downstream of the 

ob stac le  than the mean v e lo c i t y  to  recover.

(10) In the near wake region the tu rb u le n t  shear s t r e s s  in c rea se s  from 

low va lues,  near the wal l ,  to  a maximum value near the top of the ob s ta c le .  

T h is  maximum shear s t r e s s  occurs  a t  y/h = 1.5 fo r  a l l  the o b s ta c le s .  Th is  

i s  because the shear flow in t h i s  region i s  dominated by the tu rbu lence  

generated, in the i n i t i a l  m ixing process,  near the top edge of the o b s ta c le .  

The value o f  the shear s t r e s s  in t h i s  region depends upon the shape of the 

ob stac le  i t s e l f .  At x = 50 cms downstream o f the r idge  attached to  the 

rough p late, the maximum va lue  of the shear s t r e s s  i s  about 70$ h ighe r

than th a t  fo r  the h i l l  a t  the same downstream p o s i t io n .  In the f a r  wake 

region the shear s t r e s s  d i s t r i b u t i o n  downstream of the h i l l  reaches the 

f u l l  recovery at about x = 139 cms., whi l e  the shear s t r e s s  downstream of 

the r id ge  needs a g rea te r  d is tance  to reach the f u l l  recovery. For the 

smooth p la te  the recovery of the shear s t r e s s  occurs  at d is tance  x = 139 cms 

downstream o f  the r idge. The main conc lu s ion  from t h i s  d is c u s s io n  is  that 

the recovery o f  the shear s t r e s s  downstream of a two-dimensional ob stac le ,  

attached to  a plane wal l ,  depends on the geometry of the ob s ta c le  and the 

surface roughness of the plane wal l .

(11) The skewness and f la tn e s s  fa c to rs  which are used to  express  the 

p r o b a b i l i t y  de n s ity  d i s t r ib u t i o n  of the f lu c tu a t in g  v e lo c i t y  component,

a t  an a r b i t r a r y  po int, were a l s o  measured. Downstream of the reattachment 

the d i s t r i b u t i o n  of the skewness and the f la tn e s s  fa c to rs  in the non- 

in te rm it ten t  region (near the wal l )  are near ly  Gaussian fo r  both the rough
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and smooth p la te , ( f la t n e s s  f a c to r  changes from 2 to  3 and the skewness 

fa c to r  i s  ze ro ).  Because o f  the lower f lu c t u a t in g  v e lo c i t y  in the ou te r  

region o f  the boundary- Iayer, the p r o b a b i l i t y  d e n s ity  d i s t r i b u t i o n  i s  

n ega t ive ly  skewed and the f la t n e s s  fa c to r  in c rea se s  to  more than the 

value o f  3.

The behaviour o f  these two fa c to rs  i s  the same fo r  both the rough 

and smooth p la te s  with and w ithout the ob s ta c le .

(12) The d i s t r i b u t i o n s  o f  the spectrum funct ion  downstream of the 

reattachment show tha t  there  i s  no su b s ta n t ia l  d if fe re n ce  between a l l  

the measurement s t a t io n s .  T h is  in d ica te s  tha t  the energy t r a n s fe r  from 

the large eddies to the small eddies and the production  and the d i s s ip a t io n  

o f  energy f o l l ow the same laws of k 5//>3 and k 1 and k 7 as the one w ithout 

the ob stac le .

(13) The macro-and m ic ro -sca le  of turbu lence  ( F ig s .  (4.24) and (4 .25 ))

show no su b s ta n t ia l  d if fe rence  between the va lue s  determined fo r  the rough 

and smooth p la te s  re sp e c t ive ly .  Except in the inner region y/5 = .02, the

rough su r fa ce  has sm a lle r  streamwise va lues of macro- and m ic ro -sca le s  of 

turbu lence  than tha t  on the smooth su rface .

(14) C l a u s e r 's  assumption of the d i s t r ib u t io n  o f  the tu rb u len t  eddy 

v i s c o s i t y  in the inner layer i s  not v a l i d  near the reattachment -  where 

the experimental tu rbu len t  eddy v i s c o s i t y  i s  much h ighe r  than the one 

ca lcu la ted  from:

v+i = < y

Th is  i n v a l i d i t y  i s  due to the high shear  s t r e s s  va lue s  near the reattachment 

and low v e lo c i t y  g rad ien t  in the near wake reg ion. Downstream of the 

reattachment, the inner port ion  of the flow re tu rns  to  the eq u i l ib r iu m  , 

boundary- Iayer sta te  and fo l low s  the d i s t r i b u t i o n  accord ing  to  the above 

equation. The v a r ia t io n  of the m ixing length i s  s i m i l a r  to  that observed 

fo r  the eddy v i s c o s i t y .
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(b) Pipe Flow Experiments

(1) The presence of the r in g  -increases the c e n t re - l in e  v e lo c i t y  by 

about 100$ j u s t  downstream of the r in g .  Further downstream, however, 

t h i s  increase  d ie s  out.

(2) The measurements o f  the mean v e lo c i t y  p ro fi les downstream o f  the 

r in g  show that  the recovery o f  the flow i s  a lmost a t  the same x/h fo r

both the rough and smooth p ipes. Th is  recovery occurs  between the p o s i t io n s  

94.9 < x/h < 126.6 fo r  both the rough and smooth p ipes. Comparison

between these p o s i t io n s  w ith those obtained fo r  the boundary - Iaye r  f low 

shows tha t  the p o s it io n  of the recovery on the f l a t  p la te  i s  about 1.8 

times the d istance  of the recovery in the pipe flow.

(3) The mean v e lo c it y  d i s t r ib u t i o n ,  downstream of the p o s it io n

x/h = 23.74, has h ighe r  va lue s  than the und isturbed v e lo c i t y  d i s t r i b u t i o n  

(pipe w ithout the r in g ) .  T h is  i s  due to the negative  wake e f fe c t  caused 

by the secondary flow downstream of the ob stac le .  T h is  e f fe c t  does not 

appear in the boundary-1ayer flow where the .f low  has the tendency to  

increase  the ab so lu te  th ickne ss  downstream of the ob stac le .

(4) The f r i c t i o n  c o e f f i c ie n t  has a minimum value near the reattachment 

and inc rease sto  a maximum value  in the region of the negative  wake e f fe c t .

It  then decreases again to reach i t s  va lue fo r  a pipe flow w ithout r in g

a t  x/h = 100.

(5) The shear s t r e s s  d i s t r ib u t i o n  and the turbulence in t e n s i t i e s

the flow behaves l i ke a f ree  j e t  f low. The maximum value o f  these 

in t e n s i t ie s  occurs  a t  y/R = 0.4  which corresponds to y/h = 1.5 in the 

boundary- layer flow. Downstream of the r in g ,  these maximum va lues  o f  the 

turbu lence  q u a n t it ie s  con s ide rab ly  decrease to  reach the undisturbed va lue  

fo r  the pipe flow without the r in g .

have very high va lues near the r in g  where
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(6) Due to  the negative  wake e f fe c t ,  the tu rb u le n t  shea r  s t r e s s  

d i s t r ib u t io n  reduces below the l in e a r  d i s t r i b u t i o n  of equation

o

T h is  e f fe c t  appears at x/h = 47.4  and end when the flow recovers to  the 

f u l l y  developed pipe flow at x/h = 166.1.

(7) The measurements o f  the skewness and f la tn e s s  fa c to r s  i s  the same 

fo r  a l l  measurement p o s i t io n s  downstream of the reattachment as those  

obtained fo r  the pipe flow w ithout the r in g .  These d i s t r i b u t i o n s  are near 

to  the normal d i s t r ib u t io n  where the f la tn e s s  fa c to r  I s  about 3.0  fo r  the 

rough and smooth pipes and the skewness f a c to r  i s  about zero in the

inner region o f  the flow. The p ro b a b i l i t y  de n s ity  d i s t r i b u t i o n  is  le ss  

skewed a t  the c e n t re - l in e  of the pipe than in the ou te r  layer of the 

boundary- layer flow. Th is  i s  due to  the fa c t  tha t  in the pipe flow there  

are two shear la ye rs  -  whereas in the boundary-1 aye r  f low, there is  on l y  

one shear laye r near the f l a t  p la te . Because of the hijgh v e lo c i t y  f lu c t u a t in g  

very near to  the reattachment, (x/h = 11.9), the p r o b a b i l i t y  d e n s ity  

d i s t r ib u t io n  is  p o s i t i v e ly  skewed near the wal l  and then changes to a 

negative  skew a t  the c e n t re - l in e  of the pipe where the law v e lo c i t y  

f lu c tu a t io n  i s  present.

(8) The frequency spectra  o f  the lon g itu d in a l  f lu c t u a t in g  v e lo c i t y  u2

are determined downstream of the r in g  fo r  both rough and smooth p ipes. The

- I  -5/3three ranges of the energy (p roduction  k -  intermediate sub-range k 

d i s s ip a t io n  k 7 ) are c le a r ly  defined at a l l  s t a t io n s .  A l l  the measurements 

are a l s o  nearly  co l lap sed  in a curve s i m i l a r  to  the frequency spectra  fo r  

the pipe flow w ithout the r in g .  Th is  behaviour shows tha t  the t r a n s fe r  

of energy from the large eddies to  the small edd ies and the d i s s ip a t io n  

of the energy in to  heat at h igh  frequency is  not changed by the flow
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d is+urbance  caused by the presence of the r in g .

(9) The m ic ro -sca le  o f  tu rbu lence  (small eddy s i z e ) ,  downstream of 

the r in g ,  has constant va lue s  downstream o f the p o s i t io n  x/h = 40 -  which 

i s  s i m i l a r  to  the undisturbed f low d i s t r i b u t i o n  (p ipe w ithout r in g ) .  

Upstream o f  x/h = 40, the m ic ro -sca le  of tu rbu lence  has h igh va lue s  because 

o f  the e f fe c t  of the sepa ra t ion  o f  the f low which i s  expected to  have 

large eddies than the downstream p o s i t io n s .  The m acro-sca le  of tu rbu lence  

( la rg e  eddy s i z e )  has a d i f f e r e n t  behaviour from tha t  fo r  the m ic ro -sca le  

o f  tu rbu lence. At the p o s i t io n  x/h $ 40, the va lue s  of the m acro-sca le  

are the same f o r  a l l  the d is tance  from the wal l  (y/R = .35, .68 and 1.0). 

Downstream o f  x/h = 40, the va lues  of the m acro-sca le  tend to catch up 

the und isturbed va lues. I t  can be concluded the upstream o f  x/h = 40, 

the f low has large eddies of the same o rde r  fo r  the whole d is tance  y/R. 

Downstream o f x/h = 40, the large eddies are re la ted  to  the d is tance  from 

the wal l .  A l s o  the presence of the r in g  in s id e  the pipe a f fe c t s  the large 

eddies more than the small eddies. The e f fe c t  of the su r face  roughness 

on the largeand small edd ies i s  e s s e n t i a l l y  near the wal l  y/R = .02 -  

where the su r fa ce  roughness reduces the s i z e  of the eddies in t h i s  region 

compared to tha t  near the smooth su rface .

(10) The d i s t r ib u t io n  of the mixing length and the tu rb u len t  eddy 

v i s c o s i t y  behaves the same as the boundary - Iaye r  f low downstream o f the 

reattachment. The m ixing length and the eddy v i s c o s i t y  return  to  the 

f u l l y  developed d i s t r ib u t io n  fo r  the f low w ithout r in g  a t  126.6 < x/h < 166 

fo r  both the rough and the smooth p ipes.

(c) Numerical P red ic t ion s

The r e s u l t s  presented in Chapter 6 show that:

( I )  In the region around the ob stac le  d i f f u s io n  is  equa l l y  important 

in both x and y d i re c t io n s ;  there e x i s t s  no dominant f low d ire c t io n .  In
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+he region beyond the separated flow, there  e x i s t s  a dominant d i r e c t io n  of 

flow and d i f f u s io n  i s  important on ly  in the c ro s s -s t re am  d i re c t io n .  Thus, 

fo r  numerical convenience, the complete f low domain must be d i v i ded in to  

two reg ion s:  (a) the r e c i r c u la t in g  f low region which extends from about 

5 ob stac le  he igh ts  upstream o f the o b s ta c le  to  15 o b s ta c le  he igh ts  down­

stream and (b) the boundary- layer region which p r e v a i l s  in f ro n t  o f  the 

ob stac le  and beyond the r e c i r c u la t in g  f low region.

(2) The present numerical s o lu t io n  in the region of the r e c i r c u la t in g  

f low proves to  be s a t i s f a c t o r y  in p re d ic t in g  the general f low behaviour 

around the ob stac le .  The f ro n t  sepa ra t ion  (upstream of the o b s ta c le )  and 

the downstream sepa rat ion  are qu ite  c le a r  in the present s o lu t io n .  However, 

the length of the separated flow downstream of the o b s ta c le  (reattachment 

length) i s  not the same as the one obtained .experiments I l y .  T h is  d i s p a r i t y  

e x i s t s  in the case o f  both the rough and smooth su r fa ce s .  The num erica lly  

pred icted, reattachment length i s  about 40# more than the length obtained 

experim enta lly , in the case of the rough p la te  and tha t  of about 60# fo r  

the smooth p la te . Th is  d i s p a r i t y  could be due to  the unsteady flow in

t h i s  region (Abbott and K l i ne  (1962)).  The po in t  of the reattachment on 

the f ro n t  su r face  of the ob s ta c le  is  in good agreement wi th the experimental 

r e s u I t s .

(3) Any change of the con stant  C|, C^, and ce in the k in e t i c  energy 

and d i s s ip a t io n  rate equations a f fe c t s  the stream l i ne pattern around the 

ob stac le .  Th i s  a f fe c t  i s  seen in the length of the sepa ra t ion  zones upstream 

and downstream of the ob stac le  ( F i g s .  (6.3) and ( 6 . 4 ) ) .  The nearest 

p red ic t ion  to the experimental r e s u l t s  i s  obtained by the con stan ts  

recommended by Launder and Spa l d i ng  (1974).

(4) In the boundary- Iayer f low region the pred icted mean v e lo c i t y  and 

k in e t ic  energy d i s t r i b u t i o n s  fo r  the smooth pl ate are in good agreement
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with the experimental r e s u l t s .  In the smooth p la te  case, the wail  

function  (law of  the wal l )  appl i ed in the near wal l  region does not 

a f fe c t  the s o lu t io n  fo r  the mean- v e lo c i t y  and the k in e t ic  energy. The 

va lue  o f  the f r i c t i o n  fa c to r  c a lcu la ted ,  num erica l ly  from the wall  

function  i s  in good agreement with the experimental r e s u l t s  up to x/h = 20 

downstream of the reattachment. Further downstream x/h = 20, the d i s p a r i t y  

between the pred icted f r i c t i o n  c o e f f ic ie n t  and the experimental one 

increases.  In t h i s  region the pred icted va lue  i s  le ss  than the experimental 

one by about 25$.

(5) The p red ic t ion  of the v e lo c i t y  and k i ne t i c  energy d i s t r i b u t i o n s  

fo r  the rough p la te  is  poor. T h is  may be due to  the om iss ion  o f  the e f fe c t  

of the su rface  roughness in the present a n a l y s i s .

(6) C on s id e r in g  the d i s p a r i t y  between the ca lcu la te d  and measured mean 

v e lo c i t y  p r o f i l e s  fo r  the rough su r face ,  the boundary - Iaye r  in tegra l 

th ickne ss  6 * and 9 are not wel I  p red icted (about 60$ more than the 

experimental r e s u l t s ) .  The va lues  of 6 *  and 9 fo r  the smooth su r face  are 

in good agreement wi th the experimental r e s u l t s .  The pred icted  shape 

parameter H f o r  both the rough and smooth p la te s  i s  in good agreement with 

experimental data. I t  can be concluded tha t  the present numerical so lu t io n  

g ive s  a s a t i s f a c t o r y  agreement wi th respect to the experimental data fo r  

the smooth su r fa ce  more than in the case of the rough su r fa ce .

7 .3  SUGGESTIONS FOR FUTURE WORK

( I )  To prov ide  more complete experimental data a g a in s t  which to  compare 

pred icted f low patterns and, thereby, enabl i ng  improvements in the 

c a l cu l a t i on  procedures and tu rbu lence  model l i ng -  extension  of the e xp e r i­

mental study i s  recommended a long  the f o l l owi ng  l i nes :
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(a) In the r e c i r c u la t in g  f low region and i n s i de  the separated bubble, 

measurments of a l l  th ree  meari v e lo c i t y  components be encouraged. A 

la se r -O opp le r  anemometer i s  the conven ient instrument fo r  perform ing 

these  measurements. T h is  Ia se r -D opp Ie r  anemometer has the advantage 

of not d i s t u rb in g  the f low and having a be tte r  response time fo r  

de tec t in g  tu rbu len t  f lu c t u a t io n s .  These measurements should be d irected  

to  p ro v id in g  information on the boundary of the r e c i r c u la t in g  flow, 

region f low, and the f low near the top edges of the ob s ta c le  where

the shear laye r  emanates from these  edges.

(b) Experiments fo r  d i f f e r e n t  geometrical parameters, such as the aspect 

r a t io  o r  the boundary- layer to  the ob s ta c le  he igh t  r a t io  are recommended. 

These experiments would prov ide  a wide cho ice  of data fo r  t e s t in g  the 

p re d ic t io n s  around the ob stac le .

(c) The in f luence  of the su r face  roughness on the r e c i r c u Ia t in g  flow 

region and the recovery of the f low can be detected by u s in g  a d i f f e r e n t  

su rface  roughness in both boundary - Iaye r  and pipe flow. Therefore, an 

extension  o f  the experimental study i s  recommended fo r  d i f f e r e n t  rough 

su r fa ce s  (o r  d i f f e re n t  hs /h, where hs i s  the su r fa ce  roughness he igh t  and 

h is  the he ight  o f  the ob stac le )

(2) In the present numerical s o lu t io n  the stream funct ion  ip and the 

v o r t i c i t y  a) were used as the dependent v a r i a b l e s .  I t  i s  in t e re s t in g  to use 

the method proposed by Patankarand Spa l d i ng  (1972) where the dependent 

var i abl es  in t h e i r  method are the v e l o c i t i e s  U, V and the pressure  P. Thi s  

method may provide a better  so lu t io n  e s pe c i a l l y  fo r  the rough su rface .
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APPENDIX A

S t a t i s t i c a l  Examination of the Rough Surface

Method fo r  c a lc u la t in g  the s t a t i s t i c a l  p ro p e r t ie s  o f  the rough 

su rface  was made by Musker (1978) in the U n iv e r s i t y  o f  L ive rp o o l.  T h is  

method can be eva luate  fou r  d i f f e r e n t  roughness he igh ts ,  skewness

and f la tn e s s  o f  the su rface  p r o f i le .  The method can be summarized in 

the fo l lo w in g  paragraphs.

A t h ix o t r o p ic  (free  f low ing) s i l i c o n  rubber post was used to  obta in  

the p r o f i l e  of the su rface  roughness. The co r re sp o ind in g  rubber negative  

was cut through the seam and la id  out on a f l a t  board with i t s  rough s id e  

uppermost. The rubber was then cut, with an unused su rg ic a l  s c a lp e l,  a long 

the l in e s  coded by Z l,  12, Z3 and Z4 as shown in F ig .  (A. I ) .  By t h i s  

method there  were two p r o f i l e s  in the d ire c t io n  o f  the flow and the other 

two were pe rpend icu la r  to the flow d ire c t io n .  The fou r  re c tangu la r  

s t r i p s  of the rubber con ta in in g  the fou r  p r o f i l e s  to  be measured were 

mounted in d iv id u a l ly  on a f l a t  b lockboard. A t h in  f i lm  of adhesive  was 

used to  hold the rubber on the blockboard.

A shadowgraph machine with a m agn if ica t ion  fa c to r  of 25 was used 

during  the t r a c in g s  of the surface  p r o f i l e s .  The length of each sample 

was 50mm corre spond ing  to  a trace  of length 1.25m. The four p r o f i l e s  

are shown in F ig. ( A . I ) .  D ig i t a l  records o f  the p r o f i l e s  were obtained 

u s in g  a Marconi d i g i t i s i n g  tab le .  A re c tangu la r  'w indow ' measuring 

40mm by 1250 mm, was drawn around each t r a c in g  o f  a p r o f i l e  and the 

t ra c in g  paper was then f ixed  to  the d i g i t i s i n g  tab le . The tab le  could 

be regarded as a Carte s ian  mapping space and the coo rd ina te s  o f  a po int 

were sent to a bu ffe r  r e g i s t e r  by means o f  a c ro s s -w ire  cu rso r .  Before 

the p r o f i l e  was d ig i t i s e d  the corner p o in ts  o f  the re c tangu la r  window
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were sent to  the r e g i s t e r s  u s in g  a push-button on the c u rso r .  These were 

used to  apply  a transfo rm ation  from the tab le ,  coo rd ina te s  to  window- 

coo rd inates.  Each po int re g is te red  by the cu r so r  was sent a u tom at ica lly  

to  a tape-punch ing machine. A to ta l  of a t  le a st  one thousand p o in ts  were 

recorded fo r  each p r o f i le .  The paper tape records were used to  create  

data f i l e s  onto the d i s c  s to rage  system o f  the I906S computer.

The f i r s t  pa rt  o f the computer program used to  ana ly se  the p r o f i l e s  

con s is ted  o f  the determ ination o f  a mean l ine  through the p r o f i l e .  An 

in te rp o la t io n  procedure was used to  converfthe  p r o f i l e  po in ts  so th a t  they 

corresponded to  1001 equa lly  spaced in te rv a l s  o f length so m icrons in the 

d ire c t io n .  Then a le a s t - sq ua re s  s t r a i g h t  l in e  was computed. The Y a x i s  

re ferred  to  su rface  he ight in microns. Then a l l  data needed to c a lc u la te  

the roughness he igh t of the su r face  was a v a i la b le .  The p e a k - to -v a l le y  

he igh t  is  defined as the d if fe re n c e  between the h ighe st  peak and lowest 

v a l le y .  The ten po int he ight is  the d if fe rence  between the average of the 

f i v e  h ighe st  peaks and the f i v e  lowest v a l le y s .^  The centre  l in e  average 

he ight  is  defined to be the quan t ity :

. ■ i =n
1  2 |Y.| (A . I )
n 1 = 1 1 i 1

where n i s  the number o f  sampled he ight coo rd ina te s  per p r o f i l e  (= 1001). 

F in a l l y ,  the root-mean square he ight i s  s imply the standard de v ia t ion  of 

the p r o f i l e  about the mean l ine :

(A .2)

The skewness of the h e ig h fd i s t r ib u t io n  i s  the quant ity ,

(A .3)
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and the f la t n e s s  Is  the quan t ity ,

n

n-1

i =n
.2 Y. i = l i

t =n
£

¡ = 1
Y.i

2
(A .4)

For a Gaussian he ight d i s t r i b u t i o n  the skewness and the f la tn e s s  

are known to  be 0 and 3 .0  re sp e c t iv e ly .  A p o s i t i v e  skewness im plie s  

th a t  the peaks are more prominent than the v a l le y s  (and v ice  ve rsa  fo r  

negative  skewness). A f la t n e s s  g re a te r  than 3 d e sc r ib e s  p r o f i l e s  with 

exaggerated peaks and v a l le y s .  For f l a t n e s s  le ss  than 3 the su rface  

is  a s so c ia ted  with rather f l a t  p r o f i l e s .

The r e s u l t s  f o r  the fou r  h e igh ts  o f  the su r face  roughness, the 

skewness and f la t n e s s  f a c to r s  are shown in ta b le  ( A . I ) .



u*v) navi

-1 0 8 -

0ü<0M-L.
3
en

JZ
O*
3
OL.
0
-C

O
en
en
>*
<0
c
CD

0

3
en
0er

CO
en
LU
Z CN «O
H CO co CN ro A
< • • • •
—1 rA co ro LA
LL.

en \o vo ^0en r- co LA
LU 0 la O CM fNi
Z • • • • A
S — 0 — -

LU

en

>-
LU
U
-1 z: 
<  <  
>  tu

»

s VO rA O — co
s en O' vO co
3 s:
2: 0  
—  ce
Z. U-

m
1

A
1

co
1

A
1

N-

2

ü
<
LU Z  
CL <

LU
2  2  
x rA . CM LA co
2  2 LH CM co 0

en LA N* co VO
X  ce
<  Lu 
2

Z
O  O  
ce —
<  1— r-* r- CM LA 0
0  < LA r- — co

<  >
*“ CN

I—  LU 
OO O

1-

—1 ÜJ
i X
LU 0 0 co LA vO
ce lu CM CN A vO IA
1- 0

S g
O  LU

>
<

1-
Z  H
—  X
c  0 IO 0 __ 0
CL — — CN co 0 co
1 LU ON O' co CM O'
Z  X
LU
1—

>-
LU
—1
-1
<
>  1-

0  0 O' N - CN vO LA
CN N - 00 (N O'

1 LÜ O' GN CN CM 0
X  X  
<
LU
CL

LU LU
—1 LU CD
—  Q  
LU O __ CM A N - X

s ° CN CN (N CN LU
>

CL <



- 1 0 9 -

APPENDIX B 

The Wa fI Function

C lose  to  the s o l i d  w a l ls ,  s in ce  the v a r ia t io n s  of flow p ro p e r t ie s

are much steeper, the momentum t ra n sp o r t  p rocesse s  were modelled through

the wall func t ion  (Launder and Spa ld ing  (1974 )).  The f i r s t  fea tu re  of

the method i s  to  locate a l l  the f in i t e - d i f f e r e n c e  g r id  nodes in the

f u l l y  tu rb u le n t  region. Thus the nearest  -  to  wall node -  i s  located

s u f f i c i e n t l y  f a r  from the wall where the R eyno ld 's  number of the 
1L 3/

turbulence pk  where l  = k ^ /e) i s  much g rea te r  than u n ity .

I t  i s  then assumed tha t  a loga r ithm ic  v e lo c i t y  p r o f i l e  p r e v a i l s  in the 

region near the w a ll.  For a smooth w all,  t h i s  law can be expressed 

(S c h I ic h t in g ,  1968) as:

-  = -L £n (Ey*) (3.1 )
u <
o

where E i s  a constant dependent on the su r face  roughness.

.v.
uo ■  <Tw/p) 2

and y u
,* . _R_°

(B .2 )

(B .3 )

Here, u is  the " f r i c t i o n  v e lo c i t y ,  t is  the wall shear s t r e s s  and y^ 
o w p

i s  the normal d istance  from the w a ll,  k i s  the von Karman constant  with 

a value of 0 .4 ,  E i s  a funct ion  of the wall roughness, approximately 

equal to 9 .0  f o r  a smooth w all.

Further, in the uniform shear s t r e s s  layer, the general and 

d i s s ip a t io n  of k are nearly  in balance and can be shown that

T
P

= T
W P c

U
\ k

P
(B .4)
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where t  and k are the va lue s  o f  the shear s t r e s s  and the k in e t i c  
P P

energy a t  the nearest node to  the w a ll.

By the  use o f  Eqn. (4-C) in con junction  with ( I . B )  the shear 

s t r e s s  can be re lated to  the k in e t ic  energy o f  the tu rbu lence  through the 

re la t io n

c k U
p k y z p *  p_________

An [E y C1̂  p k ^  /y] 
L P y p J

(B .5 )

The energy d i s s ip a t io n  rate near the wall i s  f ixed  by the 

requirement tha t  the length sca le  v a r ie s  l in e a r l y  with the d is tance  

from the waI I : thus:

(B.6)

The near wal i tu rbu lence  energy k i s  obtained from the d i r e c t
P

so lu t io n  o f  the regu la r  energy equation, but with the fo l lo w in g  

mod i f ¡ c a t io n s :

( i )  the d i f f u s s io n  of k to  the wall i s  se t  to  zero: i . e . ,

(——■) | - - 0 3y wall
(B. 7)

( i i )  the general term G, defined by Eqn. (6.14b) is  modified to  

account f o r  the wall shear s t r e s s ,  as defined by Eqn. (6^-0, by noting  

th a t  fo r  a f in i t e -d i f f e r e n c e  ce l l  of volume 6V,

y. (-̂ — + -r^-)2dv -  t (U -  U ) 6V/y , 
V ^t 8y 3x w p w rp’

(B.8)

where U i s  the v e lo c i t y  at  the near walI node and U i s  the v e lo c i t y  
p w

at the w a ll.



APPENDIX C

A COMPUTER PROGRAM FOR THE RECIRCULATING FLOW REGION

Th is  Appendix presents  a computer program fo r  the c a lc u la t io n  of 

tu rbu len t  shear flow around a two-dimensional ob stac le  ( re c tangu la r  

c ro s s - s e c t io n  bar) attached to  rough and smooth su r fa ce s .

The fo l lo w in g  l i s t  con ta in s in form ation  about on ly  the more important

v a r ia b le s  used in t h i s  program.

L i s t  of Fortran Symbols

Fortran Symbol Mean i ng

BNK, BSK, BEK, BWK C o e f f ic ie n t s  in the d i f f u s io n  terms of 
the f in i t e - d i f f e r e n c e  equation fo r  the 
tu rb u le n t  K in e t ic  energy

BNE, BSE, BEE, BWE C o e f f ic ie n t s  in the d i f f u s io n  terms of 
the f in i t e - d i f f e r e n c e  equation f o r  the 
tu rb u le n t  energy d i s s ip a t io n

CNS, CSS, CES, CWS C o e f f ic ie n t  in the general s u b s t i t u t io n  
formula (Eqn. (6 .16a ))  fo r  the stream 
funct ion

CNK, CSK, CEK, CWK C o e f f ic ie n t  in the general s u b s t i t u t io n  
formula (Eqn. (6 .16a ))  f o r  the tu rb u len t  
KÎ neti c energy

CNE, CSE, CEE, CWE C o e f f ic ie n t  in the general s u b s t i t u t io n  
formula (Eqn. (6 .16a ))  f o r  the tu rbu len t  
energy d i s s ip a t io n

C K I, CK2, CM Constants Cj, C2 and Cy

Dl a|< Eqn. (6.12a)

D2 a Eqn. (6.13)

E U ,  J) Turbu lent energy d i s s ip a t io n

L Number of g r id  l in e s  ( in  y -d i re c t io n )  
above the ob stac le

MM Number of g r ide  l in e s  in y -d i re c t io n

NN Number o f  g r id  l in e s  in x -d ire c t io n
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Fortran  S'ymbol

SCI, J) 

SE

SEP

SK

SKP

W( I , J)

Mean i ng

Stream func t ion  ip

Source term fo r  the tu rb u le n t  
energy d i s s ip a t io n

C o e f f ic ie n t  in the l in e a r  form o f  the 
source term appearing in the f i n i t e -  
d if fe re n ce  equation fo r  the tu rb u len t  
energy d i s s ip a t io n

Source term fo r  the tu rb u le n t  K in e t ic  
energy

C o e f f ic ie n t  in the l in e a r  form of the 
source term appearing in the f i n i t e -  
d if fe re n c e  equation fo r  the tu rb u le n t  
K in e t ic  energy

V o r t i c i t y  a)

Program L i s t i n g

The fo l lo w in g  Fortran statements are a complete l i s t i n g  of the used 

program of Appendix C.

Note:

The computer program shown below i s  the one used fo r  the c a lc u la t io n  of 

the tu rb u len t  shear f low around the two-dimensional ob stac le  ( r id ge )  attached

to the rough p la te .
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JOB E H 2 6 A R . i R M J A P , C P 7 A ( T 0 1 28 0 # P 2 0 0 0 , S P )
ATTACH(MY L I R , L  I B N A G F T N S C M , I D s L I B A P P l . )
L I B R A R Y ( M Y L I B )
F T N ( R b 3)
LDSET ( M A P = P / Z Z Z Z M p 7 p r E S E T = n G1 n F)
L G O ( P L b 1OOOO)
# # # # s

PROGRAM A B O A A ( I N P U T , O U T P U T  i T A P E S * ! N P U T , T A P E 6  = 0UTPUT)
D I M E N S I O N  K < 4 8 , ? 0 ) , E < 4 8 , 2 0 ) , X ( 4 8 ) 7 Y ( 2 0 ) , U ( 4 8 , 2 0 ) , A Q < 4 8 , 2 0 )  
D I M E N S I O N  S < 4 8 , 2 0 ) , W<4 8 , 2 0 ) , V < 4 8 , 2 0 ) , K E ( 4 8 , 2 0 ) 7 D K i 4 8 , 2 0 )  
D I M E N S I O N  D E ( A 8 , 2 0 )  , k t < 4 8 , 2 0 )  , Q S (  4 8 , 2 0 )  ; QK (  48 720 )  ,"SE< 4 3 , 2 0 )  
D I M E N S I O N  Q< 4 8 , 2 0 )  , D U X ( 4 8 7 2 0 )  , ' D U Y ( 4 8 , 20)  , D V X ( 4 8 , 20)  7 d V Y ( 4 8 , ' 2 C  
D I M E N S I O N  S X ( 4 8 , 2 0 ) , S K P ( 4 8 , 2 0 ) , S E P ( 4 8 , 2 0 ) , E K ( 4 8 , 2 0 )
I NTEGER  H
REAL K , « e 7KT , NE
K K K p 6 0 0 0
N = 47
Mp 1 9
NN=N+1

C ROUGH PLATE

DO 12 1 = 1 7 NN 
DO 14 J = 1 7MM 
U ( I , J ) = 0 . 0  
S ( I , J ) s O . O  
K ( I , J ) a O . O  
E ( I , J ) e 0 . 0  
u < I , j ) = 0 . 0  
v ( 1 7 J ) b o . o 
DUX(  I ', J )  = 0 . 0  
D V X ( ! 7 J ) b O.O 
DUYC I v  J ) = 0 . 0  
D V Y ( I , J ) = 0 . 0  

14 CONTI NUE 
12 CONTI NUE 

C * * * * * C O N S T A N T S

C K1 = 1 . 3 5  
C K 2 b 1 . 85  
CMPO. 095 
D1 = 1 .0 
D2 = 1 . 3

C * * * * * G R I D  PO I NTS

X ( T ) = 0 . 0  - - 
Y C 1 ) = 0 . 0 
DO 1 I = ? , 6

C

MMaM+1 
H = 0
NULL V A R I A B L E S
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x m = x <  i - i  ) * o ; o i
1 CONT I NUE

DO 2 1 =7 , 1 3
2 XÍ n  = X< 1-1  ) * 0'.'005 

DO 3 I r 1 471 8
3 X ( I 5 ex ( 1-1 ) + 07*00?

DO 4 1 = 1 9 7 2 0
4 X ( ! ) p X ( I - 1 > * 0'.‘004 

DO 15 I r ? 1 , 2  2
15 X U ) = X ( I * 1  5 + 0 7 0 0 6

X ( 2 3 ) = X ( 2 2 ) !fO ,;OOii 
Do 17  I a 2 4 , ? 5  

17  X £ I ) « X ( l ^ 1 ) + o ; o n 6 
DO 19 I r ? 6 , 3  0 

19 X i I ) » X ( I » * 1 ) * 0 .0 0 2  
X<3 1 > * X<3 0 >+0'.'004 
DO 21 I r 3 2 , 3 3  

21 X < I ) * X ( I - 1 > * 0 :0 0 6  
DO 23 I s 34737

23 X ( I ) s X ( I i * 1 ) + 0 . " 0 1  
DO 24 I s 38' , 41

24 X £ I ) * X ( I - 1 5  + 0. ' 02 
DO 25 I r 42 ,4 6

25 x ( n = x c  1-1 >*o' ;o3 
X ( 4 7 ) b x < 4 6 ) * 0'.*01 
X ( 48 5 ® X ( 4 7 ) * 0 . 0 1  
DO 26 J R 276

26 Y ( J ) r Y( J ' * 1  ) *  0 7 0 0 2 
Y ( 7 ) b Y ( 6 ) + 0 . 0 0 4  
DO 27 J R 8 , 1 2

27  Y ( J ) = V ( J - 1 5 + 0 7 0 0 2  
DO 28 J s 1 3 , 1  5

28  Y ( J ) r Y £ J - 1 ) * 0'. '004 
. Y M 6 5 = Y M  5 ) + 0 7  0O6

DO 29 J = 1 7,1  8
29 Y ( J ) = Y C J - 1 5 + 0 7 0 0 8  

DO 30 J = 1 9 , 2 0
30 Y ( J ) b y ( ) + 0 Ï 0 1  

U1 =21 . 0
D = . 042
DO 5 J =2 * 1 6
U M , J ) p 3 . 1 4 * ( A L O G ( Y ( J ) * 0 . 3 4 2  + 1 . E 5 ) r - l . 2 3  + 0 ' . ' 3 * ( 6 . * ( Y ( J ) / D ) + * 2  

1 " 4 . * ( V ( j ) / d ) * * 3 ) + ( Y ( J ) / d 5 * * 2 ^ ( Y ( J ) / d 5 * * 3 )  
U £ 1 , J ) = - ( 3 . 1 4 * M 7 / V ( J ) + . 3 * < 1 2 , * Y ( J ) / d * + 2 - 1 2 . * ( Y ( j ) / D ) * + 2 / Q )  

1 + 2 . * Y ( J ) / D * + ? p 3 . * ( Y ( J ) / D 5 * * 2 / D > )
5 CONTINUE

DO 6 I s  1 7 , MM 
U M  , 1 5 s  U1 
W ( 1 , I 5 = 0 . 0

6 CONTINUE



DO 34  J a 2 Ï M M  
K M  » J ) = 0 . 0 0 1 * U 1 * * 2

34  E M 7 J ) * < 0 . 0 9 ) * * 0 . ' 7 5 * K M  , J ) * S G R T <K M , J ) ) / < 0 , 4 1 * Y ( J >>
S M  , 1 ) = 0 0 
DO 4 4 4  J a> 2 i M M

4 4 4  S M . J ) p S < 1 , J p 1 ) * U < 1 , J > * < Y { J > » * Y < J p-1>>
WR I T C  < 6 . 7 7 )  Í i 7 k ( 1 , I 5 * E <1 » I > # S <1 , I ) 7 u M  » I ) 7W(1  '# I > , 1=1 , MM) 

77  F O R M A T (1 H VI  5 7 5 F 2 0 . 5 )
DO 7 1 = 1 , 2 0
v ( i , n « o . o  

7 CONT I NUE  
DO 8 I *1 , NN 
U M , M M ) s U1 
V i l , M M ) « 0 . 0
w î 1 7 m m ) = o . o
S ( I  , M M ) * S M  ,MM)
K ( I , MM) e K M  # MM)
E ( I , MM)=E  M  ,MM> 

fi CONT I NUE  
DO 9 I = 1 ,MM 
V ( N N , I > b 0 . 0  

9 CONT I NUE  
DO 10 I =171 7 
DO 16 J « 2 8 » N N 
U ( I , 1 ) = 0 0 
U < J | 1 ) s < ) . 0  
V< 1 , 1 > * 0 . 0  
V ( J , 1 ) b O . 0 
S ( I , 1 ) PO.’O 
s ( J » 1 ) = o . o 
K( I ,1 > = 0 . 0  
K ( j , 1  > = 0 . 0
F < I , 1 ) « 0 . 0  
E ( J , 1 ) = 0 . 0  

16 CONT I NUF
10 CONT I NUE

DO 11 1 = 1 7 , 2 8
DO 18 J = 1 7 1 0  
U ( I , J ) = 0 . o 
V ( I ,  j ) * 0 . 0
S d , J ) = 0 . 0  
K M ,  J)  = 0 . 0
e < i , j ) = o ; o
U( I . J ) = 0 . 0  

18 CONT I NUE
11 CONT I NUE

DO 20 I b 17 N N 
DO 22 J =17KM 
KE ( I  , J)  =1 . 53 E»- 5 
d k ( i 7 j ) = k e m , j )



D E ( ! . J > b 1 . 1 8  P r  5 
K T < I , J ) « 1 .  5 3 E *  5 

22 CONTINUF 
20 CONTINUE

DO 51 I 5 = 2 , N 
K ( ! 5 * . 1 8 ) « K ( 1 , 1 8 >  
K < I 5 , ' 1 9 ) * K < 1 , 1 9 )  

51 CONT I NUE
DO 53 1 4 * 2 , N 
E < I A . 1 8 ) « E M  . 18 )  
F ( I 4 » 1 9 ) s E<1 . 1 9 )  

53 CONT I NUE  
C S O L U T I O N
C V O R T I C I T Y

105 DO 306 I *2 , N 
DO 307 J s2 . M 
I F < I 6 E . ?9 ) GOTO 116 
I F í I GE . 1 7) GOTO 117

116 DV = 0.25* (X( 1*1 >-X< 1-1 ) )*(Y< J + 1 >i-Y( Jn1 > )
AN1 s S(I+1J*1)*S(I*1,J)-S(I»1/J+1)-S(I«1,J) 
AS1«S(!.i;jBl)*S(lp1lj>BS(I*1f-Jw1>B S<!*1fJ> 
AE1e S(I*1«J b 1>+S(I/J-1)»-S(I^1»J+1)b S(I'J + 1) 
AU1=sClr1,J*1)+s(I/J-M)-S(Ir1<jBl>-s(l7j-1) 
AN=0.125*ÍAN1*ARS(AN1>)
AS*0.125*(AS1*ABS(AS1))
AE = 0 .125* < AE1*A3S(AE1>)
AW*0.125*(AW1*ABS(AW1)>
G = AN*AS* A E + AU
BN=0.S*<<X<I+1)-X(I-1))/(Y(J+1) b Y(J)))
BSb 0.5*((X<I*1>-X(I b 1>)/(Y<J)b Y<Jp 1>>)
Bf50.'5*((V{J*1)Bv(J-1))/(X{I+1)nX(I)))
BUb 0.5*((Y(J*1)-Y(J^1))/(X(I) b X(Jb 1)))
Fb BN+BS+BE+UU
CN=(AN* i»N*KE<I.J + 1>>/<G*F*KE<I#J)> 
CS r (AS*BS*<E(I.J-1))/(G+F*KE(I;J>)
CE=CAE + RE*KE(I*l7J)5/(G + F*<En»J)> 
CU«(AW*BW*KE(Ii.1TJ>)/íG* f *KE(I|J))
IF<J;E0.2)GO TO 405
WÍI.J) b CE*WÍI*1, j ) * C U * W U i»1.J>+c N*UÍI.J*1)+CS*W<I.J!-1> 
GO TO 606

405 V D s 3 . ' 0 * C S * < S < I # J ) - S < i 7 J - 1 > > / < Y < J > r Y < J « 1 > > * * 2  
UfI»J)FCE*UCl*1,J>*CU*M<In1,J>*CN*W<Ii'J*1>i«VD 
U (I , J ) =U ( I , J ) / (1 Op 0.5*CS)

406 DO 220 Ls2 . M 
U(NN.L)=W(N,L)

220 CONTINUE
DO 5 0 I3a1 , N 
W U 3 . M )  ■«< I3.MM)

50 CONTINUE
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C STREAM
CS Ns BN/ F  
C S S CBS / F  
C S E s B F / F  
CSU? BU/F

, Q ( I » J ) BU ( ! i J ) * D V / F
S ( I , J ) B C S N * S ( ! , J * 1 > + C S S ' * S ( I , J r 1 ) + C S E * S ( I + 1 # J ) ^ C S U * S ( l B l * J ) * Q < ! . J
DO 260  L L B 2 i M
S ( N N # L L i a S ( N . L L )

260 CONTI NUE
C V E L O C I T Y

C Y1 s s ( Y ( J ) s ' Y ( J * 1  ) ) / ( Y ( J iM ) rs Y ( J ) )
CY2p1 . ' 0/CY1
CY3p CY1/ ( Y ( J + 1 ) - Y ( J - 1 ) )
CY4 = C Y 2 / ( Y ( J * 1 ) - , V ( J b 1>)
U M  . J ) « C Y 3 * ( S t I  # J * 1 > - S < r #  J > ) * C Y 4 * ( S < i 7 J ) - S < I  # J*-1 I )
CX1b ( X ( I > ^ X (  1*1)  )/ ( X ( 1 * 1 ) b X ( I ) )
C X 2 c 1 . 0 /CX1
CX3sCX1 / ( X (1 + 1 ) -X ( 1 * 1 ) )
CX4p C X 3 / ( X < I * D - . X ( I p- 1>)
V ( I » J ) * ( C X 3 » ( S ( I * 1  # J ) » S < I « J ) ) * C X 4 * ( S ( I » J ) f f S ( l ! , 1 » J ) ) )
DO 41 I 11 s2 * N 
U < I 11V M) a U (  I 11 , MM)
V t I j 1  iHJ *V ( I 11 »MM)

41 CONTINUE
DO 71 0 L 1 s 2 » M 
V ( N N . L 1 ) = 0 . 0  
V(N, l .1 J s O. O  
V ( N " i ; H ) “ 0 . 0
U ( N M # L1 ) * U < N , L 1 )

710 CONTINUE
DO 44 J6 * 2 , 1 0  

44 U t 1 6 , J 9 ) s 0 . 0  
C K I N E T I C  ENERGY

I F ( J . G E . 1 8 ) G 0 T 0  589 
i F i J . L E . 2 ) G O T O  58«
B N K a ( ( D K ( I , J + 1 ) * D K ( l , j ) ) / 4 , ' 0 ) * ( G N / 0 . 5 )
BsK®(  ( DK(  I » J *1 ) * D K ( I , J ) ) / 4 , ' 0 ) * ( B S / 0 . 5 )  . ,
BEK b ( ( D K ( I * 1 » J ) * d K ( I , J ) ) / 4 , ' 0 ) * ( B E / 0 . 5 )
BUKs ( ( D K ( I * - 1 , J > * D K < I , 4 ) ) / 4 . 0 ) * ( B W / 0 . 5 >
FKb BNK+BSK* BEK>BUK
D u x n 7 j ) s c x 3 * ( u ( i * i » j ) « u n , j i ) * c x 4 * ( u ( r . j > - » u ( i - i , j > )  
D V Y ( ! 7 J ) " C Y 5 * < V ( i ' . ' J*1)h V < I # J > )  + C Y 4 * < V ( i 7 J ) b V M »  J*»1>> 
D U Y < I 7 J ) b C Y 3 * ( U { ! » J * 1 ) b U ( I i J > ) * C Y 4 * < U < I » J > « - U ( I # J " 1 > >
DVX( I 7J ) ® C X 3 * ( V ( 1 * 1 , J ) s V ( I i J ) >  + C X 4 * ( V ( l 7 J ) r V ( I f 1  , J ) )
C N K = ( A N * B N K ) / ( G * F K )
C S K s ( A S * B S K > / (  G + F K )
C E K p ( aQ3> B E K ) / ( G * F K ) E 
CU<b ( a W+BWK) / (  G * F K )
Q S < I , J ) = 2 * ( ( D U X ( I  * J W * 2  +  0 V Y < I , J ) * * 2 ) + ( D U Y ( I » J >  +  D V X (  I  #
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Q K C I » J> a K T C I , J > + 0S ( I , J )
S K < l 7 J ) « ( 1  , S * Q K < !  » , ' 2 * E < !  » J ) > * O V  / ( 6 * F K >
S K P { ! 7 j ) a r < C K 2 * 1  . 2 * F ( ! »J > * 0 , 5*QIC ( !  7j  > > *D V / ( < K C I , J ) + 1 . E a A O ) * ( G * F K > ) 
K < I « J ) | i C N K * K i I » J  + 1 > * C S K * K < I # J n 1 ) + C E K * K < I + 1 » J > . * C W K * K < l B l 7 j ) * S I C < ! ' . ’j> 
K( I , J)  = K < I , J ) / (1 > S K P (  I » J )  >
DO 8°° L L 1 = 2 , m 
KCNN.LL1  > = K ( n 7LL1>

800  CONTINUE 
C ENERGY D I S I  PAT 1 ON

BNE s ( ( D E < ! 7 J * 1 > + D E < I . J > ) / A , 0 > * < B N / 0 . 5 >
B S E b ( < D E < I , J * 1 > + D E ( I , J ) ) / A , ' 0 ) * ( B S / 0 , 5 >
B E E = ( C D E ( I + 1 » j ) * D E ( ! , J ) ) / A , 0 ) * < B E / 0 . 5 )
BWEp C ( D E C I e1 . J > * D E ( I , J ) ) / A , 0 > * < B W / 0 . 5)
F E P B NE + R S E * B E E + B WE  
E K ( i ; j ) * E ( I , J W ( ^ ( I  * J > * 1  . E * A 0 >
SE (  I . J> * ( C K 1  + OKC I 7 J )  + £ C K 2 b 1 . )  *1 . ' 2 * E<  I ' i J)  ) * E K<  I # J ) * DV  / ( G+ FEJ  
S E P < i 7 j > « « < 1 . 2 * < 2 * C K 2 » 1 . ) + E K < I i J > * D V / < 6 * F E > J
CNEc C A N * B N E ) / ( G+ FF )
C S E = ( A S * B S E > /(  G + F E )
C E E = ( A E * B E E ) / ( G+FE )
CWE=CAW+b W E ) / CG+FE)
E ( I » J ) » C N E * E C ! . J * 1 > + C S E * E < I , J ! » 1 > + C E E * E C I + 1 » J ) * C W E * E ( I n l 7 J i * S E i l 7 J )  
E ( I , J ) a E C I , J ) / C1 0 *  S E P ( I * J ) )

DO 900  L L 2 a 2 , m 
F C N N , L L 2 > = E ( n 7 l l 2>

900  CONTINUE
K T ( I . J > b C M * 1 , 2 * ( l f C l . J ) ) * * 2 / < E < i ; j ) * 1  .E«-A0)
K E C I 7 j ) s K T C I » J > * 1 ' 7 5 3 E s 5 
D K C I , J ) =<E C I , J ) / D 1 + 1 . 5 3 E - 5  
DEC I , J ) s K E ( I j  J ) / 0 2 + 1  . 5 3 E f 5 
GO TO 307

589 K T ( I . J ) b 1 . 5 3 E r 5  
K E C I . J ) = K T C I . J )
D K ( I . J ) *  K E C I , J )
D E ( I 7 J) = K E ( I , J )
GOTO 307

C * * * * * * S O L U T I  ON ABOVE THE R I D GE  

117  DO 109 L = 1 1 t M
D V s O - 2 5 + (X C I + 1 ) - X ( I r 1  ) ) *  C Y C L+1 ) “ V ( L - 1 >)
A N 1 = S C I * 1 V L  + 1 W S C I * 1 « L ) » * S C I ' - 1 i L + 1 ) > - S ( I b 1 i L) 
A S l « S ( I - l 7 L * f 1 J * S ( I " 1 # L > " S < I * 1 » L " 1 ) n S < I * 1 # L >
A E 1 s S ( I * 1  71^1 > * S ( I , L - 1 ) n S ( 1 + 1 ; L * 1 > n S ( I f L > 1 > 
A U 1 3 S ( I b 1 7 l * 1 > * S C I » L * 1 ) " S C I « 1 i L - ' 1 ) » S C I * L ' ’ 1)
A N » 0 . 1 2 5 * C A N 1 + A B S ( A H 1 >)
A S = 0 . 1 2 5 + ( A S 1 * A B S ( A S 1 > )
A E b 0 . 1 2 5 * C A E 1 + A B s < A E 1 ) )

A1,1 = 0.1 2 5 + ( A lJ 1 + A P S ( A u 1 ) ) 
g = a n + a s + a e + au
B N = 0 . 5 * C ( X C I + 1 ) - Y ( I - 1 > ) / C Y C L + 1 ) r Y ( L ) ) )



BS b O.'5*< (X< ! *1 )»X ( I «1 >} / ( Y ( L ) » Y ( L M  ) ) )  
B E » 0 . 5 * ( ( Y < L * 1 ) - V ( L n l ) J / ( X i I * 1 ) n X £ l ) ) )  
B W * 0 : 5 * ( < Y ( I > 1 ) i- Y ( L ~ 1 ) ) / < X ( I ) r X < ! b 1) ) )
F=BN+BS+BE+RW
C N « ( A N * B N * K E ( ! f L * 1 > > / < 6 * F * K E ( I i L > )
C S s ( A S * B S * K E ( ! , L i . 1 ) ) / < 6 * F * K E ( I # L > >
c e p <a e * r e * k e m * i 7 l > > / ( g + f * k e U , l >>
CWB( a W+b u * K E (  I b 1 7 l ) ) / ( Q î F * K E  ( I  , ' L) >
! F ( L . E Q . 1 1 ) G 0  TO 201
W ( I i L ) a O E ,k' J ( I + 1 , L ) + C W * W ( l n 1 / L ) * C N * W ( l 7 L  + 1 ) + C S * y ( l 7 L * - 1 )
GO TO Z O Z ,

201 v t > * 3 . 0 * C 7 * ( S ( I f L j p S £ l 7 L i » 1 ) ) / ( Y ( L ) < ! ! Y ( L n 1 ) ) * * 2  
W ( I , L ) B C E * W ( U l . L ) + C U * V ( I r 1 # L > * C N * V n 7 L  + 1>i -VD 
W ( I . L ) b U < I 7 l > / M ,.'0 + 0 . 5 * C S )

202 U ( l 7 . 1 1 > « « ( < C N S * S { l 7 » l 2 > + C E S * S ( l 8 7 1 1 ) * C W S * S ( 1 6 f 1 1 ) ) * ( F / D V ) >
I F C I . E Q . 1 7 ) G o t O 320
GOTO 350

320  DO A10 J 1 = 2 . 9
U ( l 7 . J 1 ) = r < ( 2 ' . ' 0 / ( X < l 6 > r X < l 7 ) > * * 2 > * ( S < 1 6 , J 1 > - S ( l 7 , J l > ) )

410  CONTI NUE 
350  I F ( I . ' EQ. ' 28)  GOTO 322  

GOTO 55
322  DO 420  J 2 = 2 , 9

U ( 2 8 . J 2 ) = - (  ( 2 ‘. ' 0 / ( X ( 2 9 > p X < 28> ) * * 2 > * C S < 2 9 ,  J 2 ) r S < 2 8 .  j 2 > ) >
420  CONTI NUE 

55 DO 54 1 6 = 1 7 n

U( I 6 . M ) = w (  I 6,  MM)
54 CONTI NUE 

C STREAM FUNCTI ON
CNS=BN/F  
C S S = B S / F  
C E S = B E / F 
CUSa B®/F
0 ( I # L) SW( I » L ) * DV / F

' S ( I # L > B C N S * S < I . L * 1 ) + C S S * S < I # L r s 1 ) + C E S * S < I + 1 f L ) + C W S * S < I a l 7 L ) + Q < l 7 L )
S ( 1 7 V 1 1 ) = S < 1 7 7 1 0 )

C V E L O C I T I E S
CY1 = ( Y ( L ) r Y ( L s - 1 ) W ( Y ( L * 1 ) n Y £ L ) )  
c y 2 = i ; o / c y i

C Y3 = CY1 / ( Y ( l + 1 ) -  Y ( Lr-1 ) )

CY4 = C Y 2 I  C Y < L + 1 ) p V ( L - 1 5)
U( I # L> « C Y 3 *  <S í I # L + 1 ) -  S <1 # L) ) + C Y 4 *  ( S  ( I 7 l ) -  S ( I i L*-1 > ) 
CX1= ( X ( I ) s X ( ! p 1 ) ) / ( X ( I * 1 ) b X < I > )
C X 2 = 1 . 0/CX1
CX3=CX1 / (X ( 1 + 1 )f-X < 1-1 ) )
CX4 = C X 2 / ( X ( 1 + 1 ) n X ( I p 1 ) )

V ( 1 7 n  = ( C X 3 * ( s n * 1 . L ) - S < I . l ) ) + C x 4 * ( s ( I . L ) r s M - 1 , L ) ) )
DO 4 ?  1 1 2 = 1 7 , 2 8  
U ( I I 2 7 M ) s U< I  I 2 . MM)



-1 2 0 -
r

c

c

V < I  I 2 . M ) S V < I  1 2 , MM)
42 CONTI NUE

K I N E T I C  ENERGY 
I F ( L . G E . 1 8 ) GOTO 585 
I F < L . L E . 1 1 )GOTO 585 
B N K = ( ( D K Í I » L * 1 )  + D K ( I , L ) ) / A , ' 0 ) * ( 2 * B N )
B K K B ( ( D K ( I # L * » 1 ) * D K (  I i l ) ) / 4 , 0 ) * ( 2 * R S )  
B E K b ( ( D K ( 1 * 1 * L ) + B K < I « L ) ) / A i 0 ) * ( 2 * B E )  
B U K s ( ( D K ( I « 1 . L ) + D K ( I , I > ) / A . 0 ) * ( 2 * B W )
F K p B N K + B S K * B E K * B U K
D U X ( l 7 L ) s C X 3 * i U ( I * 1 » L > n U < I # L > ) * C X 4 * < l J < l 7 L > ? ! U ( I - 1 « L ) >
D V V ( i 7 l ) " C V 3 * < V ( I # L * 1 > « V ( I # L > ) + C Y 4 * ( V ( i 7 l ) " V ( I » L " 1 > >
DUY < i 7 L ) « C Y 3 *  (U< I « L*1 >f»U< I # L) > * C Y 4 *  (UC I *’ L)« i U< I # L-1 ) >
DVX< I 7 L>  ■ C X 3 * ( V (  1*1 f L ) « V (  I # L> > * C X A * ( V <  I 7 ’L ) i i V< I b 1 , L )  >
QS ( I’» L > » 2 . ' * {  < I »UXM , L ) * * 2 * D V Y (  I • L ) * * 2 ) * ( 0 U Y <  I i L > * OVX<  i 7L> ) * * 2 >  
Q K < I , L ) c K T < I , í ) « M 5 S ( l , l >
SK < I . L ) s ( 1  . 5 * 0 K (  l V O  + ( C K 2 r 1  . ) *1 ,‘2 * e ( I • L) ) * D V / ( G  + FK) 
S K P < I 7 L ) « b ( 1 . 2 * C k 2 * E ( I # L ) * 0 - , 5 * Q K ( ! 7 L ) ) * D V / ( ( K < I , L ) * 1 . E i» 4 0 > * < G * F K > )  
CNK b ( A N + B N K ) / <G*FK)
C S K = < A S + B S K ) /(  G *  F K )
C E K = C A E + B E K ) / <G+FK)
CUK p ( A U + B U K ) / ( G * E < )
K ( I . L ) B C N X * K ( I , L * 1 ) * C S K * K < I f L « 1 ) + C E K * K Í I + 1 f L ) * C W K * K ( l B l . L > + S K Í l 7 L >  
K ( I , L ) = K ( T, L ) / M  Or S K P ( I , L ) )
ENERGY D I S 1 p a t  I ON
B N E = ( < D F ( l , L + 1 ) + n E ( I » L > ) / A . 0 ) * ( B N / 0 . 5 )
BRE = < ( D F ( I , L ' > 1 ) * D E ( I , l ) ) / A , 0 ) * < B S / 0 . 5 )  
B E E s ( ( D E < I * 1 . L ) * O E ( I . L > ) / 4 . ,0 ) * i B E / Q . 5 >
B U E * (  < DE M»*1 . I . ) * 0 E (  I i L î  î /4. -0)  *  < b W/0. !5)
FE = BNE + P.s E + BEE*BUE 
E K ( I , L ) sE ( I , L ) / C K ( I , L ) *1 . E~ 40 )
S E < l 7 L ) B < C K 1 * Q K < l 7 L > * ( C K 2 f * 1  . ) * 1  . 2 * E ( I i L ) ) * E K ( I , L ) * D V / ( G + F E )  
S E P < I « " L ) a ^ ( 1  . 2 * ( 2 * C K 2 M  . ) *  E K ( I i  L ) ) * D V  / ÍG + FE)
CNE = (AN + BNE)  / ÍG + FF)
C S E B < A S ^ B S E ) / (G+FE)
C F E b CAEa BEE)  / ( G * F E )
C U E s ( A U * B W E ) / ( G * F E )
E ( I » L > « C N E * E < ! . L * 1 Í * C S E * E ( I » l e 1 > + C E E * E Í I + l 7 L > * C W E * E < ! s r . ' L ) * S E ( l 7 L >  
E i l  * L ) =  E < I 7 L i /(1 ’ 0 p S E P ( I  » L ) )
KT(  I . L ) * C M * 1 . 2 * ( K < ! , L> ) * * 2 / C E  C I V U  + 1 . E - 4 0 )
K E C I , l  ) = K T ( I # L ) *  1 5 3 E e 5 
D K < l 7 L > e K E < I f ' L ) / D i + 1 . 5 3 E « 5  
D E M ' ,  L > b K E C I . Ï W D 2 * 1 . 5 3 E " 5  
GOTO 10o

5 85  K T ( I  , L ) s 1 . 5 3 F r 5  
K E ( I , L ) B K T ( I , L) '
0 K C I . I  ) *  K E C 1 . L )
D E ( I 7 L ) b If E ( I « L )

1 0 9  CONTI NUE 
GOTO 306 

3 0 7  CONTI NUE 
3 0 6  CONTI NUE

I F C H . L E . K K K )  GOTO 105 
PO 339 1=1 # WN
DO 338  .1 = 1 , MM _
W K I T E C 6 , 4 0 0 ) i : J , S C I , J ) . E ( I , J ) , ' J C I , J > , K ( I , J > 7 K T ( I , J )

3 3 8  CONTI NUE
339  CONTI NUE 

STOP
¿ On  FORMAT(1 H , 2 1 1 0 , 5 8 2 0 . 8 )



APPENDIX D

A COMPUTER PROGRAM FOR THE BOUNDARY LAYER FLOW

Th is  Appendix p resents  a computer program fo r  the c a lc u la t io n  of 

tu rb u len t  boundary layer f low downstream of the r e c i r c u la t in g  f low reg ion. 

The Fortran  symbols used in the program are the same as the ones used in 

Appendix C.

Program L i s t i n g

( i )  A computer program used f o r  the smooth su rface  wi th the wal l  func t ion  

in the near wal l  region.

( I i ) A computer program used fo r  the rough su r face  w ithout the wal l  func t ion .



( I )
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JOB E M 2 8 S & . | R H J A P , C P 7 6 < T D 1 0 0 0 , P 2 0 0 0 , ' S P >  
A T T A C H ( M Y L I I 1 « L ! B N A G F T M S C M , I D i sL ! B A P P L )
L I B R A R Y ( M Y L I B >
F T N ( R b 3>
l o s e t  ( m a p = h / z z z z m p 7 p p e s e t = n g i n f )
L G O ( P L b IOOGO)
nun* s

PROGRAM A B F F C I N P U T , O U T  P U T , T A P E  S s  I N P U T , T A P E 6 = OU T P U T >  
D I M E N S I O N  K ( 5 1 , 1 8 ) , E ( 5 1 , 1 8 )  , X ( 51)  7 Y ( 1 8 ) 7  U i 5 1 , 1 8 )
D I M E N S I O N  S ( 5 1 , 1 8 ) , W ( 5 1 , 1 8 J , K E ( 5 1 « 1 3 ) , D K ( 5 1 7 1 8 )
D I M E N S I O N  DE (51 , 1 8 )  , K T ( 5 1  ,1 S> 7QS <51 , 1 8 )  , QK < 51' , 1 8>' . S E < 51 713 
D I M E N S I O N  Q(51  , 1 8 ) , D U Y < 5 1 i l  8 ) ,TW(51 , 1 8 )
D I M E N S I O N  S K < 5 1 , 1 8 ) » S K P ( 5 1 ; 1 8 ) , S E P ( 5 1 7 1 8 ) ’, E K ( 5 1 , 1 8 >
I NTEGER  H 
REAL K , K E 7 K T  
KKKsAOOO 
N = 5 0
M = 17 
NNsfj + 1 
MMcM+1
H = 0

C NULL V A R I A B L E S  *
C + + * * * * * * * * * * * * * * * * * * *

DO 1 ?  i = i 7 nn
DO 14 J = 1 7 mm 
U( I , J ) sO.'O
s ( i ; j ) *  o . o
K ( I , J > = 0 . 0  
E ( I , J > = 0 . 0
u ( i , j ) s o ; o
DUY ( I 7 j > SO . 0 

14 CONTI NUE 
12 CONTI NUE

C BOUNDARY C O N D I T I O N S  *

READ ( 5 . 1  > <K(1 , J )  * ,UM 7J> , E<1 , J)  7 j s 1  ,MM) 
1 F 0 R H A T ( 3 F 1 0 . 4 )

X ( 1 > = 0 . 0  
Y M  > = 0 . 0  
DO 4 J = 2 , 7  

4 Y ( J ) e Y ( J - 1 >+07 00 1  
Y ( 8>  = Y ( 7 ) + 0 . 0 0 2  
Y ( 9 > s V ( 8 > + 0 . 0 0 2  
DO 3 J = 1 0 , 1 4  

3 Y ( J ) = Y { j - 1 ) + 0 . ' 0 0 4  
Y ( 1 5 > = Y ( 1 4 > + 0 7 0 0 8  
V < 1 ó ) = Y ( 1 5 > + 0 7 0 0 8 
Y ( 1 7 ) = V ( 1 6 ) + 0 7 0 0 6

9
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Y ( 1 8 ) B Y ( 1 7 ) + O * 0 f l f i  
DO 13 I b 2 « 11 

13 X ( I ) » X ( I - 1 ) * 0 ’.’ 005  
DO 80 I b 12 V1 A

80 X ( I ) b X ( M  ) * 0 . ' 0 1  
DO 81 I b 1 7 Ï  51

81 X < I ) s X ( I » ’ 1 ) * 0 ’ 02 
DO 82 J s 2 VMM

82 X T M  #'j ) b 0 . 0 9 * K ( 1  ,'j ) * x ( 1 , J ) / E < 1  , j )
S í 1  , 1 ) b 0 . 0
DO 83 J = 2 , M M
0 1 b < Y ( J ) ^ Y ( J - 1 ) ) / ( Y < J * 1 ) - Y ( J  > Ì 
0 2 s 1 . /01
0 3 * 0 1  / ( Y (  J * 1  Î r Y <  J«1 ) )
0 4 * 0 2 / < V ( J * 1 > « Y ( J * 1 ) )
W(1 » J ) Ss. ( 0 3 *  (U < 1 V J *1 ) r U ( 1 I J ) ) * 0 4 * ( U <1 J > *»U ( 1 , J - 1  ) ) )

83 S (1 »J ) » S (1 * J - 1 ) *U<1  , J ) * < Y ( J ) - Y ( J - 1 ) )
WRI TE  ( 6 , 7 7 )  ( I Tx (1 i I ) , E (1 » I ) / S (1 7 I ) ,U<1 I ) i W(1 . I ) , I =1 , MM 

77  FORMAT( 1 H V l S T S F I O . S )
DO 8 1=1 » NN 
U ( I , MM) s U1 
U ( I , M M ) s 0 . 0  
S M  i M M ) * S ( 1  .MM)
X ( I » M H > s X ( 1 , MM )
E ( I , M M ) b E ( 1 , M K )

8 CONTI NUE 
DO 10 I s 1 V NN
u ( i , 1 ) s o ; o
S ( I , 1 ) a 0 . 0
xM,n *o .o  
e < i , 1> b o ; o 

10 CONTI NUE
DO 20 1 = 1 ÏNN 
DO 22 J = 1 ï MM 
K E ( i ; j ) s 1  . 5 3 E r 5 
D K ( ! . ' J ) « K E ( 1 # J )
D E M  , J ) = 1  .1 8 E « 5 
K T ( I » J ) = 1 . 5 3 E » 5 

22 CONTI NUE 
20 CONTI NUE

DO 72 I = 2 i NN 
DO 72 J=2 ' iMM 

72 K ( I  , J ) b 1 .0 
DO 51 I 5 b 2 , N 
K ( I 5 . 1 5 ) « K < 1 * 1 5 >
X ( l 5 , 1 6 j a t C ( 1  , 1 6 )
K ( I 5 * 1 7 ) = K ( 1 »17)

51 CONTINUE.
DO 53 1 4 = 2 , N 
E ( I 4 , l 5 i = E ( 1 , 1 5 )
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E(  U ; 1 6 ) « E < 1  #16)
E ( U i 1 7 ) » E ( 1 ,17)

53 CONTI NUF
DO 9 8 I 8 s 2 » NN ;
K i j 8 « 2 ) a K ( 1 »2)

98 E ( I 8 # 2 ) * E < 1 | 2 >

C SOLUT I ON  OF F I N I T r D I F F E R A N C E  EQUAT I ONS  *

C CALCULAT I ON  OF THE B " S  AND A " S

105 DO 306 l a 2 , N  
DO 307 J e2 VM
DV = 0 . ' 25 * ( X ( I +1 ) . - X< I < - 1  > > * < Y < J * 1 ) * Y < J M > )
A N i p s n * i 7 j  + i ) * s n  + i , j > « s ( i ^ i , j * i ) ! - s ( i p i , J )

A E 1 b S ( I ‘* 1 7 j * 1 j * S ( I f ; j * 1 ) « S < I , J  + 1>
A W 1 s S < I - l 7 j M > + S < I # J * 1 ) " S < J " 1 # J « 1 ) * S U # ’j " 1 )  
B N s O . 5 + ( < X { 1 * 1 > - X < I « 1 > > / <Y ( J  + 1 > n Y < J >  > >

' B S = 0 . 5 + < < X < I + 1 > - X ( I * 1 > ) / < Y < J > s Y C J e 1 ) > >
C B E b 0 . 5 + ( ( Y ( J + 1 ) ^ Y ( J « 1 ) > / < X < I + 1 > b X ( I > > )
C BWpO.5 * ( ( Y ( j * 1 ) n Y ( J - 1 ) ) / ( X ( I ) - X ( I b 1 ) ) )

B F p O . 0 
BWsO.O
F=8N+RS+f tE+BW 
A N a 0 . 1 2 5 * ( A N1♦  A R R ( AM1 ) )
ASaO.125*(AS 1+ARRCAS1))
A E b O.’ I 2 s * (  a E 1 * A B S  C A E 1 ) > 
AWp O . ' 1 2 5 + ( A U 1 * A P S ( A W 1 > >
Gs AN+AS + AE+ AU

C Y l B ( Y ( J ) » Y ( J r 1 ) ) / ( Y ( J * 1 ) n Y < J ) >
C Y 2 = 1 . 0/C36
C Y 3 p CY1 / <Y( J + 1 ) «Y U r l  ) )
C Y 4 s C Y 2 / ( Y ( J * 1 ) - v ( J p 1 ) )
U ( ! » J ) B n Y 3 * ( S ( I f J * 1 ) » S ( I » J > ) + C Y 4 * C S < I « J ) - S < I . J * i 1 > >  
DO 41 I 11 5»? i N
u(  i n  7m ) b U< i n ,  m m )

41 CONTINUF
DO 710  L1 ?  2 , M 
U C N f J, L 1 ) = U ( N , L 1 )

7 10  CUNT!HUE

C V E L O C I T Y  *

C * * * * * * * * * * * * * * * * * * * * *
C K I N E T I C  ENERGY *

! F ( J . f i E . l 6 ) G O T O  589
B N K a ( ( D K ( I , J  + 1)  + D K ( I , j ) ) / A . ' 0 > * ( 2 * B N )  
B S K = ( ( D K ( I , J « 1 ) + D K { I , J ) ) / 4 i O ) * ( 2 * b S )
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B E K P ( < D K C I * 1 . J ) + r > K < I # J > ) / 4 . 0 ) * < 2 * B E )
BUK *  ( ( D X ( 11> 1 » J ) + D K ( I * J ) ) / A i O )  + ( 2 * B U )
F K c B N K * n S K * B E I |' * B UK
B U Y ( l 7 j > » C Y 3 * < U < r . J * 1  >h Ü < I , J > > * C Y 4 * < I J < I - 7 j > » U < I »  J - 1  >> 
CNKb ( A N * B N K ) / ( 6 + F K )
C S K  e ( A S *  B S K ) / ( 6 *  F K )
C E K p ( A E * B E K ) / ( G * F K )
CUKp ( A W * B U K ) / <G*FK>
I F ( J . * G T . " 2 ) 6 0  TO <59
K < I » J ) « C N K * K < ! » J  + M * G S K * K < ! # J w 1 > * C E K * K < I  + 1 » J > * C W K * K < I a 1 i ' j >  
R S K s l T i > S Q R T ( A B S ( K < I #J > ) )
C Y P T W = 6 . 5 4 7 * ( V ( J ) r Y ( J w 1  ) ) / 1 . 5 3 E r - 5  
Y P US T We R S K * r Y P T W
T U ( I , J ) p 0 . 2 2 A * U ( I ¡ J > * R S K / A L O G ( 0 . 0 * Y P U S T W >
A T U s A B S ( T W ( I , J ) )
V O L G F s O V / < G* FK)
S K ( I , J ) a A T W * U ( I , J ) a VOLGF
S K P (  I V J  0 . 1  2 8 * K <  I t J ) * U <  ! f J ) * VO LG F / ( < Y ( J > »Y < J«»1 > ) * (ATU+1 ' ."E-30 
GO TO 8f>1

99 Q S ( I , J > = D U Y ( I 7 j > * * 2
Q K ( I . J ) b < T C ! . J ) * Q S ( I . J >
SK < I . J 5 s < 1 . 5 * Q K ( I , J > + 1 7 0 8 ( I , J ) ) * D V / ( G  + FK )
S K P ( i 7 J ) « « < 2 . A 8 * E ( I , J ) + 0 . 5 * Q K £ I ; J > > * D V / < ( K < I ,  J > * 1 ' ; E f 4 0 > * ( G+ F I C )  

801 K ( I / J > b CNK + K M , J + 1 ) + C S K * K ( I # J « 1 > * C E K * K ( 1 + 1 , J ) * C W K * K < 1 * 1 7 J ) * S K  £ 
< ( I , .!> a K  < I , J > / (1 p S K P ( I » J ) )
DO 8 00  L L 1 3 2 , M 
K O! N , L L 1 > = K C N 7 L L 1 )

800  CONTIWUF

C ENERGY D I S I P A T I O N  *

B N E b ( ( D F ( I » J + 1 ) + D E ( I < J ) ) / 4 . 0 ) * ( 2 * B N )
BS E p ( Í D E ( I 7 J « 1 ) * D E ( I  * J ) ) / A , ' 0 ) * ( 2 * B S )  
B E E s ( ( D E ( I * 1 » J ) + D E ( ! i J ) ) / 4 , 0 ) * ( 2 * B E )
B WEp ( ( D F ( I p*1 , J } *  D E ( I , J > ) / 4 , 0 ) * ( 2 * B W )
f e * b n e * b s e + b e e * b u e  
! F ( J GT . 2 ) G0 TO 100 
CDK b O . * 3 * K < i 7J>
V 0 L GF 4  = D V / ( G + F E )
E ( I / J 5 b C D < * ( ( A B S ( C D < ) * * 0 . 5 ) ) / ( 0 . 4 1 * ( Y < j ) - Y ( J - 1 ) ) )
GO TO 101

100 E K ( ! '. J ) » E ( I . ' J W ( K ( I » J ) * 1 . E b A0>
S E ( I . J ) b < 1 . ' A 4 * Q K M , J ) * 1 . 0 3 * E < I # J ) ) * E K ( I 7 j ) * D V / ( G * F E >  
S E P < i 7 J Î « * < 3 ' .  3 6 * E K < ï » J ) * D V / ( G * F E ) Î  
C n E = ( A N + B N E ) / í G* FE )
C S E s ( A S * B S E )  / ( G * F E )
c e e s í a e + b e e ) / ( g * f e )
CWEB ( A U * B W E ) / CG+FE)
E Í I .  J ) » C N E * E ( ! , J * 1 )  + C S E * E < I ,  J f * 1 ) * C E E * E ( I  + 1 , J ) * C W E * E ( I p 1 , ' J J+SEC 
E ( I , J > « F < I  , J ) / M ' . ' 0 r S E P < I  , J>>
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J

DO 9 0 0  L L 2 « 2 » M 
E ( N N # ' l L 2 ) l « E < N . L L 2 >

9 0 0  CONTI NUE
101 K T ( I . J ) = 0 . 1 0 8 * C K ( I # J ) > * * 2 / ( E C I » J ) * 1 . E p 40 )  

K E ( i 7 j ) b < T ( 1 , j ) * 1 ? 5 3 E r 5  
D K ( I . J ) * K E ( I # J >
D E < I , J ) » K E ( I . J > / 1 3 
GO TO 300

589 K T < i ; j > p 1 . 5 3 E b 5 
KE(  I . J ) * K T ( I . J )
D K ( I i J > =KE < I . J )

D E C l . J > *  < E < I , J )

300 CNb ( A N » B N * K E ( I « ' J * 1 ) ) / ( G * F * K E ( I » J ) )  
C S F < A S * B S * K E < I # J » 1 ) ) / < G * F * K E < I # J ) >  
C E * < A E * B E * K E ( ! # 1 7 J ) ) / < g * p * K E ( I # J ) >  
CWp ( A U * b W * K E M p 1 7 J ) ) / ì 6 * F * < E ( I # J > >
W(!  » J ) b C E * W ( I * 1  » J ) + C W * W ( I b 1 f J ) * C N * U ( I  • J + 1 ) + C S * W < !  » J r  1 ) 
DO 405  11 B 2 . N

4 05 U < H 7 l > » - < ( 2 . ' 0 / Y ( 2 ) * * 2 > * < S < l 1 i 2 ) ^ S ( I 1 , 1 > > >
[50 2 20 l = 2 <M 
W ( N N » L ) *  W ( N 7 L )

220 CONTI NUE
DO 50 13 = 1 , N 
U ( I 3 ' , M ) b W ( I 3 . M M )

50'  CONTI NUE

C N S = B N / F 
C S S P P S / F  
CESPO.  0
cus=o7o
Q ( I , J > SU(  I 7 . n  * D V / F
S ( I i J ) = C N S * S ( I . J * 1 ) + C S S * S < I > J r ! l ) + C E S * S ( I  + 1 i J ) * C W S * S ( I * i 1 7 J ) + ( 3 ( l 7 j )  
DO 260  L L = 2 » M  
S ( N N , L L ) = S ( N j L L )

260  CONTI NUE 
307  CONTI NUE 
306  CONTI NUE 

H s H * 1
i f ( h . l e 7 k k k > g o t o  1 0 5
DO 330 I = 1 , NN
Do 338  J = 1 »MM
U R I T E Ì 6 , 4 0 0 )  I TJ .S ( I , J)  #T»< I f J> #U< I 7J> . K (  I , J) .ICT( ! . J)

338  CONTI NUE
339 CONTI NUE 

STOP

400  FORMAT <1 H #2110 ' .  5 E 2 0 . 8 )
END

S

C STREAM *

i
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{ I I ) *  e

JOB EM2MRD,  i P.MJ A P , C p ? 6  ( TD1 OOO , P 2 0 0 3  , S P >
ATTACH ( I I Y U I B  r L I R i I G F T ¡ I S C ! 11 I P P L I R A P R U
L I B R A R Y C M Y L I ' O
F T N < p =3 )
L D S F T  <MAPs,B / Z Z Z Z H P « P R E S f c T » N ' i mF >
L G O ( P L = 1  ' 7000)

PROGRAM ADl|:j < I N P U T , - J U r U I T  , TAPE  5 « !  N PUT »TAP e 6«OUT PUT) 
D I M E N S I O N  K ( 5 1 , 2 2 ) , E ( 5 Í , 2 2 ) , ; < ( 5 1 ) , Y ( 2 2 ) , U ( 5 1 , 2 Z >
DI  MENS I ON 3 ( 51  , 2 2 )  r - K S l  , 2 2 )  , < E < 5 1  , 2 2 )  , 0K<51  , 2 2 )
D M E N S  I JN 0 e < ' » 1 , 2 2 ) , K T < 5 1 # 2 2 > f « S < 5 l , 2 2 ) , Q K < 5 l # 2 ? > * S E < 5 1 , 2 Z )  
D I M E N S I O N  11(51 , 2 2 )  , P U Y ( 5 1  ,22' *
DIMENSION S s < 5 l r 2 2 ) f B K * > < 5 1 , 2 2 ) f S E P < 5 1 , 2 2 ) , E K < 5 1 , 2 2 )  
i n t e g e r  H 
REAL K,KE,KT  
KK K s 6U00 
N = 50 
1-1*21 
NM=N+1 
M ’ 1 *  M +1
H = 0

C ** + * + + *★*** + **★**•*<**
C N J L L  v a r i a b l e n  *
c * * * * * + * * * * * * * * * * * * > * v

do  12 1 = 1 , NN 
no 14 J=1 «M’I 
\J ( I , J ) = 0 , 0 
SCI, J ) = 0 . 0  
K ( I , J ) = 0 .0 
E < I , J ) 5 0 , 0

1 A
12

II ( I , J ) = 0,0 
DOY(I ,J)aO. ) 
CONTI NOE 
CO ITI NUL

£'*1ticit-k'k-kie'k'jrit*'*'k't( it it it ̂  + •< ★
C BOOIJDARY CONDITIONS AND

"**•******★★■ 
GRID POINTS

r « • * ★ * * ■ * • * * * * * * * * ★ _ -L, j, a. .L-  ̂a.

REAP ( 5 , 1  ) (¡((1 , j )  , 0 ( 1  , J )  , J * 1  ,MM) 
1 F O R M A T C 2 F 1 n , 4)

x < D * n . o
Y ( 1 ) = 0 , 0  
DO 4 J = 2 , 7  

4 Y < J ) = Y C J - 1  )+0.0-11
DO j  J = o  1 9 

.1 Y(J)=Y(J-1 )+0.002 
no is J = iü ,11

15 Y<J)*YCJ-1)+0.D04 
DO 16 J = 12,1!5

16 Y( J)*Y<J-1)+D,006 
DO 17 J =14,16
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17  Y ( J ) = Y C J - 1  ) + 1), 0 û 8 
Y <1 7 ) = Y ( 1 6 ) + 0 . 0 1  
Y(10)sY(17)+0,0.1 
DO 18 J = 1 9 , 2 0

18 Y ( J ) s Y U ' 1  > + 0 . 0 0 8
v ( 2 1 > = Y ( 2 0 ) + O . O 0 6  
Y < 2 2 ) = Y < 2 1 ) + 0 , 0 0 4  
DO 19 1 = 2 , 1 1

19 X < I > * X ( I - 1 > * n . 0 Q 5  
no 21  1 = 1 2 , 1 6

21 X< I ) = X ( I - 1  J +O. 01  
DO 31 1 = 1 7 , 5 1  

81 X C I  ) = X U - 1  > + 0 . 0 2  
DO 24 J = 2 , MM

24 E ( 1 , J > s O , 4 * - S < 1  r J ) + * 1 « 5 / Y U )
DO i)2 J = 2 , Oil

8 2 XT (1 , J ) = 0 . 0 9 * K ( 1 « J ) * X ( 1 , J > / E C1 , J )
S ( 1  , 1 > = 0 . 0  
90 83 J = 2 i ¡111
01 = < Y ( J ) - Y < J - 1 ) ) / CVCJ + 1 ) - Y ( J  >)
0 2 = 1 . /01
0 3 = 0 1 / CY ( J + 1 ) ~ Y ( J - 1 >)
04  = 0 2 / ( Y C J + 1  ) - v ( J - 1  > )
W( 1 , J ) = - ( 0 J * ( o (1 , J + 1 ) - 0 < 1 , J ) 1 + 0 4 + ( U i 1 , J ) - u ( 1  » J -1 ) ) )

83 s < 1 , J ) = S C1 , J > + O C1 , J ) *  ( Y ( J ) -  Y ( J - 1 n
UR  I  f R ( 6 , 7 7  ) C I  • K C1 , I  ) , E C1 , I  ) , S C 1 , J ) , 0 ( 1 , I  î  , W ( 1 , I > » I = 1 , M|1

n  FORMAT U H  , I 5 » 5 F 2 0 ,5 >
9 0 û I =1 , * I r J 
0 ( 1  ,MM)=U1 
U ( I , MM) = 0 . 0
5 < I ,MM) = S (1 ,MM)
K ( I , MM) = K ( 1 , MM)
EC J,MM)  = E < 1 , MM)

3 CONT INUE 
DO 10 1 =1 ,  Nil 
UC 1 , 1 > = 0 . 0  
sc  I , 1 > = 0 . 0
X C I , 1 ) = 0 ,0
EC I , 1 ) = 0 . 0

10 CONTI NUE
DO 20 1=1 , Mf|
DO 22 J =1 , Mil 
KE C I , J ) = 1  . r . 3 C - S  
D K C I , J ) = K E ( 1 , J )
DEC I  » J ) = 1 . 1 8 E - 3  
KT Cl , J > = 1 . > 3 E - S  

2 2 C 0 *•! T I N U E 
20 CONTI NUE

9 0  51 15  = 2,1)
K C I 5 , 2 ° > = K C 1 , 2 0 )
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< < 1 5 , 2 1 ) = K < 1 , 2 1 )
51 CONT I NUE

Dü 5 3 I 4 3 2 ,N 
E < I 4 , 2 0 ) = E < 1  , 2 0 )
E ( I A , 2 1 ) s E ( 1  ,.21)

5 ?  CONT I NUE
; * * * * * • * * * ★ * * * * * * » * * * * *  + ★ * * * * ■ * * *  + ♦ * * * # * * * * * * *

S O LUT IOt) OF F H I T - D I  FENANCE  e q ü a s i q n s *
* * ★ • * ■ * * ★ * * * * * • * ★ * • * * * * • * ■ »  +  • * * * * * * * ■ * * * * * ' « r * * * * * * * *

CALCO CAT I ON  OF THE El " S AND A HS
r * * *  + nr* + vi«* + * * * ^ v * * * * * * *

DO ¿ 0 6  i = 2 , N
DO 3 0 7  J =2 , !1
DV = 0 . 2 ? * ( X ( I  + 1 ) - X ( I - 1  > > * < Y ( J + 1 ) - Y ( J - 1 ) )
A N I “ S ( J + 1 , J + 1 ) + S (1+1 , J > - S ( 1 - 1  , J + 1 ) " S  ( I " 1 , J > 
A S l = S n - 1 , - |- 1 ) + S ( I r 1 , J ) - S ( I + 1 , J - 1 ) - S ( I + 1 , J )  
A E 1 = S ( I + 1 , J f 1 ) + S ( I , J - 1 ) - S ( I + 1 , J  + 1 ) - + S < I , J  + 1)
A ' n = s < i - 1 , j + i ) + s < i , j + i ) - s < i - i , j - i > - s u , j - i >
AN3 0 , 1 2 3 * ( A N 1 + A B S ( A N 1  ) )
A S = 0 . 1 2 5 * <  \ S 1 * A H S ( A S 1 > )
A E a O . 1 2 5 * ( A E 1 + A C S ( A E 1 >1 
A O a 0 ,1 2 5 *  C-VJ1 + Ab S (AN1 ) )
G= A N + A 5 * A E + A U
Br |a9 , 5 *  ( ( X (  1+1 ) - X <  1-1 ) ) / ( Y (  J + 1 ) - Y (  J ) ) )
R5 = 0 . 5 * ( ( X ( I  + D - X ( I - 1 ) > / ( Y ( J ) - V < J - 1 ) ) )

C B E = 0 . 5 * ( ( Y < J + 1 ) - V ( J - 1 ) ) / ( X ( I + 1 ) - X ( I ) ) )
C B 0 a 0 , 5 * ( ( Y ( J  + 1 ) - Y ( J - 1  ) ) / ( X (  I ) - X ( I -1 ) ) )

ß E a 0 . 0
G W a Q , 0
CaHü + GS + BE + iiO
C N a ( a n  + DN* <E  U , J+1 ) ) / < ^ + F * < E ( I , J ) )
C S = ( A S  + Ü S * K E ( I , J - 1 > ) / ( ' î  + F * K E ( I , J ) >
C E S ( A E + Ü E * < E ( I + 1  > J ) ) / ( 3 + F * K E ( I  , J > )
C O a ( A D W *  K c ( I -1 / J ) ) / ( 3 + F *  K E ( I , J ) )
U ( I , J ) s C E + N ( I + 1 , J ) + C W * !K I " 1 , J ) + C N * W ( I , J + 1 ) + C S * W ( I , J

DO AO5 1 1 = 2 , N
405  W( 11 , 1 ) = - < ( 2 , 0 / Y ( 2 ) * * 2 ) * ( S ( I 1 # 2 ) - S  ( 11 , 1 ) ) )

DO 2 20  L = 2 , ¡I 
U (UN,  L ) "W ( fl, L )

2 2 0  CONT I NUE
DO 5 0 13 = 1 ; N 
W ( 1 3 , 0 ) a u < 1 3 , 0 0 )

50 CONT I NUE
C * * * * * . * « * * * * * * * * » * * * * * *
C STREAM FONCTI ON *
c * * * + * * * + * * * * * * * * * * * *

C N S s B N / F 
C S S = R S / F  
C t s = n , o  
CUS = 0 , i)

* +
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Q ( I , J ) = U ( I , J ) * D V / F  % ,
$ ( I , J ) a C N S * 3 ( I , J + 1 >  + C S : i * S C l , J - 1 ) + C E S * S C I + 1 , J ) + C W S * S < I r * 1 , J ) + Q ( I , J )
DO 260 LL«2, M  
S D N i  L L ) s S ( N ,  LL)

260  CONTI NUE

C V E L O C I T Y  *

CY1 = ( Y ( J ) - Y ( j - 1 ) ) / ( Y ( J  + 1 > - Y C J ) )
C Y 2 S 1 . 0/CY1
C Y 3 s C Y 1 / ( Y ( J + 1 ) - Y ( J - 1 ) )

CY4 = C Y 2 / ( Y ( J + 1 > - Y < J - 1 ) )
U ( I » J ) a C Y 3 * < S < ] / J + 1 ) - S < I f J > ) + C Y 4 * ( S < 1 # J ) - S ( l # J - 1 ) >
DO 41 I I 1 = 2 / M
tjt I I I  , M ) = U <  I I I  .I1M)

¿1 CONTI NUE
DO 710  L 1 = ? . M
ur n : ,  ui )=uc;j, l i  )

71 0 CO FIT I :JUE
C * * * * * * * " # * * * * * *  + * * * * * * * * w
C K I N E T I C  ENERGY *

I F < J . G E . 2 0 ) GOTO 530  
i r u ,  I E . 2 ) GOTO 5.H9
Hi lK=f  ( 0 K (  I , g+1 ) + l »K(  1 , J)  ) / 4 . 0 )  * ( 2 * B N )
R 3 < = ( C:>K ( I  , J - 1  ) + D K ( I . J ) ) / 4 , 0 ) * ( 2 * B S )
R E K ~  ( O  K ( I + 1 , J ) + 1)K ( I . J ) ) / A . 0 ) * ( 2 * B E )
R'Jf’. s f  < : ) K ( I - 1 , J ) - r P < ( I , J ) ) / 4 . D W 2 * R W )
F K 3 R N K + 8 S I*. + :1 E K *  D H K
DUY ( I , J ) = C Y3 * ( M ( T . 2 + '  ) -  U < I , J ) ) *  C Y A *  ( 0 < I , J ) -  IJ < I » J -1 ) ) 
CNK=( AN + B N K ) / ( G*  r K )
C S < = ( A S  + B S O / ( 6  + FK/
C F K s C A E f B E K ) / ( G + F K )
CWK=r \ ' i  + aUK)  / CG+FK)
OS < I , J ) = D U Y ( I , J ) * *  2 
0 K ( I , J ) =KT C I , J ) * OS  ( I , J )
S K ( I , J ) = ( 1 , 5 * O K U , J > + 1 , 0 8 * E < I , J ) > * D V / < G + F K )
S K P ( I , J ) = - ( 2 . 4 8 * E < I , J ) + 0 . 5 * Q K ( 1 , J ) ) * D V / ( ( K ( I , J )+1 . E - 4 0 ) * ( G  + F K ) )
K( I , J ) = C NK * K<  I , J+1 ) + C S K * K ( I  , J - 1  ) + C E K * K  CI-t-1 , J ) + CWK* KC  1^1 , J ) + S K ( I  , J )

K ( I , J ) - K < I , J ) / C 1 . - S K P ( I » J ) )
DO 8 D0 L L 1 = 2 , H  
K ( MN , L L 1 ) a K ( N , L H )

800 c o n t i n u e
iri^+‘ + 'k•k'k'1ei(̂ r•it̂ r+'̂ rie■k'X'̂ r+•

C ENERGY D I S I  P AT ! UN  *
£* * * * ■ * * +■  + *■ + * * • * * * * * * ★ * ★ * * * *

R ■' 1E = ( ( ' >E ( I f J +1 ) + 0 L ( I  , J ) ) / •*, 0 ) *  (2 » B N ) 
8 S F 3 ( ( 0 E ( I , J - 1 ) + D E < I , J ) ) / ^ . 0 ) * ( 2 * 8 S )  
R r. E S ( < 0 C ( I +1 , j ) *  f> E ( I  , J ) ) / 4 , 0  ) *  ( 2 *  » E )
B'.'E = i ( NE < 1 -1  , J ) + PF. ( I , J ) ) / 4 . 0> *  ( ? * E U )
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FEoßKE + HSE + iJFE + uWE 
EK< I »J>a E < I # J > / < K U , J > + 1  . E - 4 0 )
S E U , J? = C 1 . 4 4 * q K ( I , J ) * 1 . 0 8 * E < I t J )> * E < < I i J > * 0V/ ( G+FE )
SEP ( I  i J>a- .<3.3f t *FK(  1 , J) + DV/ (G+FE)  )
CHEa(A¡l + BNE) / (n + FE)
CS E= ( A3+ nSE ) / (G+FE)
CEE=(AE + ßEE)  / (Ci + FE)
C'JEa<A" + BWE> / (G+FE)
E ( I » J > 5C H E * E ( I , J + 1 ) + C S E * E ( I , J - 1 > + C E E * E ( I + 1 , J ) + C W E + E ( I - 1 , J > + S E ( I , J )
E ( I / J ) S E ( I # J ) / ( 1 , 0 r S E P < I # J > )
DO 900 LL?a2, l|
E(HN, LL2)«E<N,  LLÎ?)

900 CONTINUE
r .T( I , J ) a0 .1  08*<K< I i J ) > * * ? J  <E( I » J )+1 , c + 40)
K E < I » J ) a K T < I r J ) + 1 . 5 3 E - 5  
D K ( I » J ) = K E < I # J )
D E < I # J ) a K F < I # J ) / 1 . j  
GO TO 307

b*9 K T < I » J J a i . 5 3 E - 3  
K E ( I , J ) = K T < I  »J)
O K ( I , J ) = K E ( I  ,v'>
D E ( I , J ) = K E ( I / J )

307 CONTIfJ'JE 
306 CONTINUE 

HsH + 1
JF(rl. LE.KKK)  GOTO 10b 
on 339 1 =1 , ON 
on 333 J s i , Mh
W R J T E ( û , 4 n n > ! » J # S < l f J > i E < I i J ) r U < I # J > # K < I # J ? f K T < ï # J >

333 CONTINUE 
339 CONTINUE 

STOP
AO? FORMAT Ç1 h , 2 H  o , 5 E 2 0 , 8 )

END
fipfíp S



-132-

REFERENCES

ABBOTT, D.E. and KLINE, S . J . (1962). Experimental In v e s t ig a t io n  of
Sub son ic  Turbulent Flow Over S i n g l e  and Double Backward Facing Steps, 
J. B s i c  Engng. Trans. ASME, Sept. (1962), pp.317.

ANTONIA, R.A. and LUXTON, R .E . (1971) The Response of a Turbu lent Boundary- 
Layer to  an Upstanding Step Change in Su ra fce  Roughness, J. B a s ic  Engng. 
T rans.  ASME, March (1971),  pp.23.

ANTONIA, R.A. and LUXTON, R .E . (1971) The Response of a Turbu lent Boundary- 
Layer to  a Step Change in Surface  Roughness, (Pa rt  I -  Smooth to  Rough), 
J. F l u i d  Mech. (1971),  V o l .48, Part  4, pp.721-761.

\

ARIE, M. and ROUSE, H. (1956) Experiments on Two-Dimensional Flow Over a 
Normal Wal l .  J. F l u i d  Mech. (1956), V o l . I ,  P a rt  I, p p .129-141.

ARIE, M., KIYA, M., TAMURA, H. and KANAYAMA, Y . (1975) Flow Over Rectangu lar  
C y l in d e r s  Immersed in a Turbu lent Boundary-Layer. (Pa rt  I -  C o r re la t io n  
Between P re ssu re  Drag and Boundary-Layer C h a r a c t e r i s t i c s ) . B u l l e t i n  of 
the JSME, Vo 1.18, N o .125, Nov. 1975.

ARIE, M., KIYA, M., TAMURA, H., KOSUGI, M. and TAKAOKA, K. (1975) Flow Over 
Rectangu la r  C y l in d e rs  Immersed in a Turbu lent Bounda ry -Layer. (P a r t  2 -  
Flow Pa tte rn s  and P re ssu re  D i s t r i b u t io n s ) .  B u l l e t i n  of the JSME, V o l . 18, 
N o .125, Nov. 1975.

BRADSHAW, P. and GALEA, P .V . (1967) Step Induced Separation  o f  a Turbu lent 
Boundary-Layer in Incom pressib le  Flow. J. l uid Mech. (1967), V o l .27, 
P a rt  I , pp. I I I - 1 30.

BRADSHAW, P., FERRISS, D.H. and ATWELL, N.P. (1967) C a lc u la t io n  of Boundary- 
Layer Development Using the Turbu lent Energy Equation. J. F l u i d  Mech. 
(1967), V o l . 28, Pa rt  3, pp .593-616.

■BRADSHAW, P. and WONG, F . Y . F . - (1972) The Reattachment and Relaxation- of a
Turbu lent Shear Layer. J. F l u i d  Mech. (1972), V o l . 52, Part  I, pp.I 13-135.

CASTRO, I , P . (1977) Numerical D i f f i c u l t i e s  in the C a lc u la t io n  of Complex 
Turbu lent  Flows. Turbu lent Shear Flows, V o l . I ,  Se lected Paper from the 
F i r s t  In te rnat iona l Symposium on Turbu lent Shear Flows, The Pennsy lvan ia  
S ta te  U n iv e r s i t y ,  USA, Apr i l  1977.



-1 3 3 -

CASTRO, l .P.  and ROBINS, A .G . (1977) The Flow Around a Surface  -  Mounted 
Cube in Uniform and Turbu lent Streams. J. F l u i d  Mech. (1977), Vo l.79 , 
P a rt  2, pp .307-335.

CASTRO, l .P.  (1979) Re la x ing  Wakes Behind Surface  -  Mounted Obstac les in 
Rough V/a I I Boundary-Layers. J. F l u i d  Mech. (1979), Vol .93, Pa rt  4, 
pp .631-659.

CLAUSER, F.H. (1956) The Turbu lent Boundary-Layer. Advances in Appl i ed 
Meehanics, Vo l . I V,  New York: Academic P re ss .

COLES, D .E . (1956) The Law of the Wake in the Turbu lent Boundary -Layer. 
J. F l u i d  Mech. (1956), Vo l . I ,  Part  2, pp. 191 .

COUNI HAN, J . ,  HUNT, J.C.R. and JACKSON, P . S . (1974) Wakes Behind Two-
Dimensional Surface  O bstac les in Turbu lent Bounda ry -Laye rs . J. F l u i d 
Mech. (1974), V o l .64, Pa rt  3, pp.529-563.

DEBENHAM, W.M. and DUGGINS, R .K . (1971) The Numerical So lu t ion  of a Turbu lent 
R e c i r c u la t in g  Flow. Paper 17, U n iv e r s i t y  o f  Nottingham, a symposium 
o f In te rna l Flows, U n iv e r s i t y  of S a lfo rd ,  1971.

DISA EQUIPMENT and B & K. Frequency Ana lyzer and Recording U n it  Manual 
B o ok s .

Ç-: '• is

DISA MANUAL (1970) DISA Type 55MOI Anemometer Un it,  DI SA Type 55D35
Voltmeter, D ISA Type 55M25 L in é a r i se r ,  D IS  Type - Turbulence 
P ro ce sso r ,  DISA Type 55D70 Analog C o r re la t io n ,  Herlev, Denmark.

DURST, F. and RASTOGI, A.K. (1977) Theret ica l and Experimental In v e s t ig a t io n s  
o f  Turbu lent Flows wi th Separation. Turbu lent Shear Flows, Vo l . I ,  
Se lected  Papers from the F i r s t  In te rnat iona l Symposium on Turbulent 
Shear Flows, the Pennsy lvan ia  State, U n iv e r s i t y ,  USA. Apr i l  1977.

EL-SAMANOUDY, M.A. (1974) Turbu lent Boundary-Layers on an I r r e gu l a r l y  
Rough Surface. Ph.D. T he s is ,  U n iv e r s i t y  of L ive rpoo l,  1974.

FINLY, P . J . ,  PHOE, K.C. and POH, C . J . (1966) V e lo c ity  Measurements in a
Thin  Turbu lent Water Layer. La Hou i l l e  Blanche, Vo l . 21, 1966, pp.713.

FRIEDMAN, M. (1972) Laminar Flow in Channel with a Step. J. Engng. Mathematics, 
V o l . 6, No.3, Jul y  1972, pp.285-290.



-1 3 4 -

FURUYA, Y., NAKAMURA, I. MIYATA, M. and YAMA, Y. (1972) Turbu lent Boundary- 
Layer A long Streamwise Bar of a Rectangu la r  C ro s s -Se c t io n  Placed on a 
F l a t  P la te .  B u l l e t i n  of the 'JSM E, V o l .20, N o .141, March 1977.

GOOD, M.C. and JOUBERT, P .N .' (1968) (The Form Drag of Two-Dimensional B l u f f -  
P la te s  Immersed in Turbu lent Bounda ry -Layer. J. F l u i d  Mech. (1968),
Vo 1.31, P a rt  3, pp.547-582.

GOSMAN, A.D., PUN, W.M., RUNCHAL, A .K ., SPALDING, D.B. and WOLFSHTEIN, M. (1969) 
Heat and Mass T ran s fe r  in R e c i r c u la t in g  Flows. Academic P re ss ,  London 
and New York, 1979.

GREENSPAN, D. (1969) Numerical S tud ie s  of Steady V iscou s,  Incom pressib le  
Flow in a Channel with a Step. J. Engng. Mathematics, V o l .3, No. I,
Jan ( 1969), pp. 2 1-28.

HANJALIC, K. and LAUNDER, B . E . (1972) A Reynolds S t re s s  Model of Turbulence 
and i t s  A p p l ic a t io n  to  Thin Shear Flows. J. F l u i d  Mech. (1972), V o l .52, 
P a rt  4, pp.609-638.

HESENBERG, W. (1948) Zur S t a t i s t i s c h e n  Theorie  Der Turbulenz. Z s . f .  P h s ., Bd. 
124, Heft 7/12, 1948.

H INZE, J .0. (1975) Turbulence. McGraw H i l l ,  Second E d it io n ,  (1975).

HUNT, J.C .P . (1971) A Theory fo r  the Laminar Wake of a Two-Dimensional Body 
in a Boundary -Layer. J. F l u i d  Mech. (1971) ,  Vol49, Part  I, p p .159-178.

KIYA, M. and ARIE, M, (1972) A Free Stream line  Theory fo r  B l u f f  Bodies 
Attached to  a P lane Wal l .  J. F l u i d  Mech. (1972), V o l . 56, Part  2, 
pp .201-219.

KIYA, M. and ARIE, M. (1973) ■ A Pe rtu rba t ion  Ana l y s i s  of the Laminer Far 
Wake Behind a Symmetrical Two-Dimensional Body in a Uniform Shear 
Flow. J. F l u i d  Mech. (1973), Vo 1.61, Pa rt  2, pp.305-321.

KLEBANOFF, P . S . (1954) C h a r a c t e r i s t i c s  o f  Turbulence in a Boundary-Layer 
wi th Zero P re ssu re  Grad ient. NACA. TN3I78, (1954).

K0LM0GR0FF, A. (1941) The Local S t ru c tu re  of Turbulence in Incom pressib le  
V iscou s  F l u i d s  fo r  Very Large Reynolds Numbers. Comp. Rend. Acad. S c i . ,  
URSS, V o l . 30, No.4, Feb(1941), pp.301.



-1 3 5 -

KUO, Y. and BADWIN, L.Y. (1966) D i f f u s io n  and Decay o f  Turbu lent E l l i p t i c  
Wakes. A . I . A. A.  Jou rna l,  V o l .4, (1966), No.9, pp. I 5 6 6 -1 572.

LACKENBY, H. (1962) The Re s is tance  o f  Sh ip s ,  with Spec ia l Reference to  
Sk i n F r ic t io n  and Hul l  Surface Cond it ion . The T h ir ty -F o u r th  Thomas 
Lowe Gray Lecture. In s t i t u t io n  of Mechanical Eng ineers, L 4/62, London.

LAUFER, J. (155) The S t ru c tu re  of Turbulence in Fu l l y  Developed P ipe Flow. 
NÂCÂ, Report 1174, (1955).

LAUNDER, B.E. and SPALDING, D .B . (1972) Mathematical Models of Turbulence. 
Academic P re ss  1972, London and New York.

LAUNDER, B.E. adn SPALDING, D .B . (1974) The Numerical Computation of
Turbu lent Flows. Computer Methods in Appl i ed Mechanics and Eng ineer ing  3 
(1974), pp .269-289.

LAUNDER, B . E . , REECE, G.J. and ROD I , W. (1975) P rog re ss  in the Development of 
a ReynoId s - S t r e s s  Turublence C lo su re . J. F l u i d  Mech. (1975), V o l .68,
Pa rt  3, pp .537-566.

LEWKOWICZ, A .K ., HORLOCK, J.H ., HOAD IY, D. and PERKINS, H . J . (1970) A Fami ly 
of In teg ra l Methods fo r  P re d ic t in g  Turbu lent Bounda ry -Laye rs . A . I . A.A.  
Journa l,  V o l .8, (1970), pp.44.

MINH, H. and CHASSING, P . (1978) Some numerical P re d ic t io n s  of Incom pressib le  
Turbu lent Flows. Numerical Method in Laminer and Turub lent Flow. Jul y  
1978, Pentech P re ss ,  London: Plymouth.

MOSES, H.L. (1964) The Behaviour of Turbu lent Boundary-Layers in Adverse 
P re ssu re  Gradient. Gas Turb ine Laboratory, Massachusettes In s t ,  of 
Technology, Report 73, 1964.

MUSKER, A . J . (1977) Turbu lent Shear-F lows Near I r r e g u l a r l y  Rough Surface
With P a r t i c u la r  Reference to  S h i p s '  Hu l l s .  Ph.D. T he s is ,  U n iv e r s i t y  of 
L iverpool (1977).

MUELLER, T.J.  and REBERTSON, H.M. (1963) A Study of the Mean Motion and
Turbulence Downstream of a Roughness Element. Development in Theoretica l 
and Appl i ed Mechanics, Vo l . I ,  1963, pp.326-340.

MUELLER, T . J . ,  KORST, H.H. and CHOW, W.L. (1964) On the Separa t ion , Reattach­
ment, and Redevelopment of Incom pressib le  Turbu lent Shear Flow. Trans, 
of the ASME. J. B a s ic  Engng., June (1964),  pp.221-226.



-1 3 6 -

NEE, V.W. and KOVASZNAY, S .G . (1969) Simple Phenomenological Theory o f
Turbu lent Shear Flows. J. P h y s ic s  of F l u i d ,  Vo 1.12, No.3, March (1969), 
pp .473-484.

NKURADSE, J. (1933) Laws of Flow in Rough P ipes. T rns. NACA TM 1292 (1933).

OTTA, T. and ITOSAKA, M. (1976) A Separated and Reattached Flow on a B lun t
F l a t  P la te .  Trans, of the ASME, J. F l u i d  Engng., March (1976), pp.79-86.

PATANKAR, S .V.  and SPALDING, D .B . (1967) A F in i t e -D i f f e re n c e  Procedure fo r  
S o l v i n g  the Equations o f  the Two-Dimensional Boundary-Layer. In t.  J. 
Heat Mass T ransfe r,  Vol .10,  (1967), pp. I 3 8 9 -14 I I .

PATANKAR, S.V.  and SPALDING, D .B . (1970) Heat and Mass T ra n s fe r  in Boundary- 
Layers. In te r te x t  Books, London (1970).

PATANKAR, S.V.  and SPALDING, D .B . (1972) A C a lc u la t io n  Procedure fo r  Heat, 
Mass and Momentum T ran s fe r  in Three-Dimensional P a rab o l ic  Flows. Int.
J. Heat M .ss T ranfer, Vo 1.15, (1972), pp.1 7 8 7 - I 806.

PERRY, A.E. and JOUBERT, P .N . (1963) Rough Wall Boundary-Layers in Adverse 
P re ssu re  G rad ients. J. F l u i d  Mech. (1963), Vo 1.17, pp.9 9 3 - 1 I I .

PERRY, A.E. ,  SCHOFIELD, W.H. and JOUBERT, P .N . (1969) Rough WaI I  Turbu lent 
Bounda ry -Laye rs . J. F l u i d  Mech. (1969),  Vo l.37 , Part  2, pp.383-413.

PLATE, E. J .  and LIN, C .Y . (1965) The V e lo c ity  F i e l d  Downstream from a Two- 
Dimensional Model H i l l .  Colorado Sta te  U n iv e r s i t y  Rep. CER 65 EJP 14.

PLATE, E.G. (1967) D i f f u s i on  From a Ground Level Line Source In to  the
D istu rbed  Boundary-Layer Far Downstream From a Fence. In t.  J. Heat Mass 
T ran fe r,  (1967), Vol .10,  p p .195-205.

POPE, S.B . and WHITELAW, J .H . (1976) The C a lcu la t io n  of Near-Wak Flows. 
J. F l u i d  Mech. (1976), V o i .73, Part  I, pp.9-32.

PRESTON, J.H.  and LEWKOWICZ, A .K . (1973) P ropo sa ls  fo r  the Extension  of 
the In v e s t ig a t io n  o f  the E f fe c t  of Waviness and Roughness on Ship 
Re s is tance .  U n iv e r s i t y  o f  L ive rpoo l,  Mech. Engng. Dept., FM/AI/1973.

PUN, W.M. and SPALDING, D .B . (1977) A General Computer Program fo r  Two-
Dimensional E l l i p t i c  Flows. Imperial Col l ege,  London Mechanical Engng. 
Dept., Report No. HTS/76/2.



- 1 3 7 -

RANGARAJU, K.G., LOESER, J. and PLATE, E . J . (1976) V e lo c ity  P r o f i l e s  and 
Fence Drag fo r  a Turbu lent Boundary-Layer a long Smooth and Rough F la t  
P la te s .  J. F lu id  Mech. (1976), Vo l.76 , Part  2, pp.401-413.

R0BERTST0N, J .M . (1965) Hydrodynamics in Theory and A p p l ic a t io n .  P re n t ic e -  
H a l l ,  Englewood C l i f f s ,  N .J., 1965, p p .141-143.

SAKAMOTO, H., MORtYA, M. and ARIE, M. (1975) A Study on the Flow Around 
B lu f f  Bodies Immersed in Turbu lent Boundary-Layers. (Pa rt  I -  on the 
Form Drage of a Normal P la te ).  B u l le t in  of the JSME, Vo 1.18, N o .124, 
Oct. 1975).

SAKAMOTO, H., MORIYA, M. and ARIE, M. (1977) A Study on the Flow Around 
B lu f f  Bodies Immersed in Turub lent Bounda ry -Laye rs . (Pa rt  2 -  the 
P re ssu re  Forces Act ing  on In c l ined  P la te s ) ,  B u l le t in  of the JSME, Vo I .20, 
N o .139, Jan. (1977).

SHCLICHTING, H . ( I960) Boundary-Layer Theory. McGraw-Hill Book Co. Inc ., 
New York.

SFORZA, P.M. and MONS, R . (1970) Wall-Wake: Flow Behind a Leading Edge
Obstac le . A . I .A .A .  Journa l,  Dec. (1970), V o l .8, N o .12, pp. 2 162-2 167.

SMITH, F.T. (1973) Laminer Flow Over a Small Hump on a F la t  P la te . J. F lu id  
Mech. (1973), V o l .57, P a rt  4, pp.803-824.

STEIGER, M.H. and BLOOM, M.H. (1963) Three-Dimensional E f fe c ts  in V iscous 
Wakes. A . I .A .A .  Journa l,  V o l . I ,  1963, pp.776.

STRATFORD, B .S .  (1959) The P red ic t ion  of Separation  of the Turbulent Boundary- 
Layer. J. F lu id  Mech., (1959), V o l .5, Pa rt  I, pp.1 — 16.

TANY, I. and IUCHI, M. (1961) Experimental In ve s t ig a t io n  o f  Flow Separation 
A ssoc ia ted  with a Step o r  a Grove. Aeronautica l Research In s t i t u te ,  
U n iv e r s i t y  o f  Tokyq (1961), Report No.364.

TAYLOR, G . I . (1938) The Spectrum of Turbulence. Proc. Royal So c ie ty ,  A, 
Vo 1.164, pp.476-490.

TAULBEE, D.B. and ROBERTSON, J.M. (1972) Turbu lent Separation A n a ly s i s
Ahead of a Step. Trans, o f  the ASME, Journal- of B a s ic  Engng., Sept. (1972), 
pp.544-550.



- 13 8 -

TCHEN, C.M. (1953) On the Spectrum of Energy in Turbu lent Shear Flow.
Research Paper RP 2388, J n . l ,  Research, National Bureau of S tandards, 
Vo l.50 , N o .I,  June (1953), pp.51.

TILLMAN, W. (1945) In v e s t ig a t io n s  of Turbu lent  Boundary-Layer on P la te s .  
B r i t i s h  Rep. and T ra n s i .  CGD -  497, MAP -  VG 34 -  T, (1945).

TOWNES, H.W., GOW, J . L . ,  POWE, R.E. and WEBER, N . (1972) Turbu lent Flow 
in Smooth and Rough P ipe s.  Trnas. o f  the ASME, J. B a s ic  Engng.,
June (1972), pp.353-362.

TOWNSEND, A.A. (1947) The Measurement o f  Double and T r ip le  C o r re la t io n
D e r iv a t iv e  in I s o t ro p ic  Turbulence. Proc. Cambridge P h i l .  Soc .,  Vo l.43 , 
(1947), Pa rt  4, pp .560-570.

TOWNSEND, A.A. Cl 960) The Development of Turbu lent Boundary-Layers with
N e g l ig ib le  Wall S t r e s s .  J. F lu id  Mech. ( I9 6 0 ) ,  V o l .8, Part  I, p p . 143-155.

TOWNSEND, A.A. (1962) The Behav iour o f  a Turbu lent Boundary-Layer Near 
Separa t ion . J. F lu id  Mech. (1962), V o l . 12, pp.536-554.

TOWNSEND, A.A. (1976) The S t ru c tu re  o f  Turbulence Shear Flow. Cambridge 
U n iv e r s i t y  P re ss ,  Second Ed it io n ,  1976.

UEDA, H. and HINZE, J .O . (1975) F in e -S t ru c tu re  Turbulence in the Wall Region 
of a Turbu lent Boundary -Layer. J. F lu id  Mech. (1975), V o l .67, Part  I, 
p p .125-143.

VASLIC '-MELLING (1976) Three-Dimensional Turbu lent Flow Past Rectangu lar 
B lu f f  Bod ies. Imperial Co llege , London, Ph.D. The s is ,  A p r i l  (1977), 
HTS/77/10.

WOLFSHTINE, M. (1967) Convection P rocesses in Turbu lent Impinging Je ts .  
Imperial C o llege  Mech. Eng. Dept., Ph.D. T h e s is ,  Rep. SF/R/2.



FIG.12.1)

,=33h 8=.6h
J L

-13.5 h—
-290 h

(a)

h

(d)

8 = .7h
t ^ .

(c)

S = . i h S  A r ~ ' " x

12 h—
u  J
L 13h  21 h

(f)

S = 2h
■ 1

(91
22.5 h

100 h

M a )  T illm an ( I9 4 5 ) .  (b) A r ie  & Rouse ( I956) . (c) Tani et al C 19 6 1 ) . 

(d) Bradshaw & Galea ( I9 6 7 ) .  (e) Muler & Robertson ( I9 6 3 ) ,

Bradshaw & Wong ( I9 7 2 ).  ( f )  Good & Joubert ( I9 6 8 ) .  (g) and (h) 

Present experiment.



FLOW PATTERNS AROUND A NORMAL PLATE IMMERSED IN TURBULENT 
BOUNDARY-LAYER

FIG.C2.2)
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FIG.{3.5)
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( a )  INTER CONNECTIONS FOR TURBULENCE MEASURING EQUIPMENT
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EXPERIMENTS



MEAN VELOCITY 'AND STATIC PRESSURE DISTRIBUTIONS IN SPANWISE
DIRECTION ABOVE THE RIDGE

F I G.( 3.7)
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STATIC PRESSURE DISTRIBUTION ON FRONT AND REAR FIG.(4.1)
SURFACES OF RECTANGULAR CROSS-SECTION OBSTACLE
(RIDGE) ATTACHED TO ROUGH AND SMOOTH SURFACES

J

H
x

390ld dO lHOBH 9N01V 30NV1SIQ



STATIC PRESSURE DISTRIBUTION ON FRONT AND REAR
SURFACES OF H ILL  SHAPED OBSTACLE ATTACHED TO
ROUGH SURFACE

FIG .(4.2a)
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FIG. (4.2 b)STATIC PRESSUR DISTRTIBUT ION ON FRONT AND REAR
SURFACES OF H ILL  SHAPED OBSTACLE ATTACHED TO
ROUGH SURFACE

,  °  °  ?  
^ d =dO !N 3 I0 Id d 3 0 0  3 d n S S 3 d d  O U V 1 S

N
O

N
D

IM
EN

SI
O

N
A

L 
D

IS
TA

N
C

E



F IG

STATIC PRESSURE DISTRIBUTION ON UPPER SURFACE OF 
RECTANGULAR CROSS-SECTION OBSTACLE (RIDGE) 
ATTACHED TO ROUGH AND SMOOTH SURFACES
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STATIC PRESSURE DISTRIBUTION ON SEPARATION ZONE
DOWNSTREAM OF H ILL  ATTACHED TO ROUGH SURFACE

FIG.( 4.4b)
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MEAN VELOCITY DISTRIBUTIONS ON ROUGH PLATE 
WITHOUT RIDGE

FIG. (4,5 a)
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MEAN VELOCITY DISTRIBUTIONS ON SMOOTH PLATE 
WITHOUT RIDGE

F 10.(4.5b)
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MEAN VELOCITY DISTRIBUTION DOWNSTREAM OF RIDGE ATTACHED TO
ROUGH SURFACE

FI Gj 4.6a)
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MEAN VELOCITY DISTRIBUTION DOWNSTREAM OF RIDGE
ATTACHED TO SMOOTH SURFACE

FIG.l4.6c)
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MEAN VELOCITY DISTRIBUTION DOWNSTREAM OF RIDGE ATTACHED FIG.(4.7a)
TO ROUGH SURFACE IN '’LAW-OF-THE-WALL'’ CO-ORDINATES
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MEAN VELOCITY D ISTRIBUTION DOWNSTREAM OF HILL  ATTACHED
TO ROUGH SURFACE IN "LAW-OF-THE-WALL" CO-ORDINATES

F I G. (4.7 b)
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DISTRIBUTION OF THE ROUGHNESS FUNCTION —  
DOWNSTREAM OF RIDGE AND H ILL  ATTACHED U° 
TO ROUGH SURFACE

FIG.(4.Q)
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FIG.(4.10a)
1 -  BOUNDARY-LAYER SHAPE PARAMETER WITHOUT OBSTACLE FOR

ROUGH AND SMOOTH SURFACES

2 -  BOUNDARY-LAYER THICKNESS WITH AND WITHOUT OBSTACLE ON
ROUGH AND SMOOTH SURFACES

D istance  From  Leading Edge  X  mm
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VALUES OF CLAUSER PARAMETER G DOWNSTREAM
OF RIDGE AND. HI LL ON SMOOTH AND ROUGH

SURFACES

F 10(4.111

n o n d i m e n s i o n a l  d i s t a n c e



FIG.( 4.12a)
LONGITUDINAL TURBULENT NORMAL STRESS DOWNSTREAM
OF RIDGE AND H ILL  ATTACHED TO ROUGH SURFACE
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FIG.I4.12 b)
LONGITUDINAL TURBULENT NORMAL STRESS DOWNSTREAM 
OF RIDGE AND H ILL ATTACHED TO ROUGH SURFACE
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TRANSVERSE TURBULENT NORMAL STRESS DOWNSTREAM OF
RIDGE AND H ILL ATTACHED TO ROUGH SURFACE

FIG.C 4.13a)
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TRANSVERSE TURBULENT NORMAL STRESS DOWNSTREAM
OF RIDGE AND H ILL ATTACHED TO ROUGH SURFACE
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LONGITUDINAL TURBULENT NORMAL STRESS DOWNSTREAM OF
RIDGE ATTACHED TO ROUGH AND SMOOTH SURFACES

FIG. (4.14 a)
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LONGITUDINAL TURBULENT NORMAL STRESS DOWNSTREAM
OF RIDGE ATTACHED TO ROUGH AND SMOOTH SURFACES

FIG.(4.14b)
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TRANSVERSE TURBULENT NORMAL STRESS DOWNSTREAM OF
RIDGE ATTACHED TO ROUGH AND SMOOTH SURFACES

FIG. (4.15 a)
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TRANSVERSE TURBULENT NORMAL STRESS DOWNSTREAM OF
RIDGE ATTACHED TO ROUGH AND SMOOTH SURFACES
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FIG.l4.16a)
TURBULENT SHEAR STRESS DOWNSTREAM OF RIDGE AND
H ILL  ATTACHED TO ROUGH SURFACE
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TURBULENT SHEAR STRESS DOWNSTREAM OF RIDGE
AND H ILL  ATTACHED TO ROUGH SURFACE

FIG.(4.16b)
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TURBULENT SHEAR STRESS DOWNSTREAM OF RIDGE AND H ILL
ATTACHED TO ROUGH SURFACE

FIG.(4.16c)
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TURBULENT SHEAR STRESS DOWNSTREAM OF RIDGE
ATTACHED TO ROUGH AND SMOOTH SURFACES

FIG. (4.17a)
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TURBULENT SHEAR STRESS DOWNSTREAM OF RIDGE
ATTACHED TO ROUGH AND SMOOTH SURFACES
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TURBULENT SHEAR STRESS DOWNSTREAM OF RIDGE
ATTACHED TO ROUGH AND SMOOTH SURFACES

FIG. (4.17c)
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FIG. (4.18)
SKEWNESS FACTOR DOWNSTREAM OF RIDGE ATTACHED TO
ROUGH AND SMOOTH SURFACES
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FIG.I4.19)
FLATNESS FACTOR DOWNSTREAM OF RIDGE ATTACHED TO 
ROUGH AND SMOOTH SURFACES
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FIGJ4.20d)
, FREQUENCY SPECTRA OF u2 a t  x = 1390 mm 
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LONGITUDINAL SPATIAL CORRELATION COEFFICIENT
AT x = 225 mm DOWNSTREAM OF RIDGE ATTACHED TO
ROUGH AND SMOOTH SURFACES

FIG. (4.22a)

1*0 :
SM O O TH  P LA T E

I* 0
k  □

0-8

0-6

0 - A

□
&

«  □
^  A
e a e

□

V
•0

*  0  4  B

• ® 0  
• o  A 

.  0

X = 225 mm

• iiHoo 0*06

0 = o CJ

A = 0-63

0 — 1 *27
□

0-2 -
d .

A
o

• □
8

10 20 30 A 0

1-0

0-8

0-6  -

0 - A

0-2 -

A  Q

QA o
OA 0

*  B

.  ° o ^
O A
° A 

0 A  
° A o A

O

O

50 60 70

ROUGH P LA T E
x = 225 mm

□

• 6 = 0-06
o 0-3 -

A 0-63 -

0 1 - 27 -

□

i *  .

AA A
OOO

A 0A
A

-6-

0
A

10 20 30 A0 50 60

SEPARATION DISTANCE Ax mm

70



FIG.14.22 b)
LONGITUDINAL SPATIAL CORRELATION COEFFICIENT
AT x = 500 mm DOWNSTREAM OF RIDGE ATTACHED TO
ROUGH AND SMOOTH SURFACES
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FIG.( 4.23a)SECOND MOMENTS OF FREQUENCY SPECTRA OF u2
AT x = 225 mm DOWNSTREAM OF RIDGE ATTACHED
TO ROUGH AND SMOOTH SURFACES
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FIG. (4.23 b)
SECOND MOMENTS OF FREQUENCY SPECTRA OF u2
AT x = 500 mm DOWNSTREAM OF RIDGE ATTACHED
TO ROUGH AND SMOOTH SURFACES
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SECOND MOMENTS OF FREQUENCY SPECTRA OF u*
AT x = 1390 mm DOWNSTREAM OF RIDGE ATTACHED
TO ROUGH AND SMOOTH SURFACES

FIG (4.23d)
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MACRO-SCALE OF TURBULENCE DOWNSTREAM OF RIDGE
ATTACHED TO ROUGH AND SMOOTH SURFACES

FIG. (4.24)
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FIG.t4.25)
MICRO-SCALE OF TURBULENCE DOWNSTREAM OF
RIDGE ATTACHED TO ROUGH AND SMOOTH SURFACES
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TURBULENT EDDY VISCOSITY DOWNSTREAM OF .
RIDGE AND H ILL  ATTACHED TO ROUGH SURFACE

FIG.(4.26a)
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TURBULENT EDDY V ISCOSITY DOWNSTREAM OF
RIDGE ATTACHED TO ROUGH AND SMOOTH SURFACES

FIG.( 4.27b)
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FIG.(4-29a)
MIXING LENGTH DISTRIBUTIONS DOWNSTREAM OF
RIDGE AND H ILL  ATTACHED TO ROUGH SURFACE
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EDDY VISCOSITY PROPORTIONALITY CONSTANT a 
DOWNSTREAM OF RIDGE AND H ILL  ON SMOOTH AND 
ROUGH SURFACES

FIG.t4.28)
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T
MIXING LENGTH DISTRIBUTIONS DOWNSTREAM OF
RIDGE AND H ILL  ATTACHED TO ROUGH SURFACE

FIG. (4 .29b )
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MIXING LENGTH DISTRIBUTIONS DOWNSTREAM OF
RIDGE ATTACHED TO ROUGH AND SMOOTH SURFACES

FIG.lA-.30a)



MIXING LENGTH DISTRIBUTIONS DOWNSTREAM OF
RIDGE ATTACHED TO ROUGH AND SMOOTH SURFACES

F I G . ( 4 . 3 0 b )



AVERAGE VELOCITY IN THE ROUGH AND SMOOTH P IPES FIGX5.1)
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FIG.15 .4 a)
MEAN VELOCITY DISTRIBUTIONS DOWNSTREAM OF RING IN ROUGH

PIPE: (R0 = 1.06 x lO5)
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FIG.( 5.4b)
P IPE  (R = 4.5  x 10“ ) e

MEAN VELOCITY DISTRIBUTIONS DOWNSTREAM OF RING IN ROUGH
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MEAN VELOCITY DISTRIBUTIONS DOWNSTREAM OF RING IN SMOOTH
P IPE  (R = 4.5  x I0 1*)

FIG.( 5.4c)
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MEAN VELOCITY DISTRIBUTIONS DOWNSTREAM OF RING 
IN ’ LAW-OF-THE-WALL' CO-ORDINATES

IN ROUGH PIPE FlG.(5.5a)
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FIG.( 5.6 )
VARIATIONS OF THE WAKE ^PARAMETER II DOWNSTREAM OF RING IN 

ROUGH AND SMOOTH PIPES

X -C

UJ
o

<
I—
m
i—i
Q

Ol-H
m

u



F IG.( 5.7)VARIATIONS OF THE CENTRE LINE VELOCITY DOWNSTREAM OF RING 
IN ROUGH AND SMOOTH P IPES



F I G.{ 5.8 )WALL FRICTION COEFFICIENT DOWNSTREAM OF RING IN 
ROUGH AND SMOOTH PIPE
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F IG .(5 .9 )
I

TURBULENT SHEAR STRESS DISTRIBUTION IN
ROUGH AND SMOOTH PIPES
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LONGITUDINAL TURBULENT NORMAL STRESS DISTRIBUTIONS
DOWNSTREAM OF RING IN ROUGH AND SMOOTH P IPES

FI &( 5.10 a)
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LONGITUDINAL TURBULENT NORMAL STRESS DISTRIBUTIONS 
DOWNSTREAM OF RING IN ROUGH AND SMOOTH P IPES

FIG. (5.10 b)
04

o>
c •  8

•0  1 « * ^ °

=>
O

jC

fcl
UD
IX)

o  °

o  ©

UD
u5
<NT—
II

X -C
• o# °

O

O ©
n  © °

—  CM

CD
«

OÌ
II #  o .  < *  %

8 8 8 ^

04

O

04LU
CL

m

LU
CL
H—I
CL
X

m  -L  f—

UD O  O
3  O

" 0 2 :
X  l-C  ^  ^

•  o  •  ©(

•  0 * 0•  S  O

J ______ L J____ L j____ L

a
X

00 l£> CM
O  O  O  O

3 0 N V J L S IQ  1 V N 0 IS N 3 H IQ N 0 N

LO
N

G
IT

U
D

IN
A

L 
TU

RB
U

LE
N

T 
N

O
RM

AL
 

ST
R

E
SS



RADIAL TURBULENT NORMAL STRESS DISTRIBUTIONS
DOWNSTREAM OF RING IN ROUGH AND SMOOTH P IPES

FIG. (5.11 a)
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RADIAL TURBULENT NORMAL STRESS DISTRIBUTIONS 
DOWNSTREAM OF RING IN ROUGH AND SMOOTH P IPES

F IG. (5-11 b)
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PERIPHERAL TURBULENT NORMAL STRESS DISTRIBUTIONS
DOWNSTREAM OF RING IN ROUGH AND SMOOTH P IPES

F ia t 5.12a)
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PERIPHERAL TURBULENT NORMAL STRESS DISTRIBUTIONS
DOWNSTREAM OF RING IN ROUGH AND SMOOTH P IPES

FIGLI 5.12 b)
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TURBULENT SHEAR STRESS DISTRIBUTIONS DOWNSTREAM OF RING
IN ROUGH AND SMOOOTH P IPES

FI G.( 5.13a)
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FIG. (5.13b)TURBULENT SHEAR STRESS DISTRIBUTIONS DOWNSTREAM OF RING
IN ROUGH AND SMOOTH P IPES
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SKEWNESS FACTOR DOWNSTREAM OF RING IN ROUGH AND SMOOTH 

P IPES
FIG.t5.14)
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FIG.15.15)FLATNESS FACTOR DOWNSTREAM OF RING IN ROUGH AND SMOOTH 
PIPES
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FIG. (5-16 a)
FREQUENCY SPECTRA OF u2 AT £  = I 1.9 DOWNSTREAM OFn
RING IN ROUGH P IPE
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FREQUENCY SPECTRA OF u2 AT £  = 35.6 DOWNSTREAM OF 

RING IN ROUGH PIPE

FIG.(5.16b)







FREQUENCY SPECTRA OF u2 IN ROUGH P IPE  WITHOUT RING FIG.(5.16e)



FREQUENCY SPECTRA OF u2 AT x/h = I I .9 DOWNSTREAM
OF RING IN SMOOTH P IPE

FIG(5>17a)





UUUJ

FREQUENCY SPECTRA OF u2 AT x/h = 6 3 . 3  DOWNSTREAM FlG (5 17c)
OF RING IN SMOOTH P IPE



FIG.(5.17d)FREQUENCY SPECTRA OF u2 AT x/h = 126.6 DOWNSTREAM
OF RING IN SMOOTH P IPE



FIG.(5.17e)FREQUENCY SPECTRA OF u2 FOR SMOOTH P IPE 
WITHOUT RINQ
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SECOND MOMENTS OF FREQUENCY SPECTRA OF u2 AT FIG (5 1 8 â)
x/h = 11.9 DOWNSTREAM OF RING IN SMOOTH AND ROUGH .
P IPES
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SECOND MOMENTS OF FREQUENCY SPECTRA OF u2 AT
x/h = 3 5 . 6  DOWNSTREAM OF RING IN SMOOTH AND ROUGH
P IPES

FIG.( 5.18b)
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SECOND MOMENTS OF FREQUENCY SPECTRA OF u2 AT
x/h = 6 3 . 3  DOWNSTREAM OF RING IN SMOOTH AND ROUGH
PIPES

FIG.(5.18c)
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SECOND MOMENTS OF FREQUENCY SPECTRA OF u2 AT
x/h = 126.6 DOWNSTREAM OF RING IN SMOOTH AND ROUGH
PIPES

FIG. (5.18d)

I  Q2Ct

fSIC
£
(Nl

0-16

0-12

0P8

SMOOTH PÍPE

*•  □  D  

È  °

A
□o

t

s
G

R

9

A >
□

=126.6

= 0.02

= 0.35 

= 0.63

= 1.0

□ A
o

I
o o

¿P ü  yyr

0 D  

0.2 0

016

0.08

0.04

—
•

•
□

~ D ° A
o o .

• A
" A □
□ o

■ * A

a
□

A
•
A
0
»

ROUGH PIPE
- r  = 1 2 6  
n

•  R  = ° -0 2

o

A
= 0.35 

= 0-63 

=1.0

©A

v  _  2 n n  - i f\ - -y— mm'



i
?

F
T

n
)

SECOND MOMENTS OF FREQUENCY SPECTRA OF u2 FOR
SMOOTH AND ROUGH P IPES WITHOUT RING
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LONGITUDINAL SPATIAL CORRELATION COEFFICIENT AT
x/h = 1 1 . 9  DOWNSTREAM OF RING IN ROUGH AND SMOOTH PIPES

FIG.(5.19a)
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LONGITUDINAL.SPATIAL CORRELATION COEFFICIENT AT
x/h ~ 35.6 DOWNSTREAM OF RING IN ROUGH AND SMOOTH P IPES

FIG.(5.19b)
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x/h = 6 3 . 3  DOWNSTREAM OF RING AND ROUGH AND SMOOTH P IPES
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FIG.15-19d)LONGITUDINAL SPATIAL CORRELATION COEFFICIENT AT
x/h = 126.6 DOWNSTREAM OF RING IN ROUGH AND SMOOTH P IPES



LONGITUDINAL SPATIAL CORRELATION COEFFICIENT |N
ROUGH AND SMOOTH P IPES WITHOUT RING

F IG.(5.19e)
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F C (  5.20a)
MICRO-SCALE OF TURBULENCE DOWNSTREAM OF RING IN

ROUGH AND SMOOTH PIPES
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Fia i 5.20 b)
MACRO-SCALE OF TURBULENCE DOWNSTREAM OF RING IN

ROUGH AND SMOOTH P IPES
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TURBULENT EDDY VISCOSITY DOWNSTREAM OF RING IN
ROUGH AND SMOOTH PIPES

FIG.( 5.21a)
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TURBULENT EDDY VISCOSITY DOWNSTREAM OF RING FfG.(5.21b)
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FIG .I5.2K)TURBULENT EDDY VISCOSITY DOWNSTREAM OF RING IN
ROUGH AND SMOOTH PIPES
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FIG.15.22 a)
MIXING LENGTH DISTRIBUTIONS DOWNSTREAM OF RING IN

ROUGH AND SMOOTH PIPES
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MIXING LENGTH DISTRIBUTIONS DOWNSTREAM OF RING IN

ROUGH AND SMOOTH PIPES
FIG.( 5.22 b)
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FIN ITE-D IFFERENCE GRID AROUND THE TWO-DIMENSIONAL 
OBSTACLE (RIDGE)

FIG.( 6.1 )
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STREAM LINE PATTERNS IN THE RECIRCULATING FLOW REGION 
UPSTREAM AND DOWNSTREAM OF THE OBSTACLE ATTACHED TO 
ROUGH AND SMOOTH PLATES

FIG.(6.2)
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STREAM LINE PATTERNS IN THE RECIRCULATING FLOW REGION FIGJ6.3)
UPSTREAM AND DOWNSTREAM OF THE OBSTACLE ATTACHED TO 
ROUGH AND SMOOTH PLATES (WITH DIFFERENT VALUES OF THE 
CONSTANTS C1# C2, a k AND a£ )



FIG.16.4)STREAM LINE PATTERNS IN THE RECIRCULATING FLOW REGION 
UPSTREAM AND DOWNSTREAM OF THE RIDGE ATTACHED TO 
SMOOTH PLATE (WITH DIFFERENT VALUES OF THE CONSTANTS 
C i, C2, ct|< and a£ )



COMPARISON BETWEEN PREDICTED AND EXPERIMENTAL MEAN ■
VELOCITY DISTRIBUTIONS DOWNSTREAM OF THE RIDGE ATTACHED
TO ROUGH AND SMOOTH PLATES

FIG.( 6. 5)
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FIG.16.6)
COMPARISON BETWEEN PREDICTED AND EXPERIMENTAL WALL
FRICTION COEFFICIENT c f DOWNSTREAM OF THE RIDGE ATTACHED
TO SMOOTH PLATE
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COMPARISON BETWEEN PREDICTED AND EXPERIMENTAL KINETIC
ENERGY DISTRIBUTIONS DOWNSTREAM OF THE RIDGE ATTACHED
TO ROUGH AND SMOOTH PLATES

FIG.( 6 .7 )
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BOUNDARY-LAYER INTEGRAL THICKNESSES.6*,  0 AND 
SHAPE PARAMETER H DOWNSTREAM OF THE RIDGE ATTACHED 
TO ROUGH AND SMOOTH PLATES

FIG.(6.8 )
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F IG.( A.11PROFILES FOR THE IRREGULAR ROUGH PLATE USED IN THE PRESENT

Average Sta t i s t ica l  Charactert ist ics
1 values in ym )

Peak-to-Valley Height 1095

10-Point-Height 980

Centre Line Av. Height 136

Std. Deviation 180

Max. Peak from Mean 608

Min. Valley from Mean 488

Skewness 0.72
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Flatness 4.03




