
THE EFFECT OF FREE- STREAM TURBULENCE 

ON TURBULENT BOUNDARY LAYERS 

by 

PHI LI P ERNEST HANCOCK 

DEPARTMENT OF AERONAUTI CS,  

I MPERI AL COLLEGE,  

UNI VERSI TY OF LONDON.  

A Thesi s submi t t ed f or  t he degr ee of  

Doct or  of  Phi l osophy at  t he Uni ver si t y of  

London,  Jul y 1980.  



ABSTRACT 

Mean f l ow and t ur bul ence measur ement s of  a t wo- di mensi onal ,  

i ncompr essi bl e,  const ant - pr essur e,  f l at - pl at e t ur bul ent  boundar y l ayer  

beneat h a near l y homogeneous,  near l y i sot r opi c ( gr i d- gener at ed)  

t ur bul ent  f r ee st r eam ar e pr esent ed.  	 1600 < Ree < 5000.  

Thomas & Hancock ( 1977,  appendi x 1)  have shown exper i ment al l y  

t hat  f or  hi gh Reynol ds number s t he i mper meabl e- sur f ace condi t i on . v = 0 

on uni f or ml y- convect ed gr i d- gener at ed t ur bul ence pr i mar i l y  af f ect s t he 

l ar ge scal e mot i on;  t he condi t i on af f ect s a l ayer  appr oxi mat el y 2Le 

i n t hi ckness,  wher e Le i s t he f r ee- st r eam l engt h scal e.  I t  i s  shown i n 

t he pr esent  t hesi s t hat  t he r at i o bet ween f r ee- st r eam and boundar y 

l ayer  l engt h scal es,  Le/ 6,  has a l ar ge ef f ect ,  at  l east  when 

Le/ 6 = 0[ 1] .  Thi s ef f ect  was l ar gel y obscur ed i n pr evi ous wor k.  

A car ef ul  set  of  mean vel oci t y pr of i l es and ski nzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- f r i c t i on 

measur ement s have subst ant i al l y  c l ar i f i ed t he quant i t at i ve ef f ect  on 

t he mean f l ow.  The l aw of  t he wal l  i s  unaf f ect ed whi l e t he def ect  

l aw i s dependent  upon bot h t he f r ee- st r eam i nt ensi t y,  ( u' / U) e ( st r i c t l y  

u~/ uzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, ) ,  and Le/ 6.  An empi r i cal l y- der i ved cor r el at i on f or  t he ski n 

f r i c t i on i s  gi ven.  

A s l i ght l y  heat ed boundar y l ayer  and a t hr ee- wi r e pr obe 

( compr i s i ng a convent i onal  X- wi r e pr obe and a f l uct uat i ng- t emper at ur e 

pr obe)  enabl ed condi t i onal l y- sampl ed as wel l  as convent i onal  

t ur bul ence measur ement s.  Di gi t al  s i gnal  pr ocessi ng was used.  The 

condi t i onal l y- sampl ed f l uct uat i ons wer e measur ed wi t h r espect  t o 

convent i onal l y- aver aged means.  

The t ur bul ent / t ur bul ent  i nt er f ace i s even mor e cont or t ed wi t h 

i ncr eased penet r at i on by ext er nal  ( i . e.  ' col d' )  f l ui d t owar ds t he 

wal l ,  and wi t h wi sps of  boundar y l ayer  ( i . e.  ' hot ' )  f l ui d r eachi ng wel l  

beyond t he boundar y l ayer  edge.  These wi ss 
-

cont ai n negl i gi bl e shear  

st r ess but  some quant i t i es,  most  not abl y 1v"  and -yH , ar e by no means H  
negl i gi bl e.  St r uct ur al  par amet er s based on ei t her  convent i onal  or  

hot - zone t ur bul ence quant i t i es ar e gener al l y  dependent  upon bot h 

( u' / U)  and Le/ d.  For  a non- t ur bul ent  f r ee st r eam t he col d- zone r at i os 

- uvC/ i ( uC vC)  and - ī  i g r each val ues l ar ger  t han t he cor r espondi ng 

r at i os f or  t ur bul ent  mot i on,  and ar e onl y s l owl y r educed by f r ee-

st r eam t ur bul ence.  

Bal ances of  t he t ur bul ent  k i net i c ener gy and shear - st r ess 

t r anspor t  equat i ons ar e pr esent ed.  

I mpl i cat i ons f or  cal cul at i on met hods ar e ver y br i ef l y  

di scussed.  
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4. 2 Fl ow di agr am f or  t he i nt er mi t t ency al gor i t hm LAGTHR 

a)  Fl ow di agr am 

b)  Al gor i t hm var i abl es ( descr i pt i on of )  

4. 3 	 I l l ust r at i on of  i nt er mi t t ency al gor i t hm t hr eshol ds 

4. 4 Thr eshol d 62  val ues 



I ' 

I t  11 

11 

fl  f l  

11 11 

f)  

g)  
h)  
i)  

j)  

st n 8 

st n 10 

st n 12 

st n 14 

st n 16 

•  4. 5 Mean t emper at ur e pr of i l es 

a)  No gr i d 

b)  7. 6 cm gr i d,  XLE  =  2.06 m,  st n 6 

c)  15. 2 cm gr i d,  
XLE = 2. 06 m,  st ns 6,  8,  10,  12,  14,  16 

d)  7. 6 cm gr i d,  XLE  =  0.30 m,  st ns 8,  16 

e)  15. 2 cm gr i d,  XLE = 1. 37 m,  st n 6 

f )  15. 2 cm gr i d,  XLE  = 0. 76 m,  st n 10 

4. 6 	 Di r ect - st r ess pr of i l es 

a)  No gr i d,  st n 6 

b)  No gr i d,  st n 14 

c)  7. 6 cm gr i d,  XLE = 2. 06 m,  st n 6 

d)  7. 6 cm gr i d,  XLE  =  0.30 m,  st n 16 

e)  15. 2 cm gr i d,  
XLE 

= 2. 06 m,  st n 6 

f) " st n 8 

g)  "  	 st n 10 

h)  "  	 st n 12 

i )  "  	 "  	 st n 14 

j )  st n 16 

k)  7. 6 an gr i d,  XLE =  0.30 m,  st n 8 

k)  15. 2 cm gr i d,  XLE  = 1. 37 m,  st n 6 

m)  15. 2 cm gr i d,  XLE  = 0. 76 m,  st n 10 

4. 7 Shear - st r ess pr of i l es 

a)  No gr i d,  st n 6 

b)  No gr i d,  st n 14 

c)  7. 6 cm gr i d,  XLE  = 2. 06 m,  st n 6 

d)  7. 6 cm gr i d,  XLE  = 0. 30 m,  st n 16 

e)  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 6 

k)  - ūv pr of i l es of  f i gur es e)  t o j )  nor mal i zed on uT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

9.) 7. 6 cm gr i d,  XLE  =  0.30 m,  st n 8 

m)  15. 2 cm gr i d,  XLE  =  1.37 m,  st n 6 

n)  15. 2 cm gr i d,  XLE  = 0. 76 m,  st n 10 

4. 8 	 V?' ues of  605/ 5995  di spl ayed at  appr opr i at e ( u' / U) e  and 

L 6
995  



4 4. 9 	 Di r ect - st r ess pr of i l es 

a)  No gr i d 

b)  ( u' / U) e  0. 025 

c)  ( u' / U) e  z 0. 040 

d)  ( u' / U) e  = 0. 0575 

4. 10 Shear - st r ess cor r el at i on coef f i c i ent  and t he r at i o - uv/ q 

a)  No gr i d 

b)  ( u' / U) e  z 0. 025 

c)  ( u' / U) e  74 0. 040 

d)  ( u' / U) e  = 0. 0575 

e)  15. 2 cm gr i d,  XLE = 2. 06 m,  st ns 6,  8,  10,  12,  14,  16 

4. 11 Thi r d- or der  pr oduct s u3,  

a)  No gr i d,  st n 6 

b)  No gr i d,  st n 14 

c)  7. 6 cm gr i d,  XLE  = 2. 06 m,  st n 6 

d)  7. 6 cm gr i d,  XLE = 0. 30 m,  st n 16 

e)  15. 2 cm gr i d,  XLE = 2. 06 m,  st n 6 

f )  st n 8 

g)  "  	 st n 10 

h)  11 	 st n 12 

i )  11 	 11 	 st n 14 

j )  11 s t n 16 

k)  7. 6 cm gr i d,  XLE  = 0. 30 m,  st n 8 

Q)  15. 2 cm gr i d,  XLE  = 1. 37 m,  st n 6 

m)  15. 2 cm gr i d,  XLE  = 0. 76 m,  st n 10 

4. 12 Thi r d- or der  pr oduct s ,  	 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17, uw 
a)   

b)   

c )   

d)   

e)   

f )   

g)  As f or  f i gur e 4. 11 

h)   

i )   

J)  

k)  

e.) 

m)  



• 4. 13 Tr anspor t  vel oci t i es VT and Vq  

a)  No gr i d 

b)  ( u' / U) e  z  0. 025 

c)  ( u' / U) e  z 0. 040 

d)  ( u' / U) e  = 0. 0575 

e)  15. 2 cm gr i d,  XLE = 2. 06 m,  st ns 6,  8,  10,  12,  14,  16 

4. 14 Smoke- f i l l ed boundar y l ayer  ( phot ogr aphs of )  

4. 15 Cal comp- pl ot  sampl es 

a)   

b)   

No gr i d,  st n 6 

st n 14 

c)   ( u' / U) e  = 0. 0240,  Le/ 6995 = 1. 88 

d)   0. 0255,  	 "  0. 67 

e)   0. 0410,  1. 90 

f )   0. 0399,  11 0. 71 

g)   0. 0575 11 1. 83 

h)   0. 0575 "  1. 34 

4. 16 I nt er mi t t ency f act or  pr of i l es 

a)  No gr i d 

b)  Compar i son of  no- gr i d measur ement s wi t h t hose of  

ot her  wor ker s 

c)  ( u' / U) e  z 0. 025 

d)  ( u' / U) e  z  0. 040 

e)  ( u' / U) e  = 0. 0575 

f )  15. 2 cm gr i d,  XLE  = 2. 06 m,  st ns 6,  8,  10,  12,  14,  16 

4. 17 Aver age posi t i on y of  t he i nt er f ace 

a)  Val ues of  7/ 5995  di spl ayed at  appr opr i at e ( u' / U) e  and 
u 

Le/ ( 5995 
b)  Val ues of  y` / S05  di spl ayed at  appr opr i at e ( u' / U) e  and 

0/ 6 

4. 18 Aver age bur st  f r equency and aver age bur st  l engt hs 

a)  No gr i d 

b)  ( u' / U) e  z 0. 025 

c)  ( u' / U) e  z 0. 040 

d)  ( u' / U) e  z 0. 0575 

e)  Aver age bur st  f r equency,  15. 2 cm gr i d,  XLE  = 2. 06 m 

f )  l engt h,   

4. 19 Condi t i onal l y- aver aged mean vel oci t i es 

a)  No gr i d,  st n 14 

b)  7. 6 cm gr i d,  XLE = 2. 06 m,  st n 6 

c)  7. 6 cm gr i d,  XLE  = 0. 30 m,  st n 16 

d)  15. 2 cm gr i d,  XLE = 2. 06 m,  st n 10 

- xv - 



•  e)  7. 6 cm gr i d,  XLE = 0. 30 m,  st n 8 

f )  15. 2 cm gr i d,  XLE = 1. 37 m,  st n 6 

g)  15. 2 cm gr i d,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXLE = 0. 76 m,  st n 10 

4. 20 Condi t i onal l y- aver aged di r ect - st r ess pr of i l es 

a)  No gr i d,  st n 6 

b)  No gr i d,  st n 14 

c)  7. 6 cm gr i d,  XLE  = 2. 06 m,  st n 6 

d)  7. 6 cm gr i d,  XLE  = 0. 30 m,  st n 16 

e)  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 6 

f )  st n 8 

g)  "  	 st n 10 

h)  11 	 st n 12 

i) 11 "  	 st n 14 

j) 11 st n 16 

k)  7. 6 cm gr i d,  XLE = 0. 30 m,  st n 8 

£)  15. 2 cm gr i d,  XLE  = 1. 37 m,  st n 6 

m)  15. 2 cm gr i d,  XLE  = 0. 76 m,  st n 10 

4: 21 Condi t i onal l y- aver aged shear - st r ess pr of i l es 

a)   

b)   

c)  

d)   

e)   

f )   

g)  As f or  f i gur e 4. 20 

h)   

i )   

j )   

k )   

9W,) 

m)  

4. 22 Hot - zone shear - st r ess cor r el at i on coef f i c i ent  and t he 

r at i o - ūvH/  H 

a)  No gr i d 

b)  ( u' / U) e  0. 025 

c)  ( u' / U) e .  0. 040 

d)  ( u' / U) e  = 0. 0575 

4. 23 Col d- zone shear - st r ess cor r el at i on coef f i c i ent  and t he 

r at i o - uv / q 

a)  No gr i d 

b)  ( u' / U) e  0. 025 



•  c)  ( u' / U) e 	 0. 040 

d)  Cu' / U) e  = 0. 0575 

Col d- zone t r i pl e pr oduct s,  no gr i d 

Zonal  cont r i but i ons t o u 

a)  	 ( u' / U) e  = 0. 0240,  L/ 5995 = 1. 88 

b)  0. 0255,  

c)  0. 0410,  

d)  0. 0399,  

e)  11 0. 0575,  

f )  0. 0575,  	 "  

0. 67 

1. 90 

0. 71 

1. 83 

1. 34 

Zonal  cont r i but i ons t o v
3.  

4. 24 

4. 25 

4. 26 

a)   

b)   

c )  As f or  f i gur e 4. 25 
d)   

e)   

f )   

4. 27 Zonal  cont r i but i ons t o u v 

a)   

b)   

c )  As f or  f i gur e 4. 25 
d)   

e)   

f )   

4. 28 Zonal  cont r i but i ons t o uv 

a)   

b)   

c )  As f or  f i gur e 4. 25 
d)   

e)   

f )   

4. 29 Hot - zone t r anspor t  vel oci t i es VT, H and Vq, H  

a)  No gr i d 

b)  ( u' / U) e 0. 025 

c)  ( u' / U) e  z 0. 040 

d)  ( u' / U) e  = 0. 0575 

4. 30 Rat i o of  hot - zone t r anspor t  vel oci t i es,  VT, H/ Vq, H  

4. 31 Hot - zone t r anspor t  vel oci t y Vq, H  pl ot t ed agai nst  y/ y 

4. 32 Col d- zone t r anspor t  vel oci t i es VT, c  and Vq, c  

a)  No gr i d 

b)  ( u' / U) e  0. 025 



c)  ( u' / U) e  z 0. 040 

d)  ( u' / U) e  = 0. 0575 

4. 33 Skewness of  u 

a)  No gr i d,  st n 14 

b)  ( u' / U) e  z 0. 025 

c)  ( u' / U) e ' '  0. 040 

d)  ( u' / U) e  = 0. 0575 

4. 34 Skewness of  v 

a)   

b)  As f or  f i gur e 4. 33 
c)   

d)   

4. 35 Fl at ness of  u 

a)   

b)  As f or  f i gur e 4. 33 
c)   

d)   

4. 36 Fl at ness of  v 

a)   

b)  As f or  f i gur e 4. 33 
c)   

d)   

4. 37 Bal ances of  t he t ur bul ent  k i net i c ener gy t r anspor t  equat i on 

a)  No gr i d,  st n 14 

b)  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 8 

c)  st n 14 

4. 38 Bal ances of  t he t ur bul ent  shear  st r ess t r anspor t  equat i on 

a)  No gr i d,  st n 14 

b)  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 8 

c)  11 s t n 14 

4. 39 Di ssi pat i on l engt h scal e LT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA = ( 47i ) 3/ 2/6 
4. 40 Di ssi pat i on l engt h scal e Lq  = ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq ) 3/ 2/ 6 

4. 41 Eddy v i scosi t y 

a)  No gr i d 

b)  ( u' / U) e  0. 025 

c)  ( u' / U) e '  0. 040 

d)  ( u' / U) e  = 0. 0575 

4. 42 Mi xi ng l engt h 

a)  No gr i d 

b)  ( u' / U) e  z  0. 025 



c)  ( u' / U) e  0. 040 

d)  ( u' / U) e  = 0. 0575 

4. 43 Di f f usi on f unct i on 

a)  No gr i d 

b)  ( u' / U) e  z 0. 025 

c)  ( . u' / U) e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 2,  0. 040 

d)  ( u' / U) e  = 0. 0575 

e)  15. 2 cm gr i d,  XLE = 2. 06 m,  st ns 6,  8,  10,  12,  14,  16 



NOMENCLATURE 

a 

al   

B 

B'  

C 

C 

Ce  

Cf   

E 

Eo  

e 

Fu  

Fv  

Fu, H  

Fv, H  

Fu, C  

Fv, C  
f I   

G  
G 

G'  

Gr  

9 

9 
H 

I D 

k 

ke  

L 

LT  

Lq  

Le 

Lu  

Exampl e 
equat i on 

3. 3. 3 Conver gence/ di ver gence or i gi n of  t he boundar y l ayer  

St r ess r at i o -  - uv/ q 

Hot - wi r e cal i br at i on const ant  

Hot - wi r e cal i br at i on const ant  

Const ant  i n decay l aw 

Const ant  i n l ogar i t hmi c l aw of  vel oci t y pr of i l e 

Const ant  i n l ogar i t hmi c l aw of  t emper at ur e pr of i l e 

Ski n- f r i c t i on coef f i c i ent  = 2TW/ ( pU2)  

Mean vol t age ( unl ess ot her wi se st at ed)  f r om hot - wi r e 

anemomet er  

Hot - wi r e cal i br at i on const ant  

Fl uct uat i ng vol t age,  ē = 0 

Fl at ness f act or  __ uzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7/ ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu) 2  

Col d- zone f l at ness f act or  = U/ (  C) 2 

v4/ ( v2) 2  

Hal f  of  i nt er f ace aver age cr ossi ng f r equency 

Cl auser  shape par amet er  

Di f f usi on f unct i on 

Appr oxi mat i on f or  di f f usi on f unct i on 

Gr ashof  number  

Wake f unct i on 

Gr avi t at i onal  accel er at i on 

Shape par amet er  = S* / 6 

I nt er mi t t ency f unct i on gener at ed by LAGTHR 

von Kar man' s const ant  

Const ant  i n l ogar i t hmi c t emper at ur e l aw of  t he wal l  

A l engt h scal e of  t he ener gy- cont ai ni ng eddi es 

Di ssi pat i on l engt h scal e -  ( - ūv) 3/ 2/ c 

Di ssi pat i on l engt h scal e -  q / 2/ c 

Di ssi pat i on l engt h scal e of  f r ee- st r eam t ur bul ence 

= 2( qe)  	 / ( Ue. dge/ dx)   

Di ssi pat i on l engt h scal e of  f r ee- st r eam t ur bul ence 

_ (e)
3/ 2

/ ( Ue. due/ dx)  

Hot - zone f l at ness f act or  -  uH/ ( H) 2  

v4/ ( v
2) 2  

H H 

2. 4. 6 

2. 4. 2 

3. 1. 20 

2. 2. 3 

1. 2. 25 

2. 4. 2 

2. 4. 2 

4. 8. 10 

4. 8. 12 

3. 3. 6 

2. 2. 3 

1. 2. 25 



Lx 	 I nt egr al  l engt h scal e 	 3. 2. 10 
11 

L 	 H 	 11 
X22 

L 	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ I I  	 0 	 U 

X33 
L1 	 Hot - bur st  aver age l engt h 	 4. 5. 3 

L(
1- Y)  
	 Col d- bur st  aver age l engt h 	 4. 5. 4 

t  	 Mi xi ng l engt h 	 4. 8. 2 

M 	 Tur bul ence- gr i d mesh s i ze 

M 	 Mach number  

Nu 	 Nussel t  number  

n 	 Exponent  i n hot - wi r e cal i br at i on 	 2. 4. 2 
n 	 Exponent  i n decay l aw 	 3. 1. 17 

p 	 Mean st at i c  pr essur e 

p'  	 Fl uct uat i ng st at i c  pr essur e,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApT = 0 

Q 	 Ar bi t r ar y quant i t y  	 4. 2. 1 

q 	 Vel oci t y f l uct uat i on,  q2 -  u2 I .  v2 + w2 

R 	 Pr obe r esi st ance 

Re 	 Reynol ds number  = UeS/ v 

Re6*  	 Reynol ds number  = UeS* / v 

Ree 	 Reynol ds number  -  Ue6/ v 

_ 	 -7 3zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ 2 Su 	 Skewness f act or  = u3/ ( u3) 3/ 2 

S 	 Q 	it 	= V /(V ) Sv 	 3 -7 3/2 

Su, H 	 Hot - zone skewness f act or  = uH/ ( uH)  

_ -7 7 3/ 2 Sv, H I I  	 11 	 n 	 n 	
=v~( vH2 -  	

3/ 2 
Su, C 	 Col d- zone skewness f act or  = 	

( x) 3/ 2 ~1 	 11 	 I t  	 11 S 	 = v CzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/(v C) 

T 	 Mean t emper at ur e 

Te 	 Fr ee- st r eam mean t emper at ur e 

TW 	 Wal l  mean t emper at ur e 

TW 	 Hot - wi r e t emper at ur e 

TT 	Fr i ct i on t emper at ur e 	 1. 2. 25 

t  	 Ti me 

U 	 Mean vel oci t y i n x ( or  X)  di r ect i on 

V 	 "  y di r ect i on 

W 	 I .  	 11"  z di r ect i on 

Ue 	 Fr ee- st r eam mean vel oci t y 

u 	 Fl uct uat i ng vel oci t y i n x ( or  X)  di r ect i on,  ū = 0 



❑ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFl uct uat i ng vel oci t y i n y di r ect i on 

	

11 	11 w H 	 z di r ect i on 

u'  R. M. S.  of  u -  i  

v' 
II 	U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE 1 

w' n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	w  _f w2 

Uef f  	
Ef f ect i ve vel oci t y over  hot  wi r e 	 2. 4. 3 

uT 	 Fr i ct i on vel oci t y = ❑TW/ p 

VE 	 Ent r ai nment  vel oci t y 	 4. 4. 2 

Vq 	 Tr anspor t  vel oci t y of  t ur bul ent  k i net i c ener gy 	 4. 4. 3 

VT 	
shear  st r ess 	 4. 4. 4 

W 	 Wake f unct i on 	 3. 3. 9 

X 	 Di st ance downst r eam f r om t ur bul ence gr i d/ t ur bul ence 

gener at or  mi d pl ane 

x 	 Di st ance downst r eam f r om pl at e l eadi ng edge 

y 	 Di st ance above pl at e 

z 	 Di st ance f r om pl at e cent r e l i ne 

y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	Aver age posi t i on of  i nt er mi t t ency i nt er f ace,  def i ned 

by t he posi t i on at  whi ch y = 0. 5 

2. 4. 9 a 	 Temper at ur e coef f i c i ent  of  r esi st ance 

I nt er mi t t ency f act or  

6 	 A boundar y l ayer  t hi ckness based on t he mean vel oci t y 

pr of i l e 

6 	 Cor r ect i on t o ef f ect i ve wi r e angl es 

699 	 Boundar y l ayer  t hi ckness def i ned by t he posi t i on at  

U/ Ue  = 0. 99 

6995 
	 Boundar y l ayer  t hi ckness def i ned by t he posi t i on at  

whi ch U/ Ue  = 0. 995 

505 	 Boundar y l ayer  t hi cnkess def i ned by t he posi t i on at  

whi ch - uv/ u2  = 0. 05 
CO 

6*  	 Di spl acement  t hi ckness -  J( 1- U/ Ue) dy 
0 

c 	 Di ssi pat i on r at e of  t ur bul ent  k i net i c ener gy 	 3. 1. 3 

c 	 Hot - wi r e t emper at ur e cor r ect i on f act or  	 2. 4. 10 

8 	 Fl uct uat i ng t emper at ur e,  e -  0 

8 	 Moment  	 t hi ckness ; f
oe 

( 1- U/ U) U/ Udy 

u Vi scof  t y
o  

❑ Ki nemat i c v i scosi t y 



v T 	 Eddy vi scosi t y 	 4. 8. 1 

I I  	 Vel oci t y pr of i l e ' wake'  st r engt h ( or  par amet er )  	 3. 3. 6 

ne 	 Temper at ur e pr of i l e ' wake'  st r engt h 	 1. 2. 25 

p 	 Densi t y 

a 	 Hot - wi r e over heat  r at i o 	 2. 4. 10 

a 	 St andar d devi at i on of  i nt er mi t t ency f act or  pr of i l e 

T 	 Shear  st r ess -  - puv + uau/ ay 

TW 	 Wal l  shear  st r ess 

11)  	 Rot at i on ( f ol l owi ng r . h.  scr ew r ul e)  of  x- wi r e pr obe 	 2. 4. 3 

about  i t s  l ongi t udi nal  axi s ( 4)  = 0 when wi r es par al l el  

wi t h x- y pl ane.  	 4)  = Tr / 2 when wi r es par al l el  wi t h 

x- z pl ane. )  

4) 11 	 Spect r al  densi t y 	 3. 2. 5 

$22 

4)33 

* ef f  	 Ef f ect i ve wi r e angl e 	 2. 4. 3 

of f ,  	 Rot at i on ( ' yaw' )  of  pr obe about  t he y- axi s used f or  

wi r e angl e measur ement  

Subscr i pt s:  

e 	 Fr ee- st r eam val ue 

C 	 Col d- zone condi t i onal  aver age 

H 	 Hot - zone condi t i onal  aver age 

0( zer o)  	 Val ue i n t he absence of  f r ee- st r eam t ur bul ence 

but  ( and unl ess ot her wi se st at ed)  at  t he same 

Reynol ds number ,  Ree  

1, 2 	 Respect i vel y,  wi r e- 1 and wi r e- 2 of  x- wi r e pr obe 



CHAPTER 1 

I NTRODUCTI ON 

1. 1 	 GENERAL COMMENTS  

For  a l ong t i me,  f l uct uat i ons i n t he f r ee- st r eam vel oci t y 

have been known t o pr omot e t r ansi t i on f r om l ami nar  t o t ur bul ent  f l ow 

and t o af f ect  t he devel opment  of  f ul l y- t ur bul ent  shear  l ayer s.  	 I n 

consi der i ng t he ef f ect  of  f r ee- st r eam vel oci t y f l uct uat i ons on 

t ur bul ent  shear  l ayer s i t  i s  i mpor t ant  t o not e t hat  t he f l uct uat i ons 

may be a combi nat i on of  genui ne t ur bul ence ( r andom unst eadi ness of  

t hr ee- di mensi onal  vor t ex l i nes)  and " or der ed"  unst eadi ness of  

i r r ot at i onal  or  hi ghl y t wo- di mensi onal  mot i ons.  	 I n mul t i - st age 

axi al - f l ow t ur bomachi ner y,  f or  exampl e,  t he mi x i ng of  t he wakes of  

successi ve bl ade r ows l eads t o a r oughl y homogeneous,  r oughl y 

i sot r opi c f i el d of  t ur bul ence wi t h l engt h scal es of  t he same or der  

as t he wake di mensi ons,  i n much t he same way t hat  t he wakes of  t he 

bar s of  a t ur bul ence gr i d gener at e near l y homogeneous,  near l y 

i sot r opi c t ur bul ence.  	 Super i mposed on t hi s wi l l  be t he per i odi c 

or  " or der ed"  unst eadi ness of  t he pr essur e f i el ds and wake vel oci t y 

def ect s of  t he bl ade r ows i mmedi at el y upst r eam,  due t o t he r el at i ve 

mot i on bet ween r ot or s and st at or s.  	 The f l ow ar ound boi l er  t ubes 

i s a s i mi l ar  exampl e except  t hat  t he " or der ed"  unst eadi ness i s 

pr oduced by f l ow i nst abi l i t i es or  v i br at i on of  t he t ubes r at her  

t han by bl ade mot i on,  whi l e t he i nt ensi t y of  t he backgr ound 

t ur bul ence woul d be l ar ger  because of  t he r at her  bl uf f  nat ur e of  

boi l er  t ubes compar ed wi t h t he aer of oi l  shape of  r ot or s and st at or s.  

The pr esence of  f r ee- st r eam t ur bul ence i n wi nd t unnel s can l ead t o 

di scr epanci es bet ween model  and f ul l - s i ze t est s ( see f or  exampl e,  

Mi l l i gan & Kl ei n,  1933) ,  i n addi t i on t o t hose due t o Reynol ds number  

ef f ect s.  	 Downst r eam of  a r eat t achment  poi nt  a new sub- boundar y 

l ayer  wi l l  devel op wi t h f l ui d f r om t he r eat t ached mi xi ng l ayer  

appr oxi mat i ng t o a f i el d of  r el at i vel y unshear ed " ext er nal "  t ur bul ence 
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( Chandr suda,  1975) .  

For  wavel engt hs of  t he f r ee- st r eam t ur bul ence ( or  or der ed 

unst eadi ness,  or  bot h)  ver y much l ar ger  t han t he shear  l ayer  t hi ckness,  

t he shear  l ayer  wi l l  r espond i n a quasi - st eady manner .  	 I n a r evi ew 

by Br adshaw ( 1974) ,  f r om whi ch some of  t he pr esent  chapt er  i s  

t aken,  i t  i s  poi nt ed out  t hat  i n t he exact  t r anspor t  equat i ons 

( f or ,  say,  Reynol ds st r esses)  t he pr opor t i on of  t empor al  t o spat i al  

der i vat i ves of  t he t ot al  r at es of  change -  appear i ng on t he l ef t -  

hand s i de of  t he equat i ons -  i s  i mmat er i al .  	 Cal cul at i on met hods 

whi ch can deal  wi t h l ar ge spat i al  gr adi ent s i n st eady f l ow ar e t hus 

bet t er  equi pped t o deal  wi t h addi t i onal  t empor al  der i vat i ves i n 

unst eady f l ow.  	 Fr ee- st r eam t ur bul ence whi ch has a l engt h scal e 

smal l  i n compar i son wi t h t he t hi ckness of  t he shear  l ayer  wi l l  

decay r api dl y and consequent l y be expect ed t o af f ect  onl y a smal l  

s t r eamwi se di st ance of  t he shear  l ayer .  	 I n shear  f l ows wher e 

upst r eam hi st or y ef f ect s ar e i mpor t ant  i t  i s  l i kel y t hat  t he 

upst r eam hi st or y of  t he f r ee- st r eam t ur bul ence over  t he l engt h of  

t he shear  l ayer  wi l l  be equal l y  i mpor t ant .  	 The l engt h scal es of  

f r ee- st r eam t ur bul ence or  or der ed unst eadi ness whi ch ar e expect ed 

t o have t he most  ef f ect  on t he shear  l ayer  t ur bul ence st r uct ur e 

ar e scal es of  or der  t he shear  l ayer  t hi ckness.  

1. 2 	 A REVI EW OF THE LI TERATURE  

Subsect i on 1. 2. 1 i s  concer ned wi t h boundar y l ayer  f l ows.  

Mean f l ow measur ement s i n i sot her mal  boundar y l ayer s ar e di scussed 

f i r st ,  f ol l owed next  by a ver y br i ef  di scussi on of  t he ef f ect s of  

f r ee- st r eam t ur bul ence on heat  t r ansf er ,  and f i nal l y  by a 

di scussi on of  t ur bul ence measur ement s.  	 Subsect i on 1. 2. 2 br i ef l y  

di scusses t he ef f ect s of  f r ee- st r eam t ur bul ence on f r ee shear  

l ayer s.  	 Subsect i on 1. 2. 3 asser t s t hat  t he ef f ect  of  f r ee- st r eam 

pr essur e f l uct uat i ons is negligible in low Mach number flows and 

smal l  even i n hi gh subsoni c f l ows.  	 Subsect i on 1. 2. 4 di scusses 
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engi neer i ng shear  l ayer  cal cul at i on met hods and mor e t heor et i cal  

anal yses t hat  ar e r el evant  t o boundar y l ayer  f l ows.  

1. 2. 1 	 Boundar y l ayer  f l ows  

Al t hough i t  i s  obvi ous t hat  f r ee- st r eam t ur bul ence wi l l  

i ncr ease mi xi ng by r ei nf or c i ng t he exi st i ng shear  l ayer  t ur bul ence,  

i t  i s  not  obvi ous t hat  t he i ncr eased mi xi ng r esul t s i n a cor r espondi ng 

i ncr ease i n t he r at e of  t r ansf er  of  moment um.  	 That  i s ,  i t  i s  not  

obvi ous t hat ,  say,  t he ski n f r i c t i on wi l l  i ncr ease.  	 Br adshaw ( 1974)  

has poi nt ed out  t hat  because t he hal f - wake t hi ckness of  a poi nt  

sour ce scal ar  i n t he f r ee st r eam gr ows t ypi cal l y  4 t i mes f ast er  

t han t he t hi ckness of  a boundar y l ayer  under  t he i nf l uence of  t he 

same f i el d of  f r ee- st r eam t ur bul ence,  ei t her  t he abi l i t y  of  t he 

exi st i ng shear  l ayer  t o t r ansf er  moment um or  scal ar s i s  r educed,  

or  t he shear - l ayer  t ur bul ence or  t he boundar y beneat h r educes t he 

mi xi ng abi l i t y  of  t he f r ee- st r eam t ur bul ence i n t he v i c i ni t y  of  

t he boundar y.  

Now,  di sr egar di ng t he boundar y l ayer  i t sel f ,  t he ef f ect  of  

t he boundar y i mper meabi l i t y  on t he f r ee- st r eam t ur bul ence near  i t  

must  be t o r educe t he nor mal  component  of  f l uct uat i ng vel oci t y t o 

zer o at  t he boundar y.  	 Vi scosi t y demands t hat  t he t angent i al  

f l uct uat i ons ar e al so zer o at  t he boundar y.  	 At  hi gh Reynol ds 

number s t he ext ent  of  v i scous ef f ect s wi l l  be smal l  when compar ed 

wi t h t he l engt h scal e of  t he f r ee- st r eam ener gy- cont ai ni ng eddi es.  

Just  out s i de a t hi n v i scous l ayer  t he nor mal  component  vel oci t y 

f l uct uat i ons wi l l  be smal l  compar ed wi t h t he f r ee- st r eam val ue,  

and t he ext ent  over  whi ch t hei r  magni t ude i s r educed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwill depend 

upon t he l engt h scal e of  t he f r ee- st r eam eddi es.  	 Fur t her mor e,  

t he cont i nui t y equat i on suggest s ( but  does not  i nsi st )  t hat  as a 

consequence of  t he r educt i on of  t he nor mal  component  t he 

t angent i al  f l uct uat i ons wi l l  i ncr ease i n magni t ude.  	 The i mpor t ant  
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ef f ect  of  boundar y i mper meabi l i t y  on near by f r ee- st r eam t ur bul ence 

i s di scussed i n mor e det ai l  i n subsect i on 1. 2. 4.  

Uzkan & Reynol ds ( 1967)  have conduct ed an exper i ment  

i n whi ch unshear ed gr i d- gener at ed t ur bul ence was passed adj acent  

t o a wal l  -  i n f act ,  an endl ess bel t  -  movi ng at  t he st r eam mean 

vel oci t y.  The boundar y l ayer  upst r eam of  t he movi ng wal l  was 

r emoved by suct i on,  and over  t he movi ng wal l  t he mean shear  was 

zer o.  	 They f ound no ampl i f i cat i on of  st r eamwi se f l uct uat i ng 

vel oci t y and showed t hat  t he ef f ect  of  t he pr esence of  t he wal l  on 

t he ext er nal  t ur bul ence ext ended over  a di st ance pr opor t i onal  t o 

❑( vx/ Ue)  ( i . e.  as f or  a l ami nar  boundar y l ayer )  wher e x i s  t he 

distance along t he moving wall. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	I ndeed,  t hey consi der ed t hat  

any ampl i f i cat i on woul d have i ndi cat ed t ur bul ence pr oduct i on whi ch 

, because of  t hei r  l ow Reynol ds number ,  woul d pr obabl y have been 

t r ue ( Hunt  & Gr aham,  1978) .  Thomas & Hancock ( 1977.  	 :  see 

Appendi x 1 of  t hi s t hesi s)  have conduct ed a s i mi l ar  exper i ment  

but  at  a Reynol ds number  an or der  of  magni t ude l ar ger  t han i n 

Uzkan & Reynol ds case,  and have measur ed al l  t hr ee component s of  

f l uct uat i ng vel oci t y.  	 They f ound t he dampi ng of  t he nor mal .  

vel oci t y f l uct uat i on t o be t he l ar gest  ef f ect  of  t he wal l  

i mper meabi l i t y ,  ext endi ng about  t wo f r ee- st r eam l ongi t udi nal  

i nt egr al  l engt h scal es f r om t he wal l .  	 I n t hei r  case s i gni f i cant  

v i scous ef f ect s on t he t angent i al  vel oci t y f l uct uat i ons ext ended 

onl y about  5% of  t he f r ee- st r eam i nt egr al  scal e f r om t he wal l ,  

consi st ent  wi t h Uzkan & Reynol ds r esul t .  	 Thomas & Hancock al so 

f ound t hat  st r eamwi se vel oci t y f l uct uat i on was ampl i f i ed t o as much 

as t wi ce i t s  mean- squar e f r ee- st r eam val ue.  

When t he under l y i ng boundar y l ayer  t hi ckness i s smal l  

compar ed wi t h t he l engt h scal e of  t he ener gy- cont ai ni ng eddi es 

f ar  f r om t he boundar y,  t he magni t ude of  t he nor mal  vel oci t y 

f l uct uat i ons j ust  out s i de t he boundar y l ayer  wi l l  al so be smal l .  
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•  Asympt ot i cal l y ,  t hi s i s  t he quasi - st eady s i t uat i on br i ef l y  

di scussed ear l i er  i n t he chapt er .  	 Kar l sson ( 1959)  and Coust ei x 

et  al  ( 1977)  have made measur ement s i n a t ur bul ent  boundar y l ayer  

beneat h a f r ee st r eam osci l l at i ng i n t he l ongi t udi nal  di r ect i on.  

Kar l sson has i ndi cat ed t hat  t he ski n f r i c t i on i ncr eases by onl y 

4% f or  a f  30% f l uct uat i on i n f r ee st r eam vel oci t y.  	 Thi s i s  a 

ver y much smal l er  ef f ect  t han t hat  obser ved f or  a t r ul y- t ur bul ent  

f r ee- st r eam of  l engt h scal e compar abl e wi t h t he boundar y l ayer  

scal e.  

Exper i ment s on t he ef f ect s of  f r ee- st r eam t ur bul ence 

have most l y consi st ed -  sensi bl y enough -  of  measur ement s down-

st r eam of  gr i d- gener at ed t ur bul ence,  but  unf or t unat el y,  qui t e 

f r equent l y of  an unmeasur ed degr ee of  homogenei t y and i sot r opy.  

Nomi nal l y  t wo- di mensi onal  const ant - pr essur e f l at  pl at e f l ows have 

been i nvest i gat ed by Kl i ne et  al . ( 1960) ,  Schl i cht i ng & Das ( 1970) ,  

Char nay et  al  ( 1971) ,  Huf f man et  al . ( 1972) ,  Rober t son & Hol t  ( 1972) ,  

Tsuj i  & I i da ( 1972) ,  Char nay ( 1974) ,  Char nay et  al . ( 1976) ,  Mei er  

( 1977) ,  Mei er  & Kr epl i n ( 1978) ,  Si moni ch & Br adshaw ( 1978) ,  and 

Sl anci auskas & Pedi s i us ( 1979) .  	 Gr een ( 1972)  has anal ysed t he 

mean vel oci t y dat a of  Huf f man et  al  and some of  t he dat a gi ven by 

Char nay et  al . ( 1971) .  	 Rober t son & Hol t  have i ncl uded f or  

compar i son wi t h t hei r  own dat a t he dat a of  Wi eghar dt  ( 1944) ,  

Ludwi eg & Ti l l mann ( 1950) ,  Favr e et  al . ( 1954) ,  Edwar ds & Fur ber  

( 1956) ,  Kl i ne et  al . ( 1960) ,  Kest i n et  al . ( 1961) ,  and Pi chal  ( 1966) .  

For  some of  t he measur ement s of  Rober t son & Hol t ,  Tsuj i  & 

I i da,  and Mei er  t he pl at e l eadi ng edge was l ess t han 4 gr i d mesh 

s i zes downst r eam of  t he gr i d.  	 At  smal l  di st ances of  t hi s or der  

t he gr i d- gener at ed t ur bul ence woul d qui t e l i kel y st i l l  have had 

s i gni f i cant  non- uni f or mi t y and or der ed unst eadi ness due t o t he 

i ndi v i dual  bar  wakes.  	 Mei er  ( 1977)  has gi ven some consi der at i on 
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t o t he ef f ect  of  gr i d pr oxi mi t y and concl uded t hat  t he ef f ect  was 

onl y t o move t he ef f ect i ve or i gi n of  t he boundar y l ayer  f or war d 

wi t hout  f ur t her  downst r eam ef f ect s.  	 Mei er  & Kr epl i n used 

t ur bul ence gr i ds mount ed ei t her  wi t hi n,  or  upst r eam of ,  t hei r  

( t wo- di mensi onal )  15: 1 wi nd t unnel  cont r act i on,  wi t h t he consequence 

t hat  t he f r ee- st r eam t ur bul ence at  t he cont r act i on exi t  must  have 

been gr ossl y ani sot r opi c.  	 The measur ement s of  Evans ( 1972,  1976)  

wer e t aken i n t he wal l  boundar y l ayer  of  a sucked- down ci r cul ar  

pi pe wi t h a t ur bul ence- gener at i ng gr i d j ust  downst r eam of  t he i nl et .  

I mmedi at el y downst r eam of  t he gr i d t he boundar y l ayer  woul d have 

been subj ect ed t o t he st r ong t wo- di mensi onal  t r ansver se vor t i ces 

shed f r om t he gr i d and t he l ongi t udi nal  ( " hor seshoe" )  vor t i ces 

wr apped ar ound t he bar s of  t he gr i d i mmer sed wi t hi n t he boundar y 

l ayer .  	 ( I n chapt er  2 some smoke f l ow vi sual i zat i on phot ogr aphs 

of  a boundar y l ayer  passi ng t hr ough a l ar ge- mesh t ur bul ence 

gr i d,  pr esent ed i n f i gur es 2. 1 ar e di scussed. )  	 Al t hough i n 

Evans'  case t he pr obl em of  f l uct uat i ng separ at i ons at  a l eadi ng 

edge due t o nor mal - component  vel oci t y f l uct uat i ons was avoi ded,  

t he ef f ect  of  hi gh i nt ensi t y unst eadi ness ver y c l ose t o t he gr i d 

woul d al most  cer t ai nl y have been wor se,  per si st i ng f ur t her  down-  

st r eam.  	 Hof f mann ( pr i vat e communi cat i on,  1978)  has f ound t hat  

del i ber at el y i nduced st r eamwi se vor t i ces ( f or  exampl e,  by upst r eam 

concave cur vat ur e)  decay onl y s l owl y,  havi ng a l i f e- t i me t ypi cal  

of  t he l i f e- t i me of  l abor at or y boundar y l ayer  f l ows.  	 Rober t son 

& Hol t ,  Tsuj i  & I i da,  Char nay,  Char nay et  al . ,  Mei er ,  Mei er  & 

Kr epl i n,  Si moni ch & Br adshaw,  and Sl anci auskas & Pedi s i us used 

squar e- mesh bi pl ane gr i ds of  ei t her  r ound bar s or  r ect angul ar  s l at s.  

Kl i ne et  al ,  Schl i cht i ng & Das,  and Huf f man et  al  used monopl ane 

gr i ds consi st i ng of  s i ngl e r ows of  r ound bar s.  	 I t  i s  l i kel y t hat  

t he f l ow downst r eam of  t hese gr i ds may have mai nt ai ned s i gni f i cant  

t wo- di mensi onal i t y  f or  a gr eat er  di st ance t han f or  squar e- mesh gr i d 
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wi t h,  say,  t he same bar  spaci ng and ar ea bl ockage.  	 I n f act ,  

Schl i cht i ng & Das osci l l at ed t hei r  gr i d and used t he bar  wakes t o 

s i mul at e t he ef f ect  of  upst r eam bl ade wakes of  axi al  t ur bomachi ner y.  

They al so used t he same t echni que i n f l ow over  an i sol at ed aer of oi l  

and f l ow over  a cascade of  aer of oi l s .  

The ef f ect  on a const ant - pr essur e t ur bul ent  boundar y l ayer  

of  a t ur bul ent  f r ee st r eam t hat  al so has a smal l  mean vel oci t y 

gr adi ent ,  XE dUe/ dy,  has been i nvest i gat ed by Masuda et  al . ( .1972)  

and Ahmad et  al . ( 1977) ,  f or  posi t i ve,  zer o and negat i ve val ues of  X .  

The measur ement s of  Masuda et  al .  wer e t aken on a f l at  pl at e i n an 

ot her wi se open wor ki ng sect i on,  and wi t h t he l eadi ng edge not  l ess 

t han 18 bar  di amet er s downst r eam of  a r ow of  bar s spaced non-

uni f or ml y t o gener at e t he mean vel oci t y gr adi ent  dUe/ dy.  The 

measur ement s of  Ahmad et  al . wer e t aken on a f l at  pl at e wi t h i t s  

l eadi ng edge t ouchi ng a shear  f l ow and t ur bul ence gener at or  s i mi l ar  

t o t hat  used by Masuda et  al . .  Bet ween t he gr i d and a t r ansi t i on 

t r i p a l engt h of  smal l - s i zed honeycomb f i xed acr oss t he whol e f l ow 

was used t o smoot h- out  t he l at er al  gr adi ent  i n t ur bul ence l engt h scal e.  

Nei t her  of  t hese aut hor s non- di mensi onal i sed t he f r ee- st r eam 

vel oci t y gr adi ent ,  x ,  by a t ypi cal  boundar y l ayer  gr adi ent ,  uT /  S 

say,  wi t h t he r esul t  t hat  Ahmad et  al  have t aken t hei r  f r ee st r eam 

vel oci t y gr adi ent  t o be l ess sever e t han t hat  of  Masuda et  al  when,  

i n f act ,  i t  i s  about  2i  t i mes l ar ger .  	 Roughl y,  f or  Masuda et  al .  

aS/ uT 	 + 0. 76 and - 0. 58,  whi l e f or  Ahmad et  al  AS/ uT ~ + 2. 0 and 

- 1. 6.  	 The i nf l exi on poi nt  and f ur t her  r i se i n t he mean vel oci t y 

pr of i l e j ust  out s i de t he wake r egi on whi ch Ahmad et  al . consi der  

r at her  sur pr i s i ng i s no mor e t han t he r esul t  of  pl ot t i ng a l i near  

var i at i on of  f r ee- st r eam vel oci t y agai nst  axes appr opr i at e t o t he 

l ogar i t hmi c l aw of  t he wal l .  	 I ndeed,  t hi s i s  c l ear  f r om Masuda 

et  al  al t hough i n t hei r  case,  because I XS/ u T I  i s  smal l er ,  t he 

i nf l exi on i s l ess mar ked.  



Fr ee- st r eam t ur bul ence ef f ect s on nomi nal l y  t wo-  

di mensi onal  f l at  pl at e f l ows wi t h an adver se pr essur e gr adi ent  have 

been i nvest i gat ed by Ar nal  et  al . ( 1976)  and Ar nal  ( 1977) ,  and wi t h 

a st r ongl y f avour abl e pr essur e gr adi ent  by Kear ney et  al . ( 1970) ,  

al t hough Kear ney et  al . wer e mai nl y i nt er est ed i n t he ef f ect s on heat  

t r ansf er .  	 The adver se pr essur e gr adi ent  measur ement s,  obt ai ned i n 

t he same r i g,  empl oyed a s l i ght l y  r ect angul ar  mesh t ur bul ence gr i d 

of  ' V' - shaped bar s posi t i oned appr oxi mat el y 10 mesh l engt hs upst r eam 

of  t he pl at e l eadi ng edge.  	 The measur ement s showed f r ee- st r eam 

t ur bul ence ef f ect s t o become much l ar ger  as t he boundar y l ayer  i n 

t he absence of  f r ee- st r eam t ur bul ence t ended t owar ds separ at i on.  

By r ei nf or c i ng t he mi xi ng t he f r ee- st r eam t ur bul ence del ayed 

separ at i on.  

Measur ement s of  t he ef f ect s of  f r ee- st r eam t ur bul ence on 

i sol at ed aer of oi l s  have been obt ai ned by Schl i cht i ng & Das,  McKeough 

( 1976) ,  Pf ei l  &. Pache ( 1977)  and Bar r ack ( 1977) .  	 Bar r ack has wel l  

r evi ewed pr evi ous i nvest i gat i ons of  Reynol ds number  and f r ee- st r eam 

_t ur bul ence ef f ect s on aer of oi l  s t al l ,  and has exper i ment al l y  

i nvest i gat ed t hr ee NACA 23000- ser i es aer of oi l s  f or  0. 01: 5 ( u' / U) e  

0. 08,  i nt egr al  l engt h scal es of  0. 005 < L 	 / c < 0. 12,  and chor d ( c)  
xu 

Reynol ds number s of  2. 7 x 105  and 7. 6 x 105.  	 He f ound t hat  t he st al l  

char act er i st i cs of  a par t i cul ar  aer of oi l  i n t he absence of  f r ee- st r eam 

t ur bul ence det er mi nes i t s  r esponse t o f r ee- st r eam t ur bul ence.  	 That  

i s ,  di f f er ent  st al l  mechani sms ar e af f ect ed i n di f f er ent  ways.  

Measur ement s on cascades of  aer of oi l s  have been made by Schl i cht i ng 

& Das,  Evans ( 1970) ,  Evans ( 1976) ,  and Bayl ey & Mi l l i gan ( 1977) .  

Evans ( 1976)  concl uded t hat  i n t ur bomachi ner y t he unst eadi ness of  

bl ade- wake i nt er act i ons i s as i mpor t ant  as t he ef f ect s of  " st eady"  

f r ee- st r eam t  ) ul ence.  	 Whi l e he shows f r om hi s exper i ment s usi ng 

st at i c  gr i ds t hat  cascade per f or mance at  f i r s t  decr eases and t hen 

i ncr eases wi t h i ncr easi ng f r ee- st r eam i nt ensi t y,  Schl i cht i ng & Das,  
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+ 4. 9 ( 1T 	
f or  ( DzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- )  < 0.06, 

e 	 e 

f or  0. 06 < ( r d 	 0. 10,  
e 

(p)/(±.p)  0 
1. 34 

( 1. 2. 2)  

*  	 usi ng osci l l at i ng gr i ds 	 t he osci l l at i on f r equency di d not  seem 

t o be t oo i mpor t ant  say mor e or  l ess t he opposi t e.  

Compar i son of  t ur bul ent  boundar y l ayer s wi t h and wi t hout  

f r ee- st r eam t ur bul ence i s best  made usi ng par amet er s t hat  al l ow f or  

f r ee- st r eam t ur bul ence ef f ect s on t he v i r t ual  or i gi n of  t he l ayer ,  

such as t he Reynol ds number  Uee/ v,  f or  exampl e.  

Al l  of  t he exper i ment al  dat a show t hat  f r ee- st r eam 

t ur bul ence i ncr eases t he ski n f r i c t i on and t he f ul l ness of  t he 

vel oci t y pr of i l e.  	 Char nay ( 1974) ,  Huf f man et  al . ,  and Rober t son 

& Hol t  show t hat  t he boundar y l ayer  t hi ckness i ncr eases wi t h f r ee-

st r eam t ur bul ence i nt ensi t y. '  Char nay gi ves,  at  const ant  st r eam-

wi se di st ance,  

  1+9. 0( . .u 
 L 	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor (f —)  	 0. 06.  ( d6991/ ( d699)  

 dx 

	

	 e 
0 

( 1. 2. 1)  

Si nce t he r at e of  gr owt h i n t he absence of  f r ee- st r eam t ur bul ence 

i s appr oxi mat el y i ndependent  of  st r eamwi se di st ance,  compar i son at ,  

say,  const ant  Uee/ v i s  not  necessar y.  	 Rober t son & Hol t  suggest ,  

at  const ant  Uee/ v,  

al t hough t he dat a ar e r at her  scat t er ed.  

The di mensi onal  ar gument  f or  t he exi st ence of  t he i nner  

l ayer  " l aw of  t he wal l "  makes no r ef er ence t o t he t ur bul ence i n t he 

out er  l ayer ,  al t hough of  cour se t he f r i c t i on vel oci t y uT  depends 

upon t he whol e f l ow and t he shear  st r ess pr of i l e i n t he i nner  l ayer  

depends on t he pr essur e gr adi ent .  	 Ther ef or e,  f or  f r ee- st r eam 

t ur bul ence whose i nt ensi t y i s  not  t oo l ar ge by compar i son wi t h ut ,  

t he f r ee- st r eam t ur bul ence and t he exi st i ng t ur bul ence i n t he out er  

l ayer  woul d be i ndi st i ngui shi bl e t o t he i nner  l ayer .  	 I n such a 
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case t he l ogar i t hmi c l aw woul d st i l l  be expect ed t o hol d unl ess t he 

f r ee- st r eam and boundar y l ayer  l engt h scal es di f f er  gr eat l y :  ver y 

smal l - scal e f r ee- st r eam t ur bul ence coul d per haps af f ect  t he i nner  

l ayer .  	 Cer t ai nl y,  al l  t he measur ement s of  sk i n f r i c t i on i n t he 

dat a exami ned have been made ei t her  by f i t t i ng t he vel oci t y pr of i l e 

over  an appr opr i at e r ange t o t he l ogar i t hmi c l aw of  t he wal l  or  by 

use of  Pr est on t ubes whi ch,  i n any case,  r equi r es t he exi st ence of  

an i nner  l ayer  l aw.  	 The dat a of  Rober t son & Hol t  suggest  t hat  t he 

l ogar i t hmi c l aw hol ds f or  ( u' / U) e `  0. 1,  but  t he dat a of  Kl i ne et  

al  show t he l ogar i t hmi c l aw t o br eak down f or  a f r ee- st r eam i nt ensi t y,  

( u' / U) e,  of  onl y 0. 05.  	 Such an ef f ect  may have been due t o a f r ee-  

st r eam i nt ensi t y of  ( u' / U) e 	 0. 2 at  t he l eadi ng edge and due 

possi bl y t o t he use of  a monopl ane gr i d ( of  r ound bar s) .  

The ef f ect  of  f r ee- st r eam t ur bul ence on t he out er  l ayer  

i s  t o r educe t he so- cal l ed wake component  g( y/ b, r i ) ,  def i ned by 

i t 4 	
yu 

l n(   vT) + C + k g( y/ S,  n) ,  	 ( 1. 2. 3)  

wher e I I  and 6 ar e f unct i ons of  x.  	 Measur ement s of  Huf f man et  al . ,  

Evans ( 1972) ,  Sl anci auskas & Pedi s i us,  and some of  Mei er ' s  i ndi cat e 

t hat  t he wake component  becomes ent i r el y negat i ve f or  suf f i c i ent l y  

l ar ge f r ee- st r eam i nt ensi t y al t hough t he i nt ensi t y at  whi ch t hi s 

occur s i s  not  t he same i n each case.  	 The cosi ne f or m f or  

g( y/ s, n)  n( 1 -  cos( Tr ā) ) ,  put  f or war d by Hi nze ( 1959) ,  i s  a good 

f i t  i n many cases but  i t  cannot  possi bl y do wel l  i f  any subst ant i al  

par t  of  t he wake f unct i on i s  negat i ve.  	 Evans'  ( 1976)  measur ement s 

on a cascade of  aer of oi l s  showed t he cosi ne f or m t o be a r at her  poor  

f i t  i n an adver se pr essur e gr adi ent  f or  ( u' / U) e  "  0. 05,  even t hough 

t he wake f unct i on was ent i r el y posi t i ve.  	 Par amet er s deduced f r om a 

cosi ne f or m of  t he l aw- of - t he- wake f i t t ed t o mean vel oci t y pr of i l es 

shoul d be v i ewed caut i ousl y.  	 Huf f man et  al  det er mi ned ski n f r i c t i on 

and boundar y l ayer  t hi ckness by f i t t i ng t he measur ed vel oci t y 
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pr of i l es t o t he l ogar i t hmi c l aw and a cosi ne f or m f or  t he l aw of  t he 

wake.  	 Some doubt  i s  cast  on t hei r  val ues of  boundar y l ayer  t hi ckness 

f or  t he l ar ger  f r ee- st r eam i nt ensi t i es.  

An ext ensi on of  t he di mensi onal  anal ysi s f or  t he vel oci t y 

def ect  l aw i nt r oduces t he scal e r at i os Le/ 6 and u' e/ uT,  wher e Le i s 

a f r ee- st r eam t ur bul ence l engt h scal e ( of  t he ener gy- cont ai ni ng 

eddi es) ,  gi v i ng 

	

Ue -  	 U 	 y.  Le 

•  

	

uT 	 f ~ a'  S 	 uT /  

I f  t hi s equat i on i s t o over l ap t he i nner  l ayer  l aw t hen t he 

f unct i on on t he r i ght  hand s i de must  r educe t o t he f or m 
Le u'  

	

y 	 el fl s) + -zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12(ō , u 
/  

( 1. 2. 4)  

i n t hat  r egi on.  	 I n or der  t o cor r el at e t he f r ee- st r eam i nt ensi t y 

wi t h i t s  ef f ect  on t he vel oci t y def ect ,  Char nay et  al . ( 1971)  f ound 

Ue U 

 

( * )  	
wher e a 0. 29 -  a u' e 

and 

( 1 + 5. 0 U eUeu U f 4( S)  1 , 	 e 	 T 
	f 4(  YE)  

( 1. 2. 6)  

was obt ai ned by Evans ( 1972) .  	 However ,  bot h t hese cor r el at i ons 

ar e i nconsi st ent  wi t h t he i nner  l ayer  l aw of  t he wal l  s i nce t hey 

i mpl y t hat  t he von Kar man const ant  i s  a f unct i on of  f r ee- st r eam 

i nt ensi t y.  	 Ther ef or e,  t he above t wo cor r el at i ons must  be r egar ded 

as compl et el y empi r i cal ,  bei ng val i d at  best  onl y i n t he out er  

l ayer .  

Gr een' s anal ysi s of  t he dat a of  Huf f man et  al . and Char nay 

showed t hat ,  at  const ant  Ue0/ v,  t he shape par amet er  H and t he 

Cl auser  shape par amet er ,  G,  def i ned by 



r  
r Ue

- U 2  

_ 	
dy 

o u 	 = T 	 H -  1 	 ( 1. 2. 7)  

L 	 ut
Ue -  U 

dy 
o uT 

bot h decr eased wi t h i ncr eased f r ee- st r eam i nt ensi t y.  	 He gi ves 

1 -  ( 2. 4 -  0. 25H)  (Ig
'
i  

 0  
( 1. 2. 8)  

f or n < 0. 05 

G 
	 31- f f ( bl i  

=1-  
 

Br adshaw ( 1974)  gi ves f or  t he same dat a and t he dat a of  Kl i ne et  al . ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

z1 -2.0(6-   
no 

Rober t son & Hol t ,  however ,  suggest  a smal l er  ef f ect  wi t h.  

U .  1 -  1. 0 
l  
 J 

o 
( 1. 2. 11)  

The dat a of  Sl anci auskas & Pedi s i us ar e i n bet t er  agr eement  wi t h t he 

deduct i ons of  Gr een and Br adshaw.  	 Evi dent l y,  f r om Gr een' s anal ysi s,  

G/ Go  i s  Reynol ds number  dependent ,  even t hough at  hi gh Reynol ds 

number s ( Ree a  5000)  Go  i s  wel l  est abl i shed t o be i ndependent  of  

Reynol ds number .  	 Equat i on 1. 2. 9 st ems di r ect l y  f r om equat i on 

1. 2. 5 wi t h a = 	 i nst ead of  0. 29.  

Now,  t he i nt er nal l y  gener at ed t ur bul ent  k i net i c ener gy of  

a ( f r ee or  bound)  shear  l ayer ,  S say,  and t he t ur bul ent  k i net i c 

ener gy i n t he shear  l ayer  due t o t he f r ee- st r eam t ur bul ence,  qē  f ( y)  

say,  must  be uncor r el at ed unt i l  i nt er act i on begi ns.  	 Non- i nt er act i on 

i s onl y l i kel y i f  e « qSL  over  a subst ant i al  par t  of  t he l ayer .  Thus 

4TOTAL = qSL + e f (y ) ,  pr ovi ded e « S 	
( 1. 2. 12)  

Br adshaw ( 1974)  has poi nt ed out  t hat  pr ovi ded t he r at e of  mi x i ng 

wi t hi n t he shear  l ayer  r emai ns pr opor t i onal  t o ' TO 	 i ncr ease i n 
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mi xi ng r at e wi l l  be i ni t i al l y  pr opor t i onal  t o t he mean- squar e f r ee-  

st r eam i nt ensi t y.  	 I n conf i r mat i on,  Mei er  has f ound,  at  const ant  

Ue0/ v,  t hat  

~}
2 

Ā= 1 -90.0( ~ )
e f or  0<6Ū' )  < 0. 01 

l e 

( 1. 2. 13)  

= 1. 009 -  1. 8 ( 4i  f or  0. 01 <  ( 1—)  S 0. 02,  
11 	 e 

2 
and Go = 1 -0.76 ~f (~-) 

	
f or  0 4( 1)  	 s 0. 01 

e 	 e 

( 1. 2. 14)  

= 1. 049 -  0. 38 
g 

u'  2 cf  ( ~- - ,
e 

f or  0. 01 S( q < 0. 02.  

The mai n r eason t hat  pr evi ous exper i ment er s had not  obser ved such a 

non- l i near  dependence of  t he above f or m i s t hat  near l y al l  

i nvest i gat i ons have been f or  ( u' / U) e ? 0. 01.  '  Mei er ' s  r esul t s 

have i mpor t ant  i mpl i cat i ons f or  wi nd t unnel  desi gn and t est i ng i n 

t hat  t he.  l i near  dependence i nf er r ed f r om pr evi ous measur ement s 

i mpl i es a much l ar ger  ef f ect  of  f r ee- st r eam t ur bul ence f or  

( u' / U) e < 0. 01,  t he r ange of  val ues f ound i n wi nd t unnel s.  

I r r espect i ve of  t he f ai l ur e of  t he cosi ne f or m of  t he l aw-

of - t he- wake,  t he r educt i on of  t he wake component  at  const ant  ōuT/ v 

i mpl i es an i ncr ease i n ski n f r i c t i on,  v i z 

ue= ln (avT + C+ ( 1. 2. 15)  

Empi r i cal  cor r el at i ons of  t he ef f ect  of  f r ee- st r eam t ur bul ence 

i nt ensi t y on ski n f r i c t i on have most l y been of  t he s i mpl e l i near  

f or m 

cf  	 1 + const ant  
x( Ū' )  .  f o 	 e ( 1. 2. 16)  

Br adshaw ( 1974)  has shown t hat  t he ski n f r i c t i on r at i o and change 
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i n wake st r engt h at  const ant  Ued/ v ar e r el at ed by 

c '  	 c cf  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
'1 -~ (u-

no) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	20 1 k j  -22*  f o 

amount s t o compar i ng at  const ant  uTS/ v.  	 As wi l l  be seen bel ow 

t he scat t er  i n t he val ue of  t he const ant  i n equat i on 1. 2. 16 i s much 

l ar ger  t han 10%,  t her ef or e an adequat e appr oxi mat i on of  equat i on 

1. 2. 17 i s 

- C— f  	 1 - k (I  I - 11 0 ) 
f o 

( 1. 2. 18)  

So t hen,  i f  ( I I  -  UI o )  « uē/ uT,  cf / cf  depends upon ( u' / U) e r at her  t han 

u' / uT.  	 On t he basi s of  t he dat a of  Char nay et  al .  ( 1971)  and 

Rober t son & Hol t ,  Br adshaw has suggest ed t hat  

cf = 1+3. 2 (D— 	 f or ( ~1 X0. 05 
f  	 t o 0 

i s  a good f i t .  	 The l i mi t ed dat a of  Tsuj i  & I i da ar e consi st ent  

wi t h t hi s but  Gr een' s anal ysi s of  t he dat a of  Huf f man et  al .  gi ves 

c f 
= 1 + 4. 8 — 	 f or  ( 1L S 0. 05.  

c f o 

Sl anci auskas & Pedi s i us '  r esul t s gi ve,  at  const ant  Uee/ v, .  

f  2,  1 + 3. 8 (  	 f or  ( ~'  S 0. 05,  .f o 

( 1. 2. 20)  

1. 2. 21)  

z 1. 1 + 0. 8( gi  	 f or  0. 05 q( -  	 0. 10.  

Evans ( 1972)  dat a suggest s t he const ant  of  equat i on 1. 2. 16 i s 

about  6. 0 f or  ( u' / U) e < 0. 05 whi l e Si moni ch & Br adshaw f ound val ues 

l ower  t han 2. 0 f or  t he same r ange of  ( u' / U) e.  	 The ' const ant s '  

of  Gr een and Si moni ch & Br adshaw f al l  near  t he edges of  t he scat t er  

of  t he dat a of  pr evi ous wor ker s pr esent ed by Rober t son & Hol t .  

Mei er ' s  measur ement s show t hat ,  at  const ant  Uee/ v,  
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( 1. 2. 17)  

cf o 
 

The t er m 
1 	 i  . s t ypi cal l y  of  t he or der  of  0. 1 and negl ect i ng i t  

( 1. 2. 19)  



c  = 1 + 190 
f o  

u' j`  
Ū Je 

f or  0 . 11. ) . l .  0. 01,  
e 

cf   

( 1. 2. 22)  

= 0. 981 + 3. 8 ( bl- -  f or  0. 01 <  , . ( TJ—) e  S 0. 02 

I n t he exper i ment s of  Huf f man et  al .  and Sl anci auskas & Pedi s i us 

t he f r ee- st r eam t ur bul ence i nt ensi t y,  ( u' / U) e,  i n t he absence of  t he 

t ur bul ence gr i ds was about  1% i n each case.  	 Gr een' s eval uat i on 

of  cf   f or  t he dat a of  Huf f man et  al .  was based on t he l i near  
0 

dependence bet ween G and ( u' / U) e  gi ven i n equat i on 1. 2. 9.  	 The 

i ncl usi on of  an i ni t i al l y  par abol i c  dependence bet ween G and 

( u' / U) e,  say of  t he f or m gi ven by Mei er ,  woul d have r esul t ed i n a 

modi f i ed f or m of  equat i on 1. 2. 20,  namel y 

+ 4. 8( b 	 f or  0. 01( say)  < ( ET)  	 -  0. 05,  	 ( 1. 2. 23)  
f o 	

i  

wi t h A l ess t han uni t y.  	 Mei er ' s  r esul t s ( equat i on 1. 2. 22)  suggest  

A = 0. 97.  	 Sl anci auskas & Pedi s i us assumed t he r el at i on bet ween 

cf / cf   and ( u / U)  t o be l i near  f or  ( u' / U) e 	 0.  
0 

Cl ear l y,  quant i t at i ve agr eement  bet ween t he set s of  dat a 

j ust  di scussed i s gener al l y  r at her  poor .  	 Of  cour se,  t he 

exper i ment al  er r or  i n each dat a set  i s  har d,  i f  not  i mpossi bl e,  t o 

det er mi ne and exper i ment al  er r or s i n eval uat i ng smal l  di f f er ences 

ar e enl ar ged;  a 1% er r or  band i n eval uat i ng ski n f r i c t i on,  f or  

exampl e,  i nt r oduces a possi bl e er r or  of  10% i n a di f f er ence i f  t he 

di f f er ence i s of  or der  10%.  	 The di scr epanci es do not  seem t o show 

a t r end wi t h Reynol ds number ,  al t hough t he dat a coul d not  be sai d 

t o be concl usi ve on t hi s.  	 Compar i ng boundar y l ayer s wi t h and 

wi t hout  f r ee- st r eam t ur bul ence at  const ant  Reynol ds number  r emoves 

some,  t hough not  necessar i l y  al l ,  Reynol ds number  dependence:  

I n t he anal ysi s pr esent ed ear l i er  i t  was assumed t hat  

t he f r ee- st r eam t ur bul ence can be speci f i ed by Le  and u' e  al one,  
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• and f or mul ae l i ke equat i on 1. 2. 16 r el at i ng cf / c f   t o uē al one i mpl y 
0 

t hat  t he ef f ect  of  Le  i s  smal l .  However ,  ot her  pr oper t i es may 

af f ect  t he r esponse of  a shear  l ayer  t o f r ee- st r eam t ur bul ence.  

For  i nst ance,  t he nor mal  component  of  f l uct uat i ng vel oci t y i s  

pr obabl y as i mpor t ant  i f  not  mor e so t han t he st r eamwi se 

component ,  but  i t  woul d appear  t hat  onl y Huf f man et  al . ,  Evans,  

Char nay,  and Mei er  have measur ed i t .  	 I n t he case of  Char nay 

( u' / v ' ) e 	 1. 1 whi l e f or  Evans and Mei er  ( u' / v ' ) e 	 1. 05.  	 The 

t abul at ed dat a of  Huf f man et  al .  gi ves a r at i o of  ( u' / v ' ) e 	 0. 6 

whi ch may have been a consequence of  t he t ype of  gr i d used.  

Huf f man ( pr i vat e communi cat i on,  1977)  has conf i r med t hat  t he 

t abul at i on does i ndeed i mpl y such a degr ee of  ani sot r opy but  t hat  

i t  i s  possi bl y i n er r or .  	 ( Unf or t unat el y,  a mor e det ai l ed r ecor d 

of  t he exper i ment  appar ent l y no l onger  exi st s. )  	 I f  equat i on 

1. 2. 16 i s based upon vē r at her  t han 	 t he ' const ant '  i s  about  2. 6 

i nst ead of  4. 8.  	 Mei er  & Kr epl i n have measur ed t he ef f ect  of  t he 

l engt h scal e r at i o ( Lxl l ) ezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/6 f or  a f r ee- st r eam st r eamwi se i nt ensi t y 

( u' / U) e  of  onl y 0. 002.  	 Br i ef  r ef er ence t o t hei r  exper i ment al  

ar r angement  was made ear l i er .  	 Unf or t unat el y t hey di d not  measur e 

t he r at i o ( u' / v ' ) e  whi ch i n t hei r  case must  have been consi der abl y 

l ess t han uni t y because of  t he ef f ect  of  t he cont r act i on.  	 I n f act ,  

t he r at her  l ar ge l engt h scal e r at i o ef f ect  t hat  t hey obt ai ned -  f or  

( u' / U) e  = 0. 002,  hal v i ng 
( Lxl l )e/6 

 f r om appr oxi mat el y 1. 7 i ncr eased 

t he ski n f r i c t i on by about  1. 5% -  i s  onl y consi st ent  wi t h Mei er ' s  

r esul t s j ust  c i t ed,  obt ai ned usi ng t he same wi nd t unnel  but  wi t h a 

di f f er ent  gr i d ar r angement ,  i f  t he nor mal  component  of  f r ee- st r eam 

i nt ensi t y,  vē,  i s  much mor e i mpor t ant  t han t he st r eamwi se i nt ensi t y,  

uē.  	 Char nay has measur ed t he t r ansver se i nt egr al  l engt h scal e 

L 	 ( = . .  L 	 i n i sot r opi c t ur bul ence) , def i ned as 
11 	11 
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LY 
	 = 	 v( y)  	v( y + r )  dr  ,  „ ( 1. 2. 24)  

o 	 7 

but  t he l engt h scal e was gener al l y  st i l l  i ncr easi ng wi t h y at  t he 

out er most  measur ement  posi t i on.  	 I t  appear s t hat ,  at  const ant  

f r ee- st r eam i nt ensi t y,  LY  / 690  at  t he boundar y l ayer  edge was 
11 

var i ed by about  a f act or  2.  	 ( Over al l ,  at  t he boundar y l ayer  edge,  

LY  / 699  was var i ed wi t hi n 0. 2 t o 1. 2. )  	 Char nay concl uded t hat  
11 

f or  t he r ange cover ed by hi s measur ement s t he l engt h scal e r at i o 

was uni mpor t ant .  	 Sl anci auskas & Pedi s i us acknowl edged t hat  t he 

r at i o of  f r ee- st r eam t o boundar y l ayer  l engt h scal es i s  l i kel y t o be 

i mpor t ant  but  t hey di d not  make any syst emat i c i nvest i gat i on.  They 

st at ed,  wi t hout  def i ni ng L,  t hat  L/ & was wi t hi n t he appr oxi mat e r ange 

of  0. 5 t o 1. 0.  

Wher eas al l  t he exper i ment s agr ee t hat  f r ee- st r eam 

t ur bul ence i ncr eases t he ski n f r i c t i on of  a t ur bul ent  boundar y 

l ayer  t he heat  t r ansf er  measur ement s do not  show such consi st ency.  

Edwar ds & Fur ber  ( 1956) ,  Reynol ds et  al .  ( 1958) ,  Kest i n et  al .  ( 1961) ,  

Kest i n ( 1966) ,  Junkhan & Ser ovy ( 1967) ,  Br own & Bur t on ( 1977) ,  and 

Consi gny et  al .  ( 1979)  say t hat  heat  t r ansf er  i s- not  af f ect ed by 

f r ee- st r eam t ur bul ence.  	 Sugawar a et  al .  ( 1953) ,  Fei l er  & Yeager  

( 1962) ,  Si moni ch & Br adshaw ( 1978)  and Sl anci auskas & Pedi s i us 

( 1979)  concl ude t hat  t her e i s  an i ncr ease.  	 Si moni ch & Br adshaw 

and Sl anci auskas & Pedi s i us compar ed heat  t r ansf er  r at es at  const ant  

moment um t hi ckness Reynol ds number ,  Ree,  and have bot h shown t he 

i ncr ease t o be about  t wi ce t he i ncr ease i n t he ski n f r i c t i on.  

compar ed on t he same basi s.  	 Thei r  dat a show t hat  f r ee- st r eam 

t ur bul ence r educes t he t her mal  wake st r engt h,  r r e,  def i ned by 

-  T
e 	 6 	 21I

wT  e  = k  I n (-9+ Ce  + 	 ( 1. 2. 25)  
T 	 e 	 e 

TT  i s  t he ' f r i c t i on t emper at ur e'  equal  t o Qw/ ( pCpuT)  wher e Qw  i s  
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t he wal l  heat  t r ansf er  r at e per  uni t  ar ea,  and Cp  i s  t he speci f i c  

heat  at  const ant  pr essur e.  	 Si moni ch & Br adshaw poi nt  out  t hat ,  

at  const ant  u6/ v,  a decr ease of  I I  must  be accompani ed by an i ncr ease 

of  I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe  i f  t he heat  t r ansf er  wer e t o r emai n unaf f ect ed.  	 Thus,  t he 

heat  t r ansf er  and t he t emper at ur e pr of i l e cannot  be s i mul t aneousl y 

unaf f ect ed by f r ee- st r eam t ur bul ence.  

Ext ensi ve boundar y l ayer  t ur bul ence measur ement s have 

been made by Huf f man et  al . ,  Char nay,  and Char nay et  al . , i n a 

const ant - pr essur e l ayer ,  by. Ar nal  i n an adver se pr essur e gr adi ent ,  

and by Ahmad et  al .  i n a const ant - pr essur e l ayer  wi t h ei t her  a 

smal l  posi t i ve,  zer o or  negat i ve f r ee- st r eam t r ansver se mean vel oci t y 

gr adi ent ,  dUe/ dy.  	 Char nay has used a x- wi r e- pl us- t emper at ur e-  

wi r e pr obe s i mi l ar  t o t hat  used i n t he pr esent  t hesi s,  t o obt ai n 

t emper at ur e- condi t i oned measur ement s.  	 Some of  t he ot her  wor ker s 

pr evi ousl y ment i oned,  f or  exampl e Evans ( 1972) ,  have made l ess 

det ai l ed t ur bul ence measur ement s.  

Huf f man et  al . ,  Char nay,  and Evans show t he shear  st r ess 

pr of i l e edge,  605  say,  t o be moved out war ds wi t h r espect  t o t he mean 

vel oci t y pr of i l e edge by t he act i on of  f r ee- st r eam t ur bul ence.  

Char nay and Evans r ef er r ed t o t he 699 t hi ckness f or  t he mean vel oci t y 

pr of i l e whi l e Huf f man et  al .  r ef er r ed t o t he val ue der i ved f r om 

f i t t i ng t he mean vel oci t y pr of i l e t o t he i nner  l ayer  l ogar i t hmi c 

l aw combi ned wi t h t he cosi ne f or m f or  t he wake f unct i on.  	 However ,  

t he shear  st r ess measur ement s of  Huf f man et  al .  ar e,  f or  t he l ar gest  

gr i d,  dubi ousl y l ar ge near  and out s i de t he mean vel oci t y pr of i l e 

edge;  at  t he edge t he shear  st r ess i s  about  0. 6 of  t he wal l  val ue.  

Br adshaw ( 1974)  has poi nt ed out  t hat  i f  t he f l ow i s t wo- di mensi onal  

such a l ar ge shear  st r ess i mpl i es an excessi vel y l ar ge ent r ai nment  

vel oci t y and i s i nconsi st ent  wi t h t he di r ect  st r ess and st at i c  

pr essur e gr adi ent s.  	 Thus,  ei t her  t he quality of the flow downstream 

of  t he l ar gest  gr i d was poor ,  or  t he shear  st r ess measur ement s wer e 
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i n er r or .  

Char nay' s measur ement s of  - uv/ / ( u7. v2)  show t hat  f or  

y/ 699 0. 9 i t  i s  onl y weakl y af f ect ed by f r ee- st r eam t ur bul ence 

except  at  t he l ar gest  i nt ensi t y quot ed of  ( u' / U) e  = 0. 047 wher e 

i t  i s  r educed by about  20%.  	 Bet ween y/ 699 	 0. 9 and y/ S99  2,   1. 4 

-uv/ ❑(u7. v 2- ) i ncr eases s l i ght l y  wi t h i ncr easi ng f r ee- st r eam i nt ensi t y.  

-uv i s  zer o out s i de y/ S99  1. 4.  The st r uct ur al  par amet er  

-uv/ q i s  shown t o decr ease mor e.  uni f or ml y i nsi de y/ 599  0. 9,  and 

t o i ncr ease out s i de.  	 I n t he i nner  l ayer  - uv/ o72-   i s  decr eased by 

about  20% when ( u' / U) e  = 0. 047.  	 Huf f man et  al .  show - uv/ q t o 

i ncr ease i n t he out er  l ayer  and,  t hough not  concl usi vel y,  t o be 

unaf f ect ed i n t he i nner  l ayer .  	 Of  cour se,  i n v i ew of  t hei r  

doubt f ul  shear  st r ess measur ement s - uv/ q must  al so be doubt f ul .  

Mor eover,  an,  i ncr ease of  - uv/ q-2"  uv /q 'and - uv/  ❑( u2. v 2)  near  t he boundar y 

l ayer  edge i s sur pr i s i ng because - uv  shoul d be unsi gni f i cant  i n a 

uni f or m f r ee- st r eam.  	 Ar nal ,  i n agr eement  wi t h t he pr esent  

measur ement s,  shows - uv/ q t o decr ease ever ywher e wi t h i ncr easi ng 

f r ee- st r eam i nt ensi t y.  

Char nay gi ves t he cor r el at i on coef f i c i ent s u / ( uzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2-) 3/ 2  

Tv/ ( ū dv` ) ,  7/ ( 2du2) ,  v3/ ( 7) 3/ 2  and 	 / ( w T ) .  They ar e 

shown t o be r educed i n magni t ude as t he f r ee- st r eam i nt ensi t y i s  

i ncr eased.  	 Measur ement s of  t he cor r el at i on coef f i c i ent  out s i de 

t he mean vel oci t y edge do not  al l  r each zer o but  ar e al l  l ess 

t han 0. 2;  i n exact l y homogeneous t ur bul ence t he t r i pl e pr oduct s 

-21 must  be zer o.  	 Fl at ness f act or s uu/ ( u2•) 2  and v7/ ( v2 ) 2  ar e al so 

r educed and t end t o t he f r ee- st r eam val ue ( of  appr oxi mat el y 3)  

wi t h i ncr eased f r ee- st r eam i nt ensi t y.  

Bot h Char nay and Huf f man et  al .  pr esent  bal ances of  t he 

t ur bul ent  k i net i c ener gy equat i on.  	 Char nay shows t he domi nant  

pr oduct i on t er m,  - uv. a U/ ay. d/ Ue,  t o be onl y s l i ght l y  af f ect ed by 

f r ee- st r eam t ur bul ence,  i mpl y i ng near l y compensat i ng changes i n 
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w t he mean vel oci t y gr adi ent  and shear  st r ess.  	 Huf f man et  al .  show 

a s l i ght  r educt i on i n - uv. aU/ 3y. 6/ U:  i n t he out er  l ayer  at  t he hi ghest  

f r ee- st r eam i nt ensi t y.  	 A mor e pl ausi bl e shear  st r ess di st r i but i on 

woul d r educe t he pr oduct i on st i l l  f ur t her  but  onl y wher e i t  i s  i t sel f  

smal l  compar ed wi t h t he ot her  t er ms.  Ther e i s no obvi ous r eason why 

t he pr oduct i on shoul d be unaf f ect ed by f r ee- st r eam t ur bul ence.  

Char nay det er mi ned di ssi pat i on f r om spect r al  measur ement s and 

eval uat ed t he pr essur e di f f ussi on as a smal l  di f f er ence.  	 Huf f man 

et  al .  negl ect ed t he pr essur e di f f usi on and eval uat ed di ssi pat i on by 

di f f er ence.  	 Bot h show t he di ssi pat i on t o be i ncr eased most  i n t he 

out er  l ayer .  	 Fr ee- st r eam t ur bul ence f or ces t he advect i on i n t he 

out er  par t  of  t he boundar y l ayer  t o change s i gn f r om t hat  whi ch occur s 

i n i t s  absence.  Char nay and Huf f man et  al .  obser ved an i ncr ease i n 

t ur bul ent  di f f usi on.  	 Huf f man et  al .  gi ve t he di f f usi on f unct i on G 

and t he shear  st r ess di ssi pat i on l engt h scal e LT,  as def i ned by 

Br adshaw ( 1967,  and quot ed i n chapt er  4,  sect i on 4. 8) ,  but  t hese 

quant i t i es depend f ai r l y  st r ongl y on t he accur acy of  t he shear  st r ess 

measur ement s.  

A f unct i on whi ch def i nes i nst ant aneousl y whet her  t he 

f l ui d at  a ( f i xed)  poi nt  i s  shear  l ayer  or  ext er nal  f l ui d ( per haps 

anot her  shear  l ayer )  i s  cal l ed an i nt er mi t t ency f unct i on.  	 The 

t i me- aver age of  t he i nt er mi t t ency f unct i on i s  t he i nt er mi t t ency 

f act or ,  y.  	 I nt er mi t t ency t echni ques t hat  use a f unct i on of  

f l uct uat i ng vel oci t y as a di scr i mi nat or  bet ween shear  l ayer  and 

ext er nal  f l ui d ar e onl y usabl e when t he f l uct uat i ons i n t he ext er nal  

f l ui d ar e ver y smal l  i n magni t ude or  consi st  of  a ver y di f f er ent  

band of  f r equenci es compar ed wi t h t he shear  l ayer  f l ui d.  	 Such 

met hods have been consi der ed by Br adbur y ( 1964) ,  Fi edl er  & Head 

( 1966) ,  Kapl an & Lauf er  ( 1968) ,  Wygnanski  & Fi edl er  ( 1970) ,  Ant oni a 

& Br adshaw ( 1970) ,  Kovasznay et  al .  ( 1970) ,  Sunyach ( 1971) ,  

Ant oni a ( 1972) ,  Thomas ( 1973) ,  Cast r o ( 1973) ,  Hedl ey & Kef f er  ( 1974) ,  
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Br adshaw.  & Mur l i s  ( 1974)  and Mur l i s  ( 1975) .  	 Mur l i s  gi ves an 

ext ensi ve r evi ew of  t he di scr i mi nat i ng f unct i on and i t s  i nt er pr et at i on 

i nt o an i nt er mi t t ency f unct i on.  

Vel oci t y di scr i mi nat i on i s of  no use when f r ee- st r eam 

t ur bul ence i s pr esent  wi t h scal es of  t he or der  of  t he under l y i ng 

boundar y l ayer  scal es.  An al t er nat i ve and at t r act i ve met hod of  

s l i ght l y  heat i ng t he shear  l ayer  f l ui d and usi ng t emper at ur e 

as a di scr i mi nat or  has been used by Johnson ( 1959) ,  Sunyach ( 1971) ,  

Char nay ( 1974) ,  Char nay et  al .  ( 1976) ,  Ant oni a,  Pr ahbu & St ephenson 

( 1975) ,  Dean & Br adshaw ( 1976) ,  Wei r  & Br adshaw ( 1977) ,  Ant oni a,  

Dahn & Pr abhu ( 1977) ,  Andr eopoul os ( 1978)  and Chen & Bl ackwel der  

( 1978) .  

Char nay uni f or ml y heat ed hi s pl at e,  el ect r i cal l y ,  t o 

about  20°C above t he ambi ent  t emper at ur e ( i . e.  a 7% change i n 

absol ut e t emper at ur e acr oss t he l ayer ) .  	 Thi s causes ( AT/ T) Sggg/ Ue,  

whi ch i s of  t he or der  of  t he gr adi ent  Ri char dson number  

- ( g/ T)  aT/ ay/ ( aU/  y) 2,  t o be r oughl y 0. 3 x 10- 3.  	 The i nst ant aneous 

over heat  r at i o of  t he x- wi r e pr obe ( nomi nal l y  0. 8)  woul d have 

var i ed by about  13%.  	 I n r emovi ng t he f l uct uat i ng t emper at ur e 

ef f ect s f r om t he x- wi r e pr obe onl y mean sensi t i v i t i es coul d be 

used because of  t he anal ogue pr ocessi ng.  	 Fl uct uat i ng t emper at ur e 

was measur ed wi t h a 2pm x 1. 5 mm pl at i num wi r e oper at i ng at  a 

const ant  cur r ent  of  appr oxi mat el y l mA.  	 Char nay est i mat es t he 

' 3dB'  f r equency of  hi s uncompensat ed t emper at ur e wi r e t o be about  

200 Hz or  equi val ent l y about  one boundar y l ayer  t hi ckness,  al t hough 

t hi s appear s t o be a conser vat i ve est i mat e.  Fl ui d was decl ar ed 

t o be shear  l ayer  f l ui d onl y i f  ei t her  t he t emper at ur e or  t he squar e 

of  i t s  der i vat i ve or  bot h exceeded t hr eshol d l evel s.  

Char nay gi ves i nt er mi t t ency st at i s t i cs and condi t i onal  

aver ages f or  t hr ee l evel s of  f r ee- st r eam i nt ensi t y, . ( u' / U) e  = 
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•  	 0. 018,  0. 032 and 0. 047,  t he backgr ound,  no- gr i d l evel  bei ng 0. 003.  

The aver age posi t i on of  t he i nt er f ace,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAÿ ,  def i ned as t he posi t i on 

wher e y = 0. 5,  does not  change beyond ±0. 01 f r om i t s no- gr i d val ue 

of  0. 83 S .  	 The st andar d devi at i on,  a,  of  t he i nt er f ace posi t i on,  

det er mi ned by f i t t i ng 

1 -  er f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	
ō zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAyol 99 

( f ol l owi ng Cor r s i n & Ki st l er ,  1955)  t o t he i nt er mi t t ency f act or  

y( y) ,  i ncr eases r oughl y l i near l y f r om i t s no- gr i d val ue of  

0. 22599  t o 0. 35599  at  ( u' / U) e  = 0. 047.  	 The change i n t he i nt er -  

mi t t ency f act or  pr of i l e i mpl i es a gr eat er  penet r at i on of  t he f r ee-

st r eam f l ui d i nt o t he boundar y l ayer  and a gr eat er  excur si on of  

boundar y, l ayer  f l ui d i nt o t he f r ee- st r eam.  	 Aver age bur st  f r equency,  

f y699/ Ue,   -  whi ch i s gener al l y  st r ongl y dependent  on t he i nt er -

mi t t ency di scr i mat i on t echni que empl oyed ( Mur l i s ,  1975) ,  and so 

shoul d at  most  onl y be used compar at i vel y -  shows a r oughl y l i near  

i ncr ease wi t h f r ee- st r eam i nt ensi t y at  const ant  Reynol ds number .  

At  ( u' / U) e  = 0. 047 t he peak aver age bur st  f r equency i s about  80% 

l ar ger  t han i t  i s  f or  t he no- gr i d case.  	 Wi t h onl y t he backgr ound 

f r ee- st r eam i nt ensi t y t he aver age bur st  f r equency di st r i but i on 

i s compar abl e wi t h t hat  obt ai ned by Medl ey & Kef f er  ( 1974)  but  

br oader  t han t hat  obt ai ned by Koyasznay et  al .  	 The peak val ues 

ar e al l  appr oxi mat el y equal .  	 Aver age bur st  l engt h,  def i ned as 

Y Ue/ fy  ,  decr eases wi t h i ncr eased f r ee- st r eam i nt ensi t y except  

near  t he boundar y l ayer  edge and out s i de wher e i t  i ncr eases,  

consi st ent  wi t h t he out war d movement  of  t he i nt er f ace.  	 Char nay' s 

condi t i onal l y- aver aged mean vel oci t i es ar e i n qual i t at i ve agr eement  

wi t h t hose of  ot her  wor ker s.  	 On aver age t he boundar y l ayer  f l ui d 

moves wi t h a st r eamwi se vel oci t y l ess t han t he mean and moves 

out war ds,  and t he ext er nal  f l ui d moves wi t h a st r eamwi se vel oci t y 
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gr eat er  t han t he mean and moves i nwar ds.  	 Hi gher  or der  moment s 

of  condi t i onal l y- aver aged vel oci t y f l uct uat i ons wer e measur ed 

wi t h r ef er ence t o condi t i onal l y- aver aged means r at her  t han 

convent i onal l y- aver aged means.  	 Such aver agi ng t ends t o i gnor e 

t he l ar ge- scal e t ur bul ent  mot i on.  	 The condi t i onal l y- aver aged 

t ur bul ence quant i t i es pr esent ed i n chapt er  4 ar e based upon 

condi t i onal l y- aver aged vel oci t y f l uct uat i ons measur ed wi t h 

r espect  t o convent i onal l y- aver aged means.  

1. 2. 2 	 Fr ee shear  l ayer  f l ows  

Al t hough boundar y l ayer s ar e not  s i gni f i cant l y af f ect ed 

by f r ee- st r eam f l uct uat i ons of  wavel engt h an or der  of  magni t ude 

gr eat er  t han ō,  f r ee shear  l ayer s can be bodi l y  convect ed,  wi t h 

a consequent  snaki ng appear ance ( Br adshaw,  1976) ,  as sket ched i n 

f i gur e l . l b.  	 Conver sel y,  f r ee- st r eam t ur bul ence t hat  has a l engt h 

scal e t hat  i s  smal l  when compar ed wi t h t he shear  l ayer  l engt h 

scal e wi l l  r e- i nf or ce t he shear  l ayer  t ur bul ence but  wi t hout  

bodi l y  convect i ng i t ,  and cause smal l - scal e di st or t i on of  t he 

t ur bul ent / t ur bul ent  i nt er f ace j ust  as i n boundar y l ayer s ( Br adshaw,  

1976;  Fi nk,  1977) ,  as sket ched i n f i gur e 1. 1c.  	 Bodi l y di spl ace-  

ment ,  Dy,  ( i n t he di r ect i on of  shear )  of  a snaki ng shear  l ayer  

when v i ewed f r om f i xed Eul er i an axes wi l l  r esul t  i n an appar ent  

i ncr ease i n t he st r eamwi se vel oci t y equal  t o ( aU/ 3y) ay,  and t i me-

aver aged measur ement s wi l l  show an appar ent  i ncr ease i n gr owt h 

r at e.  

Exper i ment s on f r ee- st r eam t ur bul ence ef f ect s on f r ee 

shear  l ayer s ar e mor e di f f i cul t  t han f or  boundar y l ayer s because 

of  t he snaki ng ef f ect  and t he i mpor t ance of  i ni t i al  condi t i ons on 

shear  l ayer  devel opment .  	 Br own & Roshko ( 1974)  f ound t hat  t wo-  

st r eam mi xi ng l ayer s exhi bi t  l ar ge or der l y st r uct ur e -  s i mi l ar  t o 

t he ei genmodes of  i nst abi l i t y  of  a l ami nar  boundar y l ayer  -  

per s i st i ng f or  a t i me consi der abl y l ar ger  t han t he l i f e t i me of  
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many t ypi cal  shear  f l ows ( Chandr suda et  al . ,  1978) .  	 They 

suggest  t hat  as such i t  i s  t he asympt ot i c f ul l y  devel oped f or m 

of  a " t ur bul ent "  mi x i ng l ayer .  	 Chandr suda et  a] .  ar gue t hat  t he 

st r uct ur e obser ved by Br own & Roshko i s r ar e i n pr act i ce r equi r i ng 

i ni t i al l y  l ami nar  boundar y l ayer s at  separ at i on and l ow f r ee- st r eam 

t ur bul ence or  l ow " st i l l - ai r "  t ur bul ence i f  t he mean vel oci t y on 

one s i de i s zer o.  	 Br adshaw ( 1977)  has at t r i but ed t he non- l i near  

gr owt h r at e of  pl ane t ur bul ent  j et s as measur ed by sever al  

i nvest i gat or s and document ed by Kot sovi nos ( 1976)  t o sel f - i nduced 

dr aught s ( " st i l l - ai r "  t ur bul ence)  occur r i ng wi t hi n t he l abor at or y.  

Ef f ect s of  f r ee- st r eam t ur bul ence on f r ee shear  l ayer s 

have been i nvest i gat ed by Peer l ess ( 1971) ,  Sai y ( 1974)  and 

Mohammadi an et  al .  ( 1976)  i n a pl ane t wo- st r eam mi xi ng l ayer ;  

by Pat el  ( 1977)  i n a pl ane one- st r eam mi xi ng l ayer ;  by Leucht er  

( 1976)  i n a c i r cul ar  t wo- st r eam mi xi ng l ayer ;  by Kul i k  et  al .  

( 1969)  and Fi nk ( 1977)  i n a c i r cul ar  t ur bul ent  j et ;  and by 

Komoda ( 1957)  i n a t ur bul ent  wake.  

The measur ement s of  Peer l ess,  Sai y and Mohammadi an et  

al .  wer e obt ai ned usi ng t he same r i g whi ch consi st ed of  t wo 

adj acent  r ect angul ar  duct s i ncl i ned ( 8i 0)  t o each ot her  and 

meet i ng t o f or m a shar p " t r ai l i ng edge" .  	 Most  of  t he boundar y 

l ayer s upst r eam of  t he t r ai l i ng edge wer e r emoved by suct i on.  

Peer l ess and Mohammadi an et  al .  used a syst em of  osci l l at i ng gr i ds 

consi st i ng of  s i ngl e r ows of  spanwi se r ound bar s,  s i t uat ed at  t he 

t r ai l i ng edge.  	 The gr i d osci l l at i on wavel engt h was consi der abl y 

l ar ger  t han t he shear  l ayer  scal e and pr obabl y caused consi der abl e 

shear  l ayer  f l appi ng.  	 St r ong vor t ex sheddi ng was al so pr esent  

at  t wo bar - spaci ngs downst r eam of  t he gr i ds.  	 Sai y,  i n a mor e 

ext ensi ve r epeat  of  Peer l ess '  measur ement s used,  i n pr ef er ence,  

st at i onar y squar e- mesh r ect angul ar - bar  gr i ds -  t hough havi ng onl y 

t wo meshes per  duct  hei ght  -  i nser t ed about  ei ght  mesh s i zes 
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•  upst r eam of  t he t r ai l i ng edge.  	 At  t he t r ai l i ng edge t he t ur bul ence 

spect r a wer e l i ke t hat  expect ed of  near l y homogeneous near l y i sot r opi c 

t ur bul ences.  	 Sai y ' s measur ement s wer e obt ai ned i n t he r ange 

40 < x/ 8 < 60 f or  f r ee- st r eam vel oci t y r at i os of  0. 48 and 0. 72.  

Except  f or  a s l i ght  f l at t eni ng i n t he edge r egi on t he mean vel oci t y 

pr of i l es wer e f ound t o be appr oxi mat el y i ndependent  of  f r ee- st r eam 

i nt ensi t y f or  ( u' / U) e S 0. 06,  when scal ed on t he moment um t hi ckness 

( def i ned)  	 ( U -  Ue) / ( Ue -  Ue) ( 1 - ( U -  Ue ) / ( Ue -  Ue ) ) dy, Ue > Ue )  
-~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	2 	 1 	 2 	 2 	1 	2 	1 	 2 

and t he di f f er ence i n f r ee- st r eam vel oci t i es.  The di r ect  st r esses i n t he 

l ayer  wer e i ncr eased by f r ee- st r eam t ur bul ence,  r oughl y equal l y  f or  

each component .  	 The shear  st r ess,  - ūv,  was al so i ncr eased i n 

magni t ude,  Shear  l ayer  snaki ng ( and al so f l appi ng)  coul d be expect ed 

t o i ncr ease uzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA72" and ) - uv(  

Pat el  obser ved a r at her  l ar ge i ncr ease i n spr eadi ng r at e,  

as much as 30% f or  an i ncr ease i n ( u' / U) e f r om 0. 005 t o 0. 014.  

Pat el  i ncr eased t he f r ee- st r eam i nt ensi t y i n an unconvent i onal  

manner  by par t i al l y  st al l i ng t he wi nd t unnel  bl ower  f an.  

Leucht er  has gi ven some pr el i mi nar y r esul t s f or  a 

squar e- mesh r ound- r od bi pl ane gr i d posi t i oned i n t he ext er nal  

f l ow at  t he shear  l ayer  separ at i on poi nt .  	 The obser ved i ncr ease 

i n t he mi xi ng l ayer  t hi ckness was al most  undoubt edl y assi st ed by 

t he st r eamwi se hor seshoe vor t i ces wr apped ar ound t he bar s of  

t he gr i d i mmer sed i n t he shear  l ayer .  	 Fi nk used a somewhat  

s i mi l ar  r i g,  but  wi t h t he gr i d pl aced 10 mesh s i zes upst r eam of  

t he j et  exi t ,  whi ch had a di amet er  of  0. 15 of  t he gr i d mesh s i ze.  

Measur ement s wer e obt ai ned wi t hi n t he r ange of  zer o t o 150 j et  

di amet er s downst r eam,  f or  whi ch t he f r ee- st r eam i nt ensi t y,  

( u' / U) e decr eased f r om 0. 08 t o 0. 04.  	 The vel oci t y r at i o was 

var i ed bet ween 3 and 6.  	 The gr i d mesh s i ze was chosen smal l  

enough t o avoi d bodi l y  convect i on of  t he j et  as obser ved by 
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smoke f l ow vi sual i zat i on.  	 Fr ee- st r eam t ur bul ence i ncr eased t he 

hal f - wi dt h of  t he vel oci t y pr of i l e by r oughl y 10%.  	 The r esul t s 

i ndi cat e t hat  t he j et  appr oaches a wake- l i ke st r uct ur e mor e r api dl y 

when f r ee- st r eam t ur bul ence i s pr esent .  

1. 2. 3 	 Ef f ect  of  f r ee- st r eam acoust i c di st ur bances  

Physi cal l y ,  f r ee- st r eam acoust i c di st ur bances woul d be 

expect ed t o exer t  most  ef f ect  when t he char act er i st i c  wavel engt hs 

of  t he acoust i c di st ur bances ar e of  t he or der  of  t hose occur r i ng 

i n t he shear  l ayer  i n t he absence of  t he di st ur bances.  	 I f  uo  and £ 

ar e vel oci t y and l engt h scal es of  t he shear  l ayer ,  and A and f  ar e 

wavel engt h and f r equency scal es of  t he acoust i c di st ur bances t hen 

x =zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 uo 
M• 

Qf  	
( 1. 2. 26)  

wher e M i s t he Mach number .  	 A/ R and uo/ ( Rf )  can bot h be of  

or der  uni t y onl y i f  t he Mach number  i s  of  or der  uni t y.  

Most  exper i ment s on t he ef f ect  of  acoust i c di st ur bances 

have been done i n boundar y l ayer s.  	 Acoust i c di st ur bances i n hi gh 

subsoni c and t r ansoni c wi nd t unnel s ar e of  par t i cul ar  i mpor t ance 

and r ecent  i nvest i gat i ons have been made by Weeks & Hodges ( 1977)  

at  M = 0. 32,  0. 60,  0. 80 and 0. 86;  by Benek ( 1977)  at  M = 0. 50;  

and by Raghunat han et  al .  ( 1979)  at  M = 0. 64,  0. 78 and 0. 95.  

Unf or t unat el y,  Benek r epor t ed onl y t he l evel  of  sound and- not  

i t s  spect r um.  	 Weeks & Hodges used a di scr et e- t one Har t mann 

gener at or  whi ch pr oduced f r equenci es t ypi cal  of  t hose wi t hi n t he 

boundar y l ayer .  	 Bot h Weeks & Hodges and Benek f ound t hat  t her e 

was negl i gi bl e r esponse of  t he boundar y l ayer s f or  r oot  mean squar e 

f l uct uat i ng pr essur e l evel s up t o about  8% of  t he dynami c pr essur e.  

Raghunat han et  al .  var i ed t he l i ner  por osi t y of  t hei r  t r ansoni c 

wi nd t unnel  t c ar y t he sound l evel  bet ween 0. 6 and 2. 3% of  t he 

dynami c pr essur e.  	 They f ound onl y smal l  changes i n mean f l ow 

par amet er s but  mor e s i gni f i cant  i ncr eases i n t he st r eamwi se 
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•  f l uct uat i on i nt ensi t y -  t he onl y component  measur ed -  wi t hi n t he 

l ayer .  The wavel engt h of  t he peak of  t he f r equency spect r um was 

r at her  l ar ger  t han t he boundar y l ayer  t hi ckness.  

1. 2. 4 	 Cal cul at i on met hods and t heor et i cal  anal yses  

The exper i ment al  dat a di scussed i n subsect i on 1. 2. 1 show 

t hat  t he ef f ect  of  f r ee- st r eam t ur bul ence on boundar y l ayer  f l ow 

i s conf i ned l ar gel y t o t he out er  l ayer  and t o an uncer t ai n amount  

of  i nact i ve mot i on i n t he i nner  l ayer .  	 Thus,  f or  t he pur poses 

of  cal cul at i on met hods i t  woul d appear  t hat  al l owances f or  f r ee-

st r eam t ur bul ence i n t he t ur bul ence model l i ng can al so be conf i ned 

mai nl y t o t he out er  l ayer .  	 Cal cul at i on of  f r ee- shear  l ayer  f l ows,  

however ,  wi l l  pr obabl y pr esent  gr eat er  di f f i cul t y par t i cul ar l y i f  

t he f r ee- st r eam l engt h scal e i s  so l ar ge t hat  t he l ayer  i s  bodi l y  

convect ed.  

For  boundar y l ayer  f l ows Evans & Hor l ock ( 1973)  have 

adapt ed t he t ur bul ent  k i net i c ener gy i nt egr al  equat i on met hod of  

Hi r st  & Reynol ds ( 1968) .  	 Because of  t hei r  exper i ment al  evi dence 

t hat  t he t ur bul ent  shear  st r ess ext ends wel l  out s i de t he mean 

vel oci t y edge t hey have i ncl uded an addi t i onal  shear  st r ess t er m 

i n t he moment um i nt egr al  equat i on,  whi ch t hey wr i t e as 

dU Cf  	
1 -  T

6 	
= d06 + ( H + 2) • 6.  	

6 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATw TX 	6 	U ~ X 

wher e suf f i x  6 denot es quant i t i es eval uat ed at  or  as f ar  as t he 

mean vel oci t y edge.  	 They use,  on t he basi s of  Evans ( 1972) ,  

T6/ TW = 4( u' / U) 6 and a modi f i ed ver s i on of  Hi r st  & Reynol ds '  ener gy 

equat i on 

d [ E2 f udY1 = 0. 14 uT ( 1. 2. 28)  

6 
wher e E = āxf  Udy,  and ( q ) 6 i s  t aken as 3( u ) 6.  However ,  because 

0 
of  t he ef f ect  of  t he wal l  on t he f r ee- st r eam t ur bul ence ( see l at er )  

( 1. 2. 27)  

6 
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t he assumpt i on of  i sot r opy at  y = S and t he assumpt i on f or  

TS/ T
WALL ar e open t o doubt  and may go some way t o expl ai n why t he 

cal cul at i ons over est i mat e t he dat a of  Huf f man et  al .  ( 1972)  and 

Evans.  

McDonal d & Kr eskovsky ( 1974)  have used t he t ur bul ent  

k i net i c ener gy equat i on,  an al gebr ai c di ssi pat i on l engt h scal e 

based on shear  st r ess,  an al gebr ai c mi x i ng- l engt h scal e and t he 

modi f i ed st r uct ur al  par amet er  

al (G - f(* )  qe)  = - uv ,  	 ( 1. 2. 29)  

wher e a1  = 0. 15.  	 f  was chosen as 1 ( 1 -  cos( Tr y%S) ) ,  so f or c i ng 

- uv t o zer o as t he f r ee- st r eam i s appr oached.  Ar gument s put  

f or war d i n subsect i on 1. 2. 1 suggest  t hat  f ( y/ S)  shoul d scal e on 

a f r ee- st r eam l engt h scal e as wel l  as t he boundar y l ayer  l engt h 

scal e 	 McDonal d & Kr eskovsky have compar ed t hei r  model  wi t h 

t he dat a of  Kl i ne et  al . ,  Char nay ( 1971)  and Huf f man et  al .  wi t h 

r easonabl e agr eement .  

Ar nal  ( 1977)  has used a t wo- equat i on t r anspor t  model ,  

s i mi l ar  t o t hat  due t o Jones & Launder  ( 1972) ,  and an adapt ed 

mi xi ng- l engt h i nt egr al  met hod.  	 Cl osur e of  t he t wo- equat i on model  

i s  by gr adi ent  di f f usi on f or  t he t r anspor t  of  t ur bul ent  k i net i c 

ener gy and t ur bul ent  di ssi pat i on,  and by an eddy v i scosi t y scal ed 

on t he t ur bul ent  k i net i c ener gy and t ur bul ent  di ssi pat i on ( i e t he 

so- cal l ed Pr andt l - Kol mogor ov hypot hesi s) .  	 Compar i son of  bot h 

met hods was made agai nst  Ar nal ' s  own adver se pr essur e gr adi ent  

dat a and t he const ant - pr essur e dat a of  Huf f man et  al .  and Char nay.  

Bot h met hods wer e shown t o gi ve r easonabl e pr edi ct i on of  al l  

t hr ee set s of  dat a.  

Pr edi ct i on met hods f or  f r ee- st r eam t ur bul ence ef f ect s on 

f r ee shear  l ayer s appear  t o be conf i ned t o t ur bul ence model s usi ng 

eddy v i scosi t y or  mi x i ng- l engt h concept s,  or  bot h.  	 Peer l ess and 
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Mohammadi an et  al .  have used an eddy v i scosi t y expr essed as a 

f unct i on of  t he st r eamwi se i nt ensi t y of  each f r ee- st r eam and a 

mi x i ng l engt h pr opor t i onal  t o t he moment um t hi ckness ( def i ned i n 

subsect i on 1. 2. 2 ) .  	 They have al so used a t wo- equat i on met hod 

based on an eddy v i scosi t y hypot hesi s and t r anspor t  equat i ons f or  

t he t ur bul ent  k i net i c ener gy and w,  wher e w i s t he squar e of  a 

char act er i st i c  shear  l ayer  f r equency ( t he so- cal l ed Kol mogor ov 

f r equency) .  	 Bot h Peer l ess and Mohammadi an et  al .  obt ai ned r easonabl e 

agr eement  bet ween t he t wo met hods and t he measur ement s.  	 Sai y has 

compar ed hi s own dat a wi t h t wo- equat i on met hods based on an eddy 

v i scosi t y hypot hesi s and t r anspor t  equat i ons f or  t he t ur bul ent  k i net i c 

ener gy and ei t her  w or  ❑w.  	 Ther e appear ed t o be l i t t l e di f f er ence 

bet ween t he met hods i n r easonabl y pr edi ct i ng t he measur ement s.  

Fi nk has ar gued,  i n anal ogy wi t h t he ener gy cascade wave 

number  hypot hesi s,  t hat  f or  a suf f i c i ent l y  l ar ge f r ee- st r eam l engt h 

scal e t he i ncr ease i n eddy v i scosi t y, . AvT,  i s  

« T 
	 1/ 3b  4/ 3 
	

( 1. 2. 30)  

s i s  t he di ssi pat i on i n t he f r ee- st r eam and b i s  t he shear  l ayer  

t ur bul ence l engt h scal e.  	 A suf f i c i ent l y  l ar ge f r ee- st r eam l engt h 

scal e ensur es,  f or  hi gh Reynol ds number  f l ow,  t hat  b i s  compar abl e 

wi t h wavenumber s t hat  occur  i n t he i ner t i al  subr ange of  t he f r ee-  

st r eam t ur bul ence.  	 Pr edi ct i ons of  t he mean f l ow devel opment  of  t he 

j et  i nf l uenced by f r ee- st r eam t ur bul ence agr ee f ai r l y  wel l  wi t h t he 

measur ement s.  

The ef f ect  of  t he i mper meabi l i t y  of  a pl ane boundar y on 

adj acent  unshear ed t ur bul ence has been anal ysed by Gr aham ( 1975)  and 

Hunt  & Gr aham ( 1978) .  	 Far  f r om t he boundar y t he t ur bul ence was 

assumed t o be homogeneous and i sot r opi c.  	 Al t er nat i vel y,  t he same 

si t uat i on may be v i sual i zed as a. st at i onar y,  i nf i ni t e " box of  

t ur bul ence"  i nt o whi ch an i mper meabl e boundar y i s  suddenl y i nser t ed.  
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Fur t her  assumpt i ons of  weak t ur bul ence,  per mi t t i ng t he Navi er - St okes 

equat i ons t o be f or mal l y l i near i zed,  and of  hi gh Reynol ds number  

( based on t ur bul ent  scal es) ,  wer e made.  	 Hunt  & Gr aham show by use 

of  t he cont i nui t y equat i on t hat  i f  t he l engt h scal e 6v -  ❑  ( vx/ U) '  

of  a v i scous- domi nat ed l ayer  adj acent  t o t he boundar y i s  smal l  by 

compar i son wi t h t he f r ee- st r eam l engt h scal e,  t hen w r emai ns ver y 

smal l  wi t hi n t he v i scous l ayer ;  t he change i n w must  occur  i n an 

out er  i ner t i al  l ayer .  	 Out si de t he v i scous subl ayer  vzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 i s  cal cul at ed 

t o i ncr ease monot oni cal l y  t o a val ue ver y s l i ght l y  l ar ger  t han t he 

f r ee- st r eam val ue bef or e decr easi ng t o t he f r ee- st r eam val ue,  r eachi ng 

0. 95 
a at  y/ ( L 	 )  = 2. 0.  	 As t he boundar y i s  appr oached f r om t he 

i l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~  
f r ee- st r eam,  u (  = w)  at  f i r s t  decr eases s l i ght l y  but  t hen i ncr eases 

above t he f r ee- st r eam val ue f or  y/ ( L 	 )  < 0. 5 t o a maxi mum of  
x11 e 

1. 5 a at  t he boundar y.  At  y/ ( L ) e = 0. 5,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw 21 0. 65 ve.  The 
11 

anal ysi s i s  an asympt ot i c one so t hat  c l ose t o t he wal l  u and 

w must  conf or m t o t he condi t i on i mposed by t he no- sl i p condi t i on 

at  t he boundar y.  	 Hunt  & Gr aham cal cul at e t he v i scous l ayer  t hi ck-  

ness,  def i ned by t he posi t i on wher e ❑u7 and ❑w ar e 0. 99 of  t hei r  

asympt ot i c val ues,  t o be 6 = 4. 0 ❑( vx/ U) . t 	 The amount  by whi ch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 and w u 	 ar e pr edi ct ed t o ampl i f y  decr eases as Sv / Le i ncr eases.  

Thus,  ampl i f i cat i on of  u7 and w ceases when 6v / ( Lx ) e = 0. 5.  
11 

Uzkan & Reynol ds ( 1967)  and Thomas & Hancock ( 1977,  

Appendi x 1)  have made measur ement s of  gr i d t ur bul ence near  a wal l  

movi ng at  t he st r eam speed,  f or  whi ch 6v / ( Lx ) e 0. 4 and 0. 1 
i t  

( accor di ng t o Hunt  & Gr aham' s cal cul at i ons) ,  r espect i vel y.  	 Uzkan & 

Reynol ds measur ed onl y u2-  and deduced t he ef f ect  of  t he wal l  on u~ 

t o be pur el y v i scous,  consi st ent  wi t h t he anal ysi s.  	 They f ound 

t For  a const ant - pr essur e f l at - pl at e l ami nar  boundar y l ayer  

699 = 4. 9 ❑( vx/ Ue)  
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t hat  Sv  = 1. 8 I ( vx/ U)  whi ch,  i n v i ew of  t he di f f i cul t y i n measur i ng 

di f f er ences i n t ur bul ence i nt ensi t y of  t he or der  of  1%,  i s  i n 

r easonabl e agr eement  wi t h t he cal cul at ed t hi ckness.  	 Thomas & 

Hancock measur ed w,  v2  and w2  and conf i r med t he pr edi ct ed 

at t enuat i on of  v.  	 However ,  t hey f ound t hat  t he ampl i f i cat i on of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

w 
agr eed wi t h t hat  pr edi ct ed onl y f or  t he smal l est  di st ance f r om 

t he gr i d ( x/ M = 13) .  	 Fur t her  downst r eam t he ampl i f i cat i on of  w 

was gr eat er  t han pr edi ct ed and at  t he most  downst r eam st at i on 

( x/ M = 25)  t he maxi mum u /  e  exceeded 2.  	 Cont r ar y t o pr edi ct i on 

t he measur ed w appear ed t o be l i t t l e af f ect ed by t he pr esence of  

t he boundar y,  t he t r ansf er  of  ener gy bei ng al most  ent i r el y f r om 

w to w. 

Dur bi n ( 1977)  has ext ended t he anal ysi s of  Hunt  & Gr aham 

`  t o i ncl ude a const ant  mean shear  of  t hi ckness S,  adj acent  t o t he 

wal l .  	 I n t hi s case t he wal l  i s  st at i onar y.  	 ( Al t hough a const ant  

mean shear  gi ves a di scont i nui t y i n vel oci t y gr adi ent  dU/ dy at  y = 6 

a pr of i l e t hat  has cont i nui t y of  vel oci t y gr adi ent  r ender s t he 

anal ysi s i nt r act abl e. )  	 Onl y t he hi gh Reynol ds number  case was 

consi der ed and t he t hi n v i scous- domi nat ed l ayer  at  t he wal l  was 

negl ect ed.  	 The boundar y l ayer  t ur bul ence was assumed t o be 

st at i s t i cal l y  i ndependent  of  t he t ur bul ence i n t he f r ee- st r eam,  

and t he l at t er  was t aken t o be weak.  	 St at i st i cal  i ndependence i s 

most  r eal i s t i c  when t he i nt ensi t y i n t he f r ee- st r eam i s smal l  or  

when t he f r ee- st r eam l engt h scal e i s  l ar ge wi t h r espect  t o t he 

boundar y l ayer  l engt h scal e;  t he l at t er  i s  anal ogous t o t he 

i ndependence of  di st ant  wave- number s i n t he ener gy cascade.  No 

account  was t aken of  t he ef f ect  of  f r ee- st r eam t ur bul ence on t he 

mean vel oci t y pr of i l e.  	 Dur bi n was abl e t o gi ve a f ul l  sol ut i on of  

hi s equat i ons onl y wi t h t he r est r i c t i on t hat  t he f r ee- st r eam 

t ur bul ence r emai ned out s i de t he boundar y l ayer ;  t he vel oci t y 

f l uct uat i ons cal cul at ed wi t hi n t he boundar y l ayer  ar e i r r ot at i onal  
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f l uct uat i ons due t o t he ext er nal  t ur bul ence.  	 u2,  w2 and - uv 

devel op wi t h t i me ( i e st r eamwi se di st ance)  f r om t he i ni t i al  

condi t i ons speci f i ed at  t i me = 0,  whi l e v2 i s i ndependent  of  t i me.  

The devel opment  of  u2,  w and - uv i s  most  r api d near  y = 6,  and a 

consequence of  t he di scont i nui t y t her e i n dU/ dy i s t hat  uzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2,  w ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- uv 

ar e al so di scont i nuous at  y = S.  v~ i s  cont i nuous ever ywher e.  

However ,  i t  i s  not  c l ear  how much of  t he pr edi ct ed ef f ect  on u,  

w and - uv i s .  due t o t he di scont i nui t y i n dU/ dy.  	 Out si de y = 6 

wand w ar e ampl i f i ed wi t h r espect  t o t hei r  f r ee- st r eam val ues and 

t hi s i s  accompani ed by an at t enuat i on of  w.  Bet ween y = 0 and 

y = 6 ū and w ar e maxi mum and of  t he or der  of  t he f r ee- st r eam val ue 

j ust  i ns i de y = S.  	 I nsi de y = 6 - uv i s cal cul at ed t o be posi t i ve 

but  out s i de i t  i s  cal cul at ed t o be negat i ve.  	 The exper i ment al  dat a 

so f ar  r evi ewed and t he new dat a pr esent ed i n t he pr esent  t hesi s 

pr ovi de no subst ant i al  suppor t  f or  t he exi st ence of  a negat i ve shear  

st r ess ( negat i ve - uv)  out s i de t he boundar y l ayer  edge.  

1. 2. 5 	 Concl usi on t o t he r evi ew  

Mean- f l ow measur ement s on nomi nal l y  t wo- di mensi onal  f l at  

pl at e boundar y l ayer s i n t he pr esence of  appr oxi mat el y i sot r opi c 

f r ee- st r eam t ur bul ence show t hat  t her e i s  an i ncr ease i n gr owt h r at e 

and moment um.  t r ansf er ,  and a f ul l er  mean vel oci t y pr of i l e ( i e a 

r educed wake st r engt h i n t he out er  l ayer ) .  	 Quant i t at i ve agr eement  

bet ween t he var i ous set s of  measur ement s i s  r at her  poor  wi t h some 

wor ker s i ndi cat i ng changes i n ski n f r i c t i on as much as t hr ee t i mes 

t hose obser ved by ot her s.  	 The measur ement s of  Mei er  ar e par t i cul ar l y 

i mpor t ant  because t hey conf i r m t hat  f or  a smal l  f r ee- st r eam i nt ensi t y 

of  ( u' / U) e 	 0. 01 t he t ur bul ence wi t hi n t he boundar y l ayer  i s  most l y 

uncor r el at ed wi t h t he f r ee- st r eam t ur bul ence.  

Most l y,  t he ef f ect s of  f r ee- st r eam t ur bul ence have been 

cor r el at ed wi t h onl y t he ( st r eamwi se)  t ur bul ence i nt ensi t y out s i de 

t he boundar y l ayer  edge,  and t he l engt h scal e of  t he f r ee- st r eam 
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t ur bul ence has,  wi t h t he except i on of  Mei er  & Kr epl i n,  been 

commonl y assumed t o be of  much l ess i mpor t ance.  	 Char nay i nvest i gat ed 

t he possi bi l i t y  of  a l engt h scal e ef f ect  but  di d not  obser ve any.  

However ,  physi cal  ar gument s,  t he anal yses of  Gr aham and Hunt  & Gr aham 

and t he measur ement s of  Thomas & Hancock have shown t hat  t her e i s  a 

l ar ge ef f ect  of  t he boundar y i mper meabi l i t y  on t he f r ee- st r eam 

t ur bul ence.  	 Thi s i s  di f f i cul t  t o r econci l e wi t h t he concl usi on 

t hat  t he l engt h scal e r at i o Le/ S i s an uni mpor t ant  par amet er ,  even 

i f  i t  shoul d t ur n out  t o be uni mpor t ant  i n t he act ual  i nt er act i on 

bet ween t he boundar y l ayer  and ext er nal  t ur bul ence.  Mei er  & 

Kr epl i n' s measur ement s i n what  must  have been gr ossl y ani sot r opi c 

f r ee- st r eam t ur bul ence do show a l engt h scal e ef f ect ,  but  one t hat  

i s  l ar ger  t han t hat  i nf er r ed f r om t he st r eamwi se i nt ensi t y and 

Mei er ' s  measur ement s f or  near l y i sot r opi c f r ee- st r eam t ur bul ence.  

Rat her ,  t hei r  measur ement s st r ongl y conf i r m t he i dea t hat  t he nor mal  

component  i nt ensi t y i s  mor e i mpor t ant  t han t he st r eamwi se component .  

Measur ement s of  t he ef f ect  of  f r ee- st r eam t ur bul ence on 

heat  t r ansf er  t hr ough a t ur bul ent  boundar y l ayer  f al l  i nt o t wo 

cat egor i es,  one asser t i ng t hat  t her e i s  no ef f ect  and t he ot her  

showi ng an i ncr ease.  	 However ,  t he mor e r ecent  measur ement s show 

f ai r l y  convi nci ngl y t hat  t her e i s  an i ncr ease and t hat  i t  i s  about  

t wi ce t he i ncr ease i n t he ski n f r i c t i on.  

Boundar y l ayer  t ur bul ence measur ement s have shown t hat  t he 

ef f ect  of  f r ee- st r eam t ur bul ence i s conf i ned mai nl y t o t he out er  

l ayer  but  wi t h a smal l  uncer t ai n amount  of  i nact i ve mot i on wi t hi n 

t he i nner  l ayer .  	 The edge of  t he shear  st r ess pr of i l e has been 

obser ved t o move out  f ur t her  t han t he mean vel oci t y edge al t hough 

t he ver y l ar ge movement  measur ed by Huf f man et  al .  i s  ser i ousl y i n 

doubt .  	 Char nay' s i nt er mi t t ency measur ement s usi ng t emper at ur e as a 

passi ve cont ami nant  show t hat  t he penet r at i on of  ext er nal  f l ui d i nt o 

t he boundar y l ayer  f l ui d i s  i ncr eased and t he boundar y l ayer  f l ui d 
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ext ends f ur t her  i nt o t he f r ee- st r eam.  The aver age bur st  f r equency 

and aver age bur st  l engt h show t hat  t he i nt er f ace becomes even mor e 

cont or t ed when f r ee- st r eam t ur bul ence i s pr esent .  	 Char nay used an 

uncompensat ed t emper at ur e pr obe whi ch f i l t er ed- out  t he f i ner  

st r uct ur e of  t he i nt er f ace.  	 Fur t her mor e,  hi s condi t i onal  aver ages 

have been eval uat ed wi t h r espect  t o condi t i onal l y- aver aged mean 

vel oci t i es wi t h t he r esul t  t hat  t he l ar ger - scal e mot i on i s i gnor ed.  

The ef f ect s of  f r ee- st r eam pr essur e f l uct uat i ons ar e 

l i kel y t o be i mpor t ant  onl y at  hi gh subsoni c,  t r ansoni c and super soni c 

Mach number s,  and ar e of  par t i cul ar  concer n i n wi nd t unnel s oper at i ng 

i n t hese r egi mes.  	 Exper i ment s i n t he hi gh subsoni c r egi me show 

t hat  t he ef f ect s ar e smal l .  

Fr ee shear  l ayer s i n t he pr esence of  l ar ge scal e f r ee-  

st r eam t ur bul ence wi l l  be bodi l y  convect ed i n a quasi - st eady manner .  

The consequent  snaki ng appear ance wi l l  r esul t  i n an appar ent  i ncr ease 

i n t he gr owt h r at e of  t he l ayer .  	 Smal l - scal e f r ee- st r eam t ur bul ence 

wi l l  not  bodi l y  convect  t he l ayer  but  wi l l  cause smal l - scal e 

cor r ugat i ons of  t he t ur bul ent / t ur bul ent  i nt er f ace.  Exper i ment s 

on t ur bul ent  shear  l ayer s ar e mor e compl i cat ed t han f or  boundar y 

l ayer s even i f  t he f r ee- st r eam l engt h scal e i s  smal l  enough t o avoi d 

bodi l y  convect i on.  	 A maj or  compl i cat i on ar i ses f r om t he hi ghl y 

coher ent  st r uct ur e obser ved i n some ci r cumst ances as,  f or  exampl e,  

by Br own & Roshko i n a t wo- st r eam mi xi ng l ayer .  

A number  of  cal cul at i on met hods have been adapt ed t o account  

f or  f r ee- st r eam t ur bul ence ef f ect s on boundar y and f r ee shear  l ayer s 

by i ncor por at i ng addi t i onal  emper i cal  i nf or mat i on.  	 Most  of  t hem 

have been demonst r at ed t o gi ve r easonabl e pr edi ct i ons.  
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1. 3 	 OUTLI NE OF THE FOLLOWI NG CHAPTERS  

I n t he f ol l owi ng chapt er s t he r esul t s of  an exper i ment al  

i nvest i gat i on of  t he ef f ect  of  near l y homogeneous near l y i sot r opi c 

f r ee- st r eam t ur bul ence on a c l osel y t wo- di mensi onal  near l y const ant -

pr essur e f l at  pl at e i ncompr essi bl e t ur bul ent  boundar y l ayer  ar e 

pr esent ed.  	 Chapt er  2 pr esent s some pr el i mi nar y exper i ment al  

r esul t s t hat  i nf l uenced t he exper i ment al  ar r angement  f or  t he mai n 

measur ement s but  ar e not  wor t h i ncl udi ng i n chapt er s 3 and 4.  	 The 

maj or  par t  of  chapt er  2 gi ves t he det ai l s  of  t he exper i ment al  

t echni ques used.  	 Chapt er  3 di scusses t he i nner  and out er  l ayer  

l aws.  	 Decay l aws f or  gr i d- gener at ed t ur bul ence ar e di scussed as a 

pr el ude t o a par amet r i c anal ysi s of  wi nd t unnel  and boundar y l ayer .  

Reynol ds number  const r ai nt s on t he r ange of  f r ee- st r eam i nt ensi t y 

and t he r at i o of  f r ee- st r eam t o boundar y l ayer  l engt h scal es t hat  

may be obt ai ned i n l abor at or y exper i ment s.  	 At  t hi s poi nt  some 

par amet er s t hat  ar e per t i nent  t o t he measur ement s of  ot her  wor ker s 

ar e di scussed.  The f r ee- st r eam t ur bul ence measur ement s ar e 

.  pr esent ed bef or e t he mean f l ow measur ement s whi ch ar e al so compar ed 

wi t h t hose of  pr evi ous wor ker s.  	 Chapt er  4 pr esent s t he boundar y 

l ayer  t ur bul ence measur ement s.  	 Condi t i onal - sampl i ng t echni ques,  

i ncl udi ng t he i nt er mi t t ency al gor i t hm empl oyed,  ar e di scussed ear l y 

i n t he chapt er  t o avoi d br eaki ng up t he pr esent at i on of  t he 

measur ement s.  	 The convent i onal  aver ages ar e pr esent ed next ,  

f ol l owed by t he i nt er mi t t ency measur ement s and t he condi t i onal  

aver ages.  	 Bal ances of  t he t ur bul ent  k i net i c ener gy and t ur bul ent  

shear  st r ess equat i ons ar e pr esent ed.  	 Some i mpl i cat i ons f or  

cal cul at i on met hods ar e di scussed.  	 Fi nal l y ,  a concl usi on t o t he 

t hesi s i s  pr ovi ded i n chapt er  5.  
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Fi g.  1. 1 Ef f ect  of  f r ee- st r eam t ur bul ence on a t ur bul ent  f r ee 

shear  l ayer ;  a)  Negl i gi bl e f r ee- st r eam t ur bul ence;  

b)  Lar ge- scal e f r ee- st r eam t ur bul ence;  c)  Smal l - scal e 

f r ee- st r eam t ur bul ence.  
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CHAPTER 2 

EXPERI MENTAL ARRANGEMENT,  TECHNI QUES AND SOME PRELI MI NARY 

EXPERI MENTAL RESULTS 

2. 1 	 EXPERI MENTAL ARRANGEMENT  

2. 1. 1 	 Pr el i mi nar y exper i ment al  consi der at i ons and f i nal   

exper i ment al  ar r angement   

As an ear l y par t  of  t he pr esent  i nvest i gat i on a smoke- f i l l ed 

boundar y l ayer  on a wi nd t unnel  wal l  was exami ned j ust  downst r eam of  

a squar e- mesh t ur bul ence gr i d.  	 Fi gur e 2. 1 shows t wo v i ews of  t he 

boundar y l ayer  f l ow behi nd t he gr i d wi t h an i ni t i al l y  l ami nar  

boundar y l ayer  ( a & b)  and wi t h an i ni t i al l y  t ur bul ent  boundar y 

l ayer  ( c & d) .  	 I n each v i ew i l l umi nat i on i s by a t hi n pl ane of  

l i ght ;  i n a & c t he pl ane of  l i ght  i s  al i gned wi t h t he f l ow 

di r ect i on and a ver t i cal  bar  of  t he gr i d,  and i n b & d i t  i s  

par al l el  and adj acent  t o t he wi nd t unnel  wal l .  	 Wi t h ei t her  a 

l ami nar  or  t ur bul ent  i ni t i al  boundar y l ayer ,  t he boundar y l ayer  i s  

seen t o t hi cken r api dl y af t er  i t  has passed under  t he gr i d.  	 Boundar y 

l ayer  f l ui d i s  sucked up behi nd t he ver t i cal  bar s t o about  t he hei ght  

of  t he f i r st  hor i zont al  bar .  	 Hor seshoe vor t i ces wr apped ar ound 

t he ver t i cal  bar s of  t he gr i d i mmer sed wi t hi n t he boundar y l ayer  

( seen i n t he ver t i cal  v i ews)  ar e mor e di st i nct  f or  an i ni t i al l y  

l ami nar  boundar y l ayer .  	 A st r ong t wo- di mensi onal  st r uct ur e nor mal  

t o t he pl ane of  t he boundar y l ayer  i s  seen t o per si st  f or  r oughl y 

t hr ee mesh l engt hs downst r eam of  t he gr i d f or  an i ni t i al l y  l ami nar  

boundar y l ayer .  	 For  an i ni t i al l y  t ur bul ent  boundar y l ayer  such 

per si st ence i s not  qui t e so obvi ous.  	 Al t hough i mpossi bl e t o i ncl ude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

in t he pr esent  t hesi s,  c i ne- f i l m r ecor ds of  t he f l ows shown i n 

f i gur e 2. 1 wer e al so made and show t he mot i ons descr i bed above mor e 

c l ear l y.  	 The l engt h scal e of  t he l ar ge di st ur bances near  t he gr i d 

ar e ( i n t hi s case)  of  t he or der  of  t he l engt h scal e of  t he under l y i ng 
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• 	zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
boundar y l ayer .  	 Thus even t hough f i gur e 2. 2 i ndi cat es t hat  t he 

l ami nar  boundar y l ayer  becomes f ul l y  t ur bul ent  qui t e r api dl y i t  i s  

ver y l i kel y t hat  ei t her  an i ni t i al l y  l ami nar  or  an i ni t i al l y  

t ur bul ent  boundar y l ayer  wi l l  s t i l l  cont ai n s i gni f i cant  st r eamwi se 

mean vor t i c i t y  and ( t i me- aver aged)  wi l l  not  be t wo- di mensi onal  f or  

some f ur t her  di st ance downst r eam.  	 I t  was t her ef or e deci ded t o 

conf i ne at t ent i on t o a boundar y l ayer  f l ow on a f l at  pl at e wi t h i t s  

l eadi ng edge no c l oser  t han about  f our  mesh l engt hs downst r eam of  

t he t ur bul ence gr i d.  

The wi nd t unnel  sel ect ed f or  t he mai n quant i t at i ve measur e-

ment s was t he Depar t ment  of  Aer onaut i cs 0. 91 m x 0. 91 m ( 3 f t  x  3 f t )  

wi nd t unnel  whi ch has a 4. 9 m l ong wor ki ng sect i on.  	 Just  down-  

st r eam of  t he ( 9: 1)  cont r act i on a s l ot  was pr ovi ded t o enabl e, f r ames 

cont ai ni ng t ur bul ence gr i ds t ozyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- be easi l y  i nser t ed i nt o t he ai r  st r eam.  

The t ur bul ence gr i ds ar e di scussed i n mor e det ai l  i n t he next  sect i on.  

Wi t hout  t he t ur bul ence gr i ds t he backgr ound t ur bul ence and 

unst eadi ness was appr oxi mat el y 0. 03% of  t he mean vel oci t y ( Davi es,  

1975) .  	 The maxi mum wi nd speed at t ai nabl e wi t h no t ur bul ence gr i d 

and an empt y wor ki ng sect i on was appr oxi mat el y 45 m/ s and t he f an 

dr i v i ng t he t unnel  was capabl e of  oper at i ng over  a power  f act or  

r ange of  0. 5 t o 2. 0.  	 For  t he pr esent  measur ement s a f r ee- st r eam 

mean vel oci t y of  about  16 m/ s was used t hr oughout .  	 A pl an v i ew 

of  t he wi nd t unnel  i s  shown i n f i gur e 2. 2.  

A f l at  pl at e made of  " Beaut i - Boar d"  ( pl ywood sandwi ched 

bet ween heat  r esi st i ng pl ast i c  and i nt ended f or  k i t chen f ur ni t ur e)  

15 mm t hi ck,  0. 91 m wi de and 2. 4 m l ong was suppor t ed hor i zont al l y  

mi d- way bet ween t he wor ki ng sect i on f l oor  and cei l i ng,  by r ai l s  

f i xed t o t he wor ki ng sect i on s i de wal l s so t hat  i t  coul d be f i xed 

at  var i ous posi t i ons al ong t he l engt h of  t he wor ki ng sect i on.  	 A 

separ at e pr of i l ed l eadi ng edge st r i p,  0. 91 m x appr oxi mat el y 75 mm,  
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was f i t t ed by means of  dowel s t o t he upst r eam end of  t he pl at e.  

Thr ee l eadi ng edge pr of i l es wer e desi gned usi ng mean f l ow hodogr aph 

met hods whi ch ar e descr i bed i n mor e det ai l  i n appendi x 2.  	 A 

t r ansi t i on t r i p wi r e of  di amet er  0. 79 mm was at t ached by a f i ne 

t hr ead of  Ar al di t e t o t he upper  and l ower  sur f aces of  each l eadi ng 

edge st r i p.  	 At  t he downst r eam end of  t he pl at e a symmet r i cal l y  

t aper ed t r ai l i ng edge st r i p ( 0. 91 m x 90 mm)  was al so f i t t ed by 

means of  dowel s.  

Ten 8. 9 cm di amet er  r emovabl e i nst r ument at i on di sks 

wer e mount ed al ong t he cent r e- l i ne of  t he pl at e f l ush wi t h t he 

upper  measur i ng sur f ace.  	 ( I nst r ument at i on f i xed t o t he pl at e 

r at her  t han t he wor ki ng sect i on wal l  avoi ded pr obl ems due t o pl at e 

def l ect i on or  v i br at i on.  	 Some smal l - ampl i t ude l ar ge- wavel engt h 

v i br at i on of  t he pl at e when i n t he pr esence of  hi gh- i nt ensi t y f r ee-  

st r eam t ur bul ence was encount er ed. )  	 The f our  upst r eam- most  di sks 

wer e spaced 0. 152 m apar t  and t he r emai ni ng s i x di sks 0. 305 m apar t .  

The i nst r ument at i on di sks or  measur i ng st at i ons wer e number ed 1,  2,  

3,  4,  6,  8,  10,  12.  and 16.  	 Appr oxi mat el y,  t he di st ance f r om t he 

l eadi ng edge ( of  t he l eadi ng edge st r i ps)  t o t he nt h  st at i on i s  

gi ven by 

xn  ( m)  = 0. 152 n.  

Sur f ace st at i c  pr essur e hol es wer e pr ovi ded of f  t he pl at e cent r e-

l i ne on t he l ower  and upper  sur f ace at  st at i ons 1,  2,  4 and 16,  and 

on t he l ower  sur f ace at  st at i ons 1 and 2.  

A r ef er ence Pi t ot - st at i c  pr obe was per manent l y s i t uat ed 

1. 68 m f r om t he gr i d posi t i on,  0. 2 m above t he pl ane of  t he pl at e 

and 0. 2 m f r om t he pl at e cent r e- l i ne,  and connect ed t o a Bet z 

manomet er .  	 The l ocal  f r ee- st r eam mean vel oci t y was measur ed usi ng 

an i nst r ument at i on di sk st at i c  pr essur e hol e and a Pi t ot  pr obe 

suppor t ed f r om t he per manent l y f i t t ed wor ki ng sect i on t r aver se 

gear .  
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Boundar y l ayer  measur ement s wer e made usi ng a f i nel y-

cont r ol l abl e boundar y l ayer  t r aver se gear ,  of  t he t ype shown i n 

f i gur e 2. 3,  per manent l y f i t t ed t o an i nst r ument at i on di sk whi ch 

was al so f i t t ed wi t h t wo st at i c  pr essur e hol es.  	 The pr obe 

suppor t  passed t hr ough t he i nst r ument at i on di sk and was at t ached 

t o t he s l i de of  t he t r aver se whi ch was dr i ven v i a a f i ne- pi t ched 

l ead scr ew.  	 Pr obe posi t i on was r ecor ded by a l i near  pot ent i omet er  

whi ch was r egul ar l y cal i br at ed by means of  s l i p gauges.  	 Al l owance 

f or  backl ash was made when set t i ng t he i ni t i al  posi t i on of  t he pr obe 

and a gi ven posi t i on was al ways r eached by movi ng t he pr obe away 

f r om t he pl at e sur f ace.  

The use of  a f l at  pl at e wi t h a shar p l eadi ng edge of  

smal l  i nc l uded angl e mi ni mi ses pr essur e gr adi ent  ef f ect s on t he 

i ni t i al  boundar y l ayer  and pr ovi des t he l ayer  wi t h a def i ned or i gi n.  

When f r ee- st r eam t ur bul ence i s pr esent  s i mpl e r easoni ng suggest s 

t hat  t he nor mal  component  f l uct uat i ng vel oci t y wi l l  cause 

f l uct uat i ng separ at i on at  t he l eadi ng edge.  	 At  an ear l y st age zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

of t he pr esent  wor k i t  was deci ded t o consi der  a symmet r i cal l y-

shar p ( ogi ve- shaped)  l eadi ng edge wi t h a hal f - apex angl e t ypi cal  of  

t he l ar gest  f l uct uat i ng i nci dence t o whi ch t he l eadi ng edge woul d be 

subj ect ed.  Two shar p l eadi ng edge shapes wer e desi gned wi t h apex 

hal f  angl es of  10°   and 25°.  	 Desi gn and shape det ai l s  of  t hese and 

al so t hose of  a r ound- nose l eadi ng edge shape ( not  used)  ar e gi ven i n 

appendi x 2.  	 A br i ef  f l ow vi sual i zat i on exer ci se usi ng a ( much 

t hi cker )  pl at e wi t h an ogi ve- shaped l eadi ng edge ( of  compar abl e apex 

hal f  angl e)  posi t i oned 6 mesh l engt hs downst r eam of  t ur bul ence gr i d 

was per f or med i n t he Depar t ment ' s 1. 22 m x 0. 61 m smoke t unnel .  

The pat h f ol l owed by a pl ume of  smoke appr oxi mat el y coi nci dent  wi t h 

t he mean st agnat i on st r eam l i ne swi t ched f r om si de t o s i de of  t he 

l eadi ng edge but  no f l uct uat i ng separ at i ons wer e obser ved.  

- 40-  



Pr el i mi nar y measur ement s,  not  r epor t ed her e,  showed a 

s l i ght  r i se i n ski n f r i c t i on coef f i c i ent  at  t he l ast  measur i ng 

st at i on ( 16)  appar ent l y due t o t he pr oxi mi t y of  t he t r ai l i ng edge.  

An ext ensi on pl at e 0. 3 m l ong was t her ef or e i nser t ed bet ween t he 

pl at e and t he t aper ed t r ai l i ng edge st r i p.  

A non- zer o pr essur e di f f er ence bet ween t he pl at e upper  

and l ower  sur f ace st at i c  pr essur e hol es at  st at i on 1 was used t o 

i nf er  a non- zer o mean ci r cul at i on ar ound t he pl at e.  	 The pr essur e 

di f f er ence was br ought  t o wi t hi n 0. 5% of  t he f r ee- st r eam dynami c 

pr essur e by an ot her wi se i nsi gni f i cant  upwar ds def l ect i on of  t he 

ext ensi on pl at e of  about  1. 5°.  

A pl an v i ew of  t he compl et e pl at e i s  shown i n f i gur e 2. 4 

and f i gur e 2. 5 shows i t  mount ed i n i t s  most  f or war d posi t i on i n t he 

wi nd t unnel .  

2. 1. 2 	 Tur bul ence gr i ds  

Pr el i mi nar y f l ow i nvest i gat i ons i n t he 0. 91 m x 0. 91 m 

wi nd t unnel  r eveal ed t hat  t wo of  t he f our  exi st i ng t ur bul ence gr i ds 

-  t he 15. 2 cm and 22. 8 cm mesh gr i ds -  pr oduced l ong- t i me r andoml y 

unst eady and spat i al l y  non- uni f or m mean vel oci t y pr of i l es t hr oughout  

t he wor ki ng sect i on.  	 At  t he st r eamwi se posi t i on of  t he r ef er ence 

Pi t ot - st at i c  pr obe t he spat i al  non- uni f or mi t y i n mean vel oci t y was as 

much as ±10% and t he unst eady var i at i ons wer e about  ±5%.  	 Var yi ng 

t he wi nd speed i ndi cat ed no consi st ent  Reynol ds number  dependence 

of  t he unst eadi ness or  non- uni f or mi t y.  	 A si mi l ar  pr obl em wi t h a 

15. 2 cm mesh gr i d was al so encount er ed by Cher r y ( 1980)  usi ng t he 

Aer onaut i cs Depar t ment ' s 0. 91 m x 0. 61 m wi nd t unnel .  	 As f ar  as 

t he aut hor  i s  awar e t her e i s  no di r ect  r ef er ence i n t he l i t er at ur e 

t o t hi s k i nd of  pr obl em.  

I ni t i al l y  i t  was t hought  t hat  t he pr obl em mi ght  be 

r el at ed t o t he f act  t hat  t he of f endi ng gr i ds had onl y a smal l  number  
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of  meshes per  wi nd t unnel  wi dt h,  but  t hi s was l at er  di scount ed.  

Al l  of  t he gr i ds wer e of  bi pl ane const r uct i on wi t h one r ow of  bar s 

i mmedi at el y behi nd t he ot her  per pendi cul ar  r ow.  	 However ,  t he bar s 

of  t he sat i sf act or y gr i ds wer e of  squar e cr oss- sect i on whi l e t he 

bar s of  t he unsat i sf act or y gr i ds wer e of  r ect angul ar  cr oss- sect i on 

( of  appr oxi mat el y 2: 1)  wi t h t he wi der  s i de nor mal  t o t he st r eam.  

The i mmedi at e use of  a l ar ge- mesh squar e- bar  bi pl ane gr i d of  t he 

desi r ed sol i di t y  was made di f f i cul t  because gr i ds wer e nor mal l y 

s l i d i nt o t he ai r  st r eam t hr ough a 3. 8 cm- wi de s l ot  pr ovi ded i n 

t he wor ki ng sect i on wal l .  	 As a possi bl e al t er nat i ve a squar e- mesh 

monopl ane gr i d ( i e,  wi t h t he hor i zont al  and ver t i cal  bar s l y i ng 

i n t he same pl ane)  of  near l y squar e bar s was made by f i t t i ng f i l l et s 

bet ween t he cr oss- over s of  t he t r oubl esome 15. 2 cm mesh gr i d.  	 Thi s 

gr i d behaved much as i t  di d wi t hout  t he f i l l et s.  

A s i mpl e f l ow vi sual i zat i on exer ci se usi ng pi eces of  

wool  about  4 mesh s i zes i n l engt h showed t hat  t he wake f l ow i n 

t he r egi on of  t he bar  i nt er sect i ons of  t he monopl ane gr i d was not  

t he same f or  each i nt er sect i on.  	 Fur t her mor e, - t he wake f l ow 

pat t er ns woul d occasi onal l y  change.  	 Bet ween t he i nt er sect i ons 

wool  l engt hs i ndi cat ed a ver y much mor e st eady and uni f or m 

behavi our .  	 Repeat i ng t he exer ci se but  wi t h t he f i l l et s r emoved 

showed t he wakes of  t he cr oss- over s t o be s i mi l ar l y  non- uni f or m and 

unst eady.  	 For  ei t her  gr i d t he j unct i on wake f l ow pat t er ns coul d be 

al t er ed by di st ur bi ng t he f l ow,  and a st r ong cor r el at i on bet ween 

t he r ef er ence Pi t ot - st at i c  pr obe and t he wake f l ow pat t er ns was 

obser ved.  	 An exi st i ng 15. 2 cm mesh squar e- bar  bi pl ane gr i d was 

cut  t o f i t  i nt o t he wor ki ng sect i on of  t he pr esent  wi nd t unnel .  

The f l ow downst r eam of  t hi s gr i d was f ound t o be uni f or m and st eady.  

Two new gr i ds each of  15. 2 cm mesh and 3. 8 cm squar e cr oss- sect i on 

bar s wer e made,  one of  monopl ane const r uct i on and t he ot her  of  

bi pl ane const r uct i on.  	 The t ol er at ed var i at i on of  mesh s i ze was 
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about  1%,  bet t er  t han t he unsat i sf act or y gr i ds.  	 For  t he new 

bi pl ane gr i d t he hor i zont al  bar s wer e f i t t ed t o t he ver t i cal  bar s 

f r om wi t hi n t he wor ki ng sect i on.  	 The f l ow downst r eam of  t he 

car ef ul l y- const r uct ed monopl ane gr i d was no bet t er  t han f or  t he 

ot her  unsat i sf act or y gr i ds whi l e downst r eam of  t he bi pl ane gr i d 

t he f l ow was f ound t o be st eady,  spat i al l y  uni f or m and al so 

acoust i cal l y  qui et er  t han t he monopl ane gr i d.  	 An obvi ous 

di f f er ence bet ween t he t wo gr i ds i s  t he di f f er ence bet ween t he 

st agnat i onl i nes at  t he j unct i ons of  t he bar s :  f or  t he monopl ane 

gr i d t he st agnat i on l i nes must  al so i nt er sect  but  f or  t he bi pl ane 

gr i d t hey cannot .  	 Possi bl y,  st r eamwi se vor t i ces pr oduced by 	 t he 

shear  l ayer  vor t i c i t y  shed f r om t he upst r eam bar s bei ng wr apped 

ar ound per pendi cul ar  downst r eam bar s have t he ef f ect  of  st abi l i z i ng 

t he wakes of  t he cr oss- over .  

The t ur bul ence gr i ds used f or  t he measur ement s r epor t ed 

bel ow ar e l i s t ed i n t abl e 2. 1,  and f our  ar e shown i n f i gur e 2. 6.  

Al most  al l  of  t he measur ement s wer e obt ai ned usi ng t he squar e- mesh 

squar e- bar  bi pl ane gr i ds al t hough some mean- f l ow pr oper t i es and 

f r ee- st r eam t ur bul ence measur ement s wer e measur ed wi t h t ur bul ence 

gener at or s compr i s i ng a s i ngl e r ow of  ver t i cal  squar e bar s.  

( For  t he mai n mean f l ow i nvest i gat i ons t he hor i zont al  bar s of  t he 

15. 2 cm mesh bi pl ane gr i d wer e separ at el y but  consi st ent l y f i xed 

t o t he ver t i cal  bar s f r om wi t hi n t he wor ki ng sect i on.  	 For  t he 

l at er  mean f l ow and mai n t ur bul ence measur ement s t he wi nd t unnel  

gr i d s l ot  was modi f i ed t o accommodat e t he l ar ger  gr i d. )  	 The 

si ngl e r ow of  r ound bar s was used onl y t o measur e t he degr ee of  

ani sot r opy pr oduced by t hi s t ype of  t ur bul ence gener at or ,  pr i mar i l y  

as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa compar i son wi t h t he t abul at ed measur ement s of  Huf f man et  al .  

( 1972)  whi ch i ndi cat e a hi gh degr ee of  ani sot r opy ( di scussed i n 

subsect i on 1. 2. 1 of  chapt er  1) .  	 Di r ect  compar i son wi l l ,  however ,  

not  be ent i r el y val i d because t he pr esent  r ound bar  t ur bul ence 
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gener at or  has onl y t wo- t hi r ds t he sol i di t y  of  t hose used by 

Huf f man et  al .  	 The compar i son i s pr esent ed i n chapt er  3.  

2. 2 	 MEAN FLOW MEASUREMENT TECHNI QUES  

2. 2. 1 	 Measur ement  of  t he vel oci t y pr of i l es and t he ski n f r i c t i on  

Boundar y l ayer  mean vel oci t y pr of i l es wer e measur ed wi t h 

s i ngl e Pi t ot  pr obes ( of  di amet er s 1. 00 mm or  1. 26 mm)  r ef er enced t o 

a st at i c  pr essur e hol e i n t he i nst r ument at i on di sk.  	 One of  t he 

t wo Pi t ot  pr obes i s shown mount ed i n t he t r aver se gear  i n f i gur e 

2. 3.  	 The Pi t ot - st at i c  pr essur e di f f er ence was measur ed usi ng one 

r ange ( 0 -  30 mm wat er )  of  a Fur ness mul t i - r ange capaci t ance 

manomet er ,  t ype MDC.  Af t er  f ur t her  ampl i f i cat i on t he out put  of  

t he capaci t ance manomet er  was RC l ow- pass f i l t er ed wi t h a t i me-

const ant  of  4. 7 seconds,  bef or e i nput  t o one channel  of  a Sol ar t r on 

Dat a Tr ansf er  Uni t  ( DTU)  dat er  l ogger .  	 ( The DTU cont r ol s a 

Sol ar t r on LM1420 Di gi t al  vol t met er  ( DVM) ,  sequent i al l y  swi t chi ng 

i t  bet ween a pr esel ect ed number  of  i nput  channel s and out put t i ng t o 

a Tel et ype t ypewr i t er  f i t t ed wi t h a paper  t ape punch. )  	 For  t he 

f i r st  mai n set  of  mean vel oci t y pr of i l e measur ement s t he l ocal  

f r ee- st r eam vel oci t y was al so r ecor ded on a second channel  of  t he 

DTU usi ng a second capaci t ance manomet er .  	 Thi s was done because 

at  t he t i me t he f i r st  mai n dat a col l ect i on was i ni t i at ed t he qual i t y  

of  t he f l ow downst r eam of  t he new gr i ds had not  been t hor oughl y 

pr oved.  	 However ,  t he f r ee- st r eam mean vel oci t y was conf i r med t o 

be st eady and t he l ogged val ues wer e not  used i n t he f i nal  pr of i l e 

anal ysi s.  	 Subsequent l y,  t he f r ee- st r eam mean vel oci t y was r ecor ded 

by hand ( as wel l  as by t he t r aver si ng pr obe) .  	 The di gi t al  

r esol ut i on of  t he Pi t ot - st at i c  pr essur e di f f er ence was 0. 07% of  

t he f r ee- st r eam val ue.  	 The out put  of  t he t r aver se gear  l i near  

pot ent i omet er  was moni t or ed usi ng a Sol ar t r on LM1619 DVM and l ogged 

by t he Dat a Tr ansf er  Uni t .  	 The di gi t al  r esol ut i on of  t he pr obe 

posi t i on,  l i mi t ed by t he LM1420 DVM,  was 0. 025 mm f or  t he f i r st  mai n 
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vel oci t y pr of i l e dat a set  and 0. 050 mm f or  t he subsequent  dat a set .  

The zer o posi t i on of  t he Pi t ot  pr obe was set  v i sual l y ,  and t he l i kel y 

er r or  was of  t he or der  of  0. 025 mm.  A bl ock di agr am of  t he mean 

vel oci t y measur i ng appar at us i s  shown i n f i gur e 2. 7.  	 Fi gur es 

2. 8 and 2. 9 show t ypi cal  capaci t ance manomet er  and t r aver se gear  

posi t i on- pot ent i omet er  cal i br at i ons,  r espect i vel y.  

Ski n f r i c t i on measur ement s wer e obt ai ned i n f our  ways;  

( i )  by f i t t i ng a por t i on of  t he mean vel oci t y pr of i l e t o t he 

l ogar i t hmi c l aw of  t he wal l ,  ( i i )  by usi ng Pr est on t ubes,  each 

mount ed i n an i nst r ument at i on di sk,  ( i i i )  by usi ng t he t r aver se 

Pi t ot  pr obe as a Pr est on t ube,  ( i v)  by a Pi t ot  pr obe r est i ng on 

t he sur f ace and suppor t ed f r om above by t he ( per manent )  wor ki ng 

sect i on t r aver se gear .  	 Thi s l at t er  ar r angement  al l owed t he ski n 

f r i c t i on t o be measur ed at  posi t i ons zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoff t he pl at e cent r e- l i ne 

and ser ved as a means of  checki ng t he t wo=- di mensi onal i t y  of  t he 

mean f l ow.  	 Pat el ' s  ( 1965)  Pr est on t ube cal i br at i on,  as di scussed 

by Wong ( 1970) ,  but  wi t h a s l i ght l y  di f f er ent  i nt er pol at i on 

bet ween t he r anges of  t he t wo cur ves,  was used.  

2. 2. 2 	 Mean vel oci t y pr of i l e dat a r educt i on  

The mean vel oci t y pr of i l es,  and t he di spl acement  and 

moment um t hi ckness wer e eval uat ed f r om t he Pi t ot  t r aver se dat a 

( r ecor ded on punched paper  t ape)  by an exi st i ng comput er  pr ogr am 

( Br eder ode,  1973;  Shabaka,  1979)  wi t h some smal l  modi f i cat i ons.  

Some of  t he mor e i mpor t ant  det ai l s  of t he pr ogr am ar e br i ef l y  

di scussed bel ow.  	 Ski n f r i c t i on was deduced by f i t t i ng a por t i on 

of  t he vel oci t y pr of i l e t o t he l ogar i t hmi c l aw of  t he wal l .  

Si nce t he i nner  l ayer  di mensi onal  ar gument s do not  depend upon 

out er  Jaye"  l engt h scal es i t  i s  expect ed t hat  t he i nner  l ayer  wi l l  

be unabl e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ di st i ngui sh bet ween out er  l ayer  t ur bul ence and f r ee-  

st r eam t ur bul ence.  	 Ther ef or e,  i t  f ol l ows t hat  t he l ogar i t hmi c 

l aw of  t he wal l  shoul d be unaf f ect ed by t he f r ee- st r eam t ur bul ence -  
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a or ,  at  l east ,  t hat  t r ue changes i n t he ski n f r i c t i on caused by 

f r ee- st r eam t ur bul ence wi l l  be l ar ger  t han any changes i n measur ed 

ski n f r i c t i on caused by changes i n t he l ogar i t hmi c l aw.  

To det er mi ne t he ski n f r i c t i on t he comput er  pr ogr am f i r st  

f i t t ed t he mean vel oci t y pr of i l e,  by t he met hod of  l east  squar es,  t o 

= A + B 1n (  
	 )  e 

( 2. 2. 1)  

i n t he r ange y~ < y < yU ,  	 wher e 

yL = 100 a and yU = 0. 15 5995 	 ( 2. 2. 2)  

To suf f i c i ent  accur acy yt .  was eval uat ed usi ng onl y a f i r s t  guess 

f or  t he f r i c t i on vel oci t y,  uT = 0. 04 Ue.  	 8995 was det er mi ned by 

a cr ude but  accept abl e cur ve f i t  t o t he vel oci t y pr of i l e over  

t he r ange 0. 98 Ue < U < 0. 9995 Ue.  	 The ski n f r i c t i on was t hen 

eval uat ed by r equi r i ng U/ Ue gi ven by 

	

Ū = ūT ( 	 n( 77 
+C) 

e 	 e 
`  	

` 1 	

) 
j  

( 2. 2. 3)  

and U/ Ue gi ven by equat i on 2. 2. 1 t o be equal  at  y = y1 ,  wher e 

y l  was gi ven by 

	

( yi  0. 04 Ue 1 	 1 	 y ,  x  0. 04 U 
I n 	 v 	I  	 l n( 100)  + I n 	 v 	l .  	 ( 2. 2. 4)  

k = 0. 41 and C = 5. 2 wer e used t hr oughout .  	 Accor di ng t o Br eder ode 

& Br adshaw ( 1974)  t he val ues of  k = 0. 41 and C = 5. 0 suggest ed by 
a 

Col es ( 1968)  gi ve ski n f r i c t i on val ues consi st ent l y about  2% hi gher  

t han gi ven by a Pr est on t ube usi ng Pat el ' s  wi del y- accept ed 

cal i br at i on :  Br eder ode & Br adshaw have ar gued t hat  t he val ue of  

C = 5. 0 deduced by Col es shoul d be amended t o C = 5. 2 t o f or ce 

agr eement  wi t h Pat el ' s  cal i br at i on.  

I nsi de y+ 100,  hi gh t ur bul ence i nt ensi t y,  t he ef f ect  of  

t he wal l  on t he pr obe,  t he ef f ect  of  a hi gh mean vel oci t y gr adi ent  

and i naccur acy i n y cause doubt s about  t he accur acy of  Pi t ot  t ube 

measur ement s.  	 Ther ef or e f or  y < 100 t he measur ed vel oci t y pr of i l e 
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•  	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
was i gnor ed and r epl aced by a l i near  subl ayer  and buf f er  l ayer  

( 0 y+  50)  and a cubi c pol ynomi al  t r ansi t i on l ayer  ( 50 < y+  < 100)  

mat ched t o t he measur ed pr of i l e out s i de y+  = 100.  	 Col es'  ( 1968)  

val ues of  t he cont r i but i ons t o t he di spl acement  and moment um 

t hi ckness wer e used i n t he r egi on y+  < 50.  	 Si mpson' s r ul e was 

used t o i nt egr at e t he mean vel oci t y pr of i l e i n t he out er  l ayer .  

To al l ow f or  t he ef f ect  of  t he mean vel oci t y gr adi ent  3U/ Dy t he 

ef f ect i ve cent r e of  t he Pi t ot  pr obe,  f ol l owi ng MacMi l l an ( 1957)  and 

conf i r med by Pat el  ( 1965) ,  was t aken t o be 0. 15 of  i t s  out s i de 

di amet er  above i t s  cent r e,  f or  t he whol e pr of i l e.  

As t he Reynol ds number  decr eases 	 t ends t o y :  f or  al l  

t he pr of i l es t aken at  st at i on 4 t he f i t t i ng r ange was changed t o 

= 50 v/ uT  < y < yv  = 0. 20 6995.  	 Cal comp pl ot s of  t he pr of i l e 

i n semi - l ogar i t hmi c axes showed t hat  t he ext ended r egi on mai nt ai ned 

t he s l ope of  1/ 0. 41.  

Mor e accur at e val ues of  6995  t han t he est i mat es y i el ded 

by t he pr of i l e anal ysi s pr ogr am wer e obt ai ned by f i t t i ng t he cur ve 

U = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 -  a( Y1  -  y) 2  
e  

( 2. 2. 5)  

t o t he dat a i n t he r ange 0. 98 < U/ Ue < 0. 999.  	 A l east - squar es 

f i t  was used t o eval uat e a and Y gi v i ng 

6995 = Y1 
_1071505 
 a 

2. 2. 6)  

Val ues of  6995  quot ed f or  t he pr esent  exper i ment al  wor k wer e 

eval uat ed usi ng t he met hod j ust  descr i bed.  	 Gener al l y ,  t he accur acy 

of  6995 cannot  be expect ed t o be mor e t han one or der  of  magni t ude 

smal l er  t han t he i nt er val  i n y i n t he r egi on y = 6995.  

The f ol l owi ng expr essi ons wer e used wher e necessar y t o 

eval uat e t he densi t y,  k i nemat i c v i scosi t y and vel oci t y:  
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A = 348. 3 pa/ ( 273. 2 + 0)  	 kg/ m 3  

v  = ( 0. 1340 + 0. 000879 x e) / pa  x 10- 4  m2/ s ( 2. 27)  

U = 0. 2365 (  h( e + 273. 2)  )  j  1  m/ s ,  
Pa 

wher e pa( bar )  i s  t he at mospher i c pr essur e,  a ( °C)  i s t he wor ki ng 

sect i on t emper at ur e and h( mm H20)  i s  t he pr essur e head.  

2. 2. 3 	 Remai ni ng r emar ks  

The capaci t ance manomet er ( s)  was cal i br at ed ( agai nst  a 

Bet z manomet er )  bef or e each t r aver se and t he " zer o"  r ecor ded 

bef or e and af t er  each t r aver se.  	 Dr i f t  i n t he zer o dur i ng a 

t r aver se was of  t he or der  of  1% of  t he f r ee- st r eam dynami c head 

and was l i near l y i nt er pol at ed t o det er mi ne t he zer o of  t he 

i nt er veni ng Pi t ot - st at i c  pr essur e measur ement s.  The pr obe 

posi t i on pot ent i omet er  was cal i br at ed over  i t s  whol e r ange f r om 

t i me t o t i me,  and mor e f r equent l y f or  r egi ons c l ose t o t he pl at e 

sur f ace.  	 Typi cal l y ,  t he s l ope of  t he cal i br at i on of  t he 

pot ent i omet er  r emai ned wi t hi n about  0. 2% over  sever al  weeks and 

t he " zer o"  r emai ned const ant  dur i ng at  l east  one t r aver se.  

Pr of i l e measur ement s wer e st ar t ed wi t h t he pr obe j ust  r est i ng on 

t he i nst r ument at i on di sk sur f ace and t hen moved out war ds unt i l  i t  

was cer t ai n t hat  t he f r ee- st r eam had been r eached.  	 The f i r st -  

l ogged poi nt s wer e r emeasur ed bef or e t he pr of i l e was consi der ed 

compl et e.  	 At  sever al  posi t i ons t hr oughout  t he pr of i l e t he 

measur ement  was r epeat ed t wo or  t hr ee t i mes bef or e movi ng t he pr obe 

t o i t s  next  posi t i on.  	 At  each new posi t i on of  t he pr obe 60 seconds 

( about  12 l ow pass f i l t er  t i me- const ant s)  wer e al l owed t o el apse 

bef or e t he measur ement  was l ogged.  	 A smal l  amount  of  s l ow dr i f t  

of  t he wor ki ng- sect i on dynami c head was r emoved by car ef ul  manual  

adj ust ment  of  t he f an mot or  t hyr i st or  cont r ol  :  t he r emai ni ng 

scat t er  was l ess t han about  ±0. 5%.  

- 48-  



2. 3 	 PASSI VE HEATI NG OF THE BOUNDARY LAYER AND MEAN TEMPERATURE  

MEASUREMENT  

For  t he boundar y l ayer  t ur bul ence measur ement s pr esent ed 

i n chapt er  4 t he boundar y l ayer  was s l i ght l y  heat ed above t he f r ee-

st r eam t emper at ur e by f our  28 s. w. g.  00. 38 mm)  Ni chr ome heat i ng 

wi r es st r et ched acr oss t he f l ow j ust  downst r eam of  t he l eadi ng 

edge.  The wi r es wer e at  a hei ght  of  3- 4 mm and spr i ng- l oadedt   

t o t ake up expansi on.  	 See f i gur e 2. 10.  	 The heat i ng wi r es wer e 

connect ed i n ser i es and power  was suppl i ed by a Var i ac aut o-  

t r ansf or mer  t o a maxi mum of  8 amps x 209 vol t s.  	 Dependi ng upon 

t he t ur bul ence gr i d and pl at e posi t i on used t he heat i ng power  

suppl i ed was adj ust ed so t hat  t he maxi mum t emper at ur e i n t he 

boundar y l ayer  mi d- way bet ween st at i ons 6 and 16 was 3- 4°C above 

t he f r ee- st r eam t emper at ur e.  

A Comar k di f f er ent i al  t her mocoupl e t her momet er  was used 

t o measur e t he boundar y l ayer  mean t emper at ur e pr of i l es.  	 One of  

t he j unct i ons was hel d i n t he f r ee- st r eam away f r om t he boundar y 

l ayer  and t he ot her  was suppor t ed by t he boundar y l ayer  t r aver se 

gear .  

The t emper at ur e of  t he f r ee- st r eam was measur ed by a 

mer cur y- i n- gl ass t her momet er  hel d near  t o,  but  not  t ouchi ng,  one 

of  t he wor ki ng sect i on wi ndows.  The t emper at ur e coul d be r ead 

t o an accur acy of  about  0. 2°C.  

St r at i f i cat i on i n t he wor ki ng sect i on was negl i gi bl e.  

2. 4 	 TURBULENCE MEASUREMENT TECHNI QUES  

The mai n t ur bul ence measur ement s wer e obt ai ned usi ng a 

t hr ee- wi r e pr obe.  Thi s consi st ed of  a st andar d Di sa 55P 51 

x- wi r e pr obe,  wi r ed l ocal l y  wi t h 5 um  pl at i num wi r e,  and a l ocal l y  

t Adj ust ment  of  t he spr i ng t ensi on was al so used t o pr event  t he 

wi r es f r om vi br at i ng.  
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s made const ant - cur r ent  t emper at ur e pr obe f i t t ed t o t he s i de of  t he 

x- wi r e pr obe hol der .  	 The r esol ut i on vol ume of  t he t hr ee- wi r e 

pr obe was appr oxi mat el y equal  t o a cube wi t h s i des 1. 5 mm l ong.  

Di sa 5 m coaxi al  cabl es wer e used t o connect  t he x- wi r e pr obe t o 

st andar d Di sa 55D01 const ant - t emper at ur e anemomet er s oper at ed at  a 

br i dge r at i o of  20: 1 and a DC gai n set t i ng of  " hi gh" .  	 The 

t emper at ur e pr obe was connect ed t o a l ocal l y- made const ant - cur r ent  

' anemomet er ' .  	 Onl y a mi ni mum of  s i gnal  pr ocessi ng was car r i ed out  

bef or e r ecor di ng t he f l uct uat i ng vol t ages on an Ampex FR1300 

f r equency- modul at ed t ape r ecor der .  	 A t ape speed of  60 i nches per  

second ( 1. 52 m/ s)  was used,  gi v i ng a f r equency r esponse of  0 Hz t o 

20 kHz.  	 Mean vol t ages f or  t he x- wi r e pr obes wer e r ecor ded by hand.  

Bl ock di agr ams of  t he el ect r oni c uni t s used ar e shown i n f i gur es 

2. 11 and 2. 12.  	 The r ecor ded dat a wer e l at er  di gi t i zed and r ecor ded 

on di gi t al  t ape f or  anal ysi s on t he Col l ege' s CDC comput er .  	 The 

di gi t al  anal ysi s pr ogr ams ar e di scussed i n subsect i on 2. 4. 6.  

The f l uct uat i ng vol t ages wer e ampl i f i ed bef or e r ecor di ng 

t hem i n or der  t o keep t he s i gnal - t o- noi se r at i o of  t he t ape r ecor der  

as hi gh as possi bl e.  	 Car e was t aken t o ensur e t hat  t he posi t i ve 

and negat i ve peaks of  t he f l uct uat i ons di d not  exceed t he ±1 vol t  

l i near  r ange of  t he t ape r ecor der  ampl i f i er s.  	 Si gnal  i nver si on 

i nt r oduced by t he addi t i onal  ampl i f i cat i on was easi l y  r emoved at  t he 

di gi t al  anal ysi s st age.  

Now,  t he r esponse O of  a s l ender - wi r e t emper at ur e pr obe 

wi t h negl i gi bl e i nt er nal  heat i ng t o a t emper at ur e f l uct uat i on 0A  i s  

gi ven by 
dew  

eA =eW +Ma—t - - . ( 2. 4. 1)  

M i s t he t i me- const ant  of  t he wi r e r esponse and i s due t o t her mal  

capaci t y of  t he wi r e.  	 M decr eases f ai r l y  s l owl y wi t h i ncr easi ng 

Reynol ds number .  	 Al t hough t he dampi ng pr ovi ded by M r educes t he 
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•  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
	zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwi r e' s hi gh f r equency r esponse i t  can be easi l y  compensat ed,  i n 

pr i nci pl e at  l east ,  by addi ng t o t he anemomet er  out put  a pr opor t i on 

M of  i t s  der i vat i ve.  

The c i r cui t  shown i n f i gur e 2. 12b was used t o pr ovi de 

f r equency compensat i on and ampl i f i cat i on of  t he const ant - cur r ent  

' anemomet er '  out put .  	 The compensat i on was set  wi t h t he pr obe 

posi t i oned wher e t he t emper at ur e i nt er mi t t ency was about  0. 5 and 

t he capaci t ance C i ncr eased unt i l  t he backs of  t he hot  bur st s 

decr eased as r api dl y as possi bl e t o zer o wi t hout  over shoot i ng t he 

col d l evel .  	 I n er r or ,  t he 3 dB upper  cut - of f  f r equency of  t he 

compensat or  and ampl i f i er  shown i n f i gur e 2. 12b was set  t o 10 kHz 

i nst ead of  20 kHz but  t hi s shoul d not  have s i gni f i cant l y af f ect ed t he 

r esul t s s i nce 10 kHz cor r esponds appr oxi mat el y t o t he spat i al  

r esol ut i on vol ume of  t he t hr ee- wi r e pr obe i n a f l ow at  16 r m/ s.  

Some l i mi t at i on of  t he bandwi dt h of  t he compensat i ng c i r cui t  was 

necessar y t o avoi d osci l l at i on and r educe l ar ge ampl i f i cat i on of  

unwant ed hi gh- f r equency noi se.  	 Compensat i on coul d have been car r i ed 

out  as par t  of  t he di gi t al  anal ysi s but  t hi s woul d have had t he di s-

advant age t hat  t he noi se of  t he t ape r ecor der  and t he noi se of  t he 

ampl i f i er s shown i n f i gur e 2. 12b woul d al so have been ampl i f i ed 

r esul t i ng i n a wor se s i gnal  t o noi se r at i o.  	 The si gnal  l evel  was 

cont r ol l ed by t he combi ned at t enuat or  and f i l t er  box.  

The f i l t er  box ( due t o Dr .  A. J.  Smi t s)  shown i n f i gur e 

2. 11 was desi gned speci f i cal l y  f or  use wi t h t he Di sa 55D01 anemomet er  

uni t s i n or der  t o separ at e out  i t s  mean and f l uct uat i ng out put  

vol t ages :  t he f l uct uat i ng s i gnal s wer e 1 Hz hi gh- pass f i l t er ed and 

t he mean val ues of  t he f l uct uat i ng " dc"  wi r e 200 Hz❑l ow- pass f i l t er ed 

( " i nt egr at ed" )  and measur ed wi t h a s i ngl e Sol at r on LM1420 di gi t al  

vol t met er  swi t ched bet ween ei t her  anemomet er  out put .  	 The gai n 

adj ust ment s of  t he oper at i onal  ampl i f i er s shown i n f i gur e 2. 11b 

wer e set  t o nomi nal  i nt eger  val ues of  ei t her  2,  3,  4 or  5 dependi ng 
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upon t he s i gnal  ampl i f i cat i on r equi r ed.  

Measur ement s of  w 
 wer e al so obt ai ned by usi ng a U- pr obe 

and a Dat r on 1030 r . m. s.  met er .  	 Some pr el i mi nar y unl i near i zed 

x- wi r e anal ogue measur ement s of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw,  v2  and w -  not  pr esent ed her e -

wer e obt ai ned by appr oxi mat el y mat chi ng t he wi r e cal i br at i ons and 

usi ng a sum- and- di f f er ence uni t  t o gi ve s i gnal s pr opor t i onal  t o u 

and v,  or  u and w.  The wi r es wer e appr oxi mat el y mat ched by 

ampl i f y i ng or  at t enuat i ng t he mean out put  vol t age of  one of  t he 

anemomet er s t o be equal  t o t he mean out put  vol t age of  t he ot her .  

The out put  vol t ages wer e f ound t o r emai n c l osel y equal  over  most  

of  t he cal i br at i on r ange.  	 For  al l  anal ogue f l uct uat i ng vel oci t y 

measur ement s t he unl i near i zed smal l - s i gnal  sensi t i v i t y  was used.  

2. 4. 1 	 Wi r i ng of  t he pr obes  

The x- wi r e pr obe and U- pr obe wer e wi r ed by sof t - sol der i ng 

s i l ver - sheat hed 5 pm pl at i num wi r e ( Wol l ast on wi r e)  t o t he pr obe 

pr ongs.  	 The pr ongs wer e f i r st  c l eaned and t i nned.  	 A shor t  st r ai ght  

l engt h of  Wol l ast on wi r e was cut  f r om t he r eel ,  l ai d acr oss t he pr ongs,  

and t he sol der i ng i r on appl i ed t o t he under si de of  each pr ong i n 

t ur n.  	 Onl y a ver y mi ni mum of  sol der  was used.  Af t er  t he second 

sol der ed j oi nt  had been made and t he sur pl us wi r e cut  of f  wi t h a 

scal pel ,  t he f i r st  sol der ed j oi nt  was r eheat ed t o r el ease any 

t ensi on i n t he wi r e.  	 When t he wi r es had been at t ached t o t he pr obe 

t hey wer e et ched usi ng a pi n- head bubbl e of  10% 	 ni t r i c  	 aci d 

and 90% di st i l l ed wat er  i ssui ng f r om an upwar ds- f aci ng capi l l ar y 

t ube.  The et ched l engt h var i ed f r om wi r e t o wi r e bet ween about  

1. 0 and 1. 3 mm.  	 Car e was t aken,  par t i cul ar l y f or  t he x- wi r e pr obe,  

t o ensur e t hat  t he et ched wi r es wer e as st r ai ght  as possi bl e.  

Sl i ght  cur vat ur e i s  unavoi dabl e when t he wi r es ar e heat ed.  	 I t  was 

f ound qui t e easy t o at t ach t he wi r es c l ose t o ±450  t o t he pr obe 

axi s gi v i ng appr oxi mat el y equal  sensi t i v i t y  t o t he l ongi t udi nal  and 

t r ansver se component s of  vel oci t y.  	 The t emper at ur e pr obe was 
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si mi l ar l y  wi r ed wi t h 1 pm pl at i num Wol l ast on wi r e.  	 The et ched 

l engt h agai n var i ed f r om wi r e t o wi r e bet ween about  1. 0 and 1. 3 mm.  

2. 4. 2 	 Set t i ng- up t he const ant - t emper at ur e anemomet er s  

The out put  and i nput  bi as vol t ages wer e set  as descr i bed 

i n t he oper at i ng manual ,  and t he HF f i l t er  set  t o posi t i on 2.  

A r esi st ance r at i o of  2. 0 was used f or  t he pl at i num wi r e pr obes.  

However ,  f or  newl y- wi r ed pr obes t he over heat  r at i o was i ncr eased 

s l i ght l y  t o about  2. 1 and t he wi r e( s)  l ef t  t o anneal  t o avoi d an 

i ni t i al  cal i br at i on dr i f t .  	 A per i od of  about  s i x hour s was f ound 

t o be suf f i c i ent  al t hough t he wi r es wer e usual l y  l ef t  anneal i ng 

over ni ght .  	 Af t er  anneal i ng t he r esi st ance r at i o was r et ur ned t o 

2. 0.  

The bandwi dt h of  t he pr obe and anemomet er  i ncr eases wi t h 

t he gai n of  t he anemomet er  i nt er nal  ampl i f i er  and t he mean vel oci t y.  

I t  i s  al so dependent  upon t he i nput  bi as vol t age and t he i mpedance 

of  t he pr obe cabl e.  	 Anemomet er  bandwi dt h was set  usi ng t he squar e 

wave t est  at  a wi nd speed a l i t t l e above t he maxi mum at  whi ch 

measur ement s wer e t o be t aken.  The gai n set t i ng was i ncr eased t o 

7 ( gi v i ng a maxi mum bandwi dt h of  t he or der  of  90 kHz)  and t he ' L'  

( i nduct ance)  and ' Q'  ( qual i t y)  scr ews set  t o bal ance t he pr obe cabl e 

i mpedance and so avoi d par asi t i c  osci l l at i on.  	 The i nput  bi as cont r ol  

was used as a f i ne cont r ol  on t he bandwi dt h;  i t  al so af f ect s t he 

anemomet er  mean out put  vol t age and,  once set ,  was l ef t  unt ouched.  

2. 4. 3 	 Cal i br at i on of  t he hot - wi r e pr obes  

I n t hi s subsect i on U,  ' V,  W and Uef f  ar e i nst ant aneous 

t ot al  vel oci t i es and E i s t he anemomet er  i nst ant aneous t ot al  out put  

vol t age,  wher e " t ot al  = mean pl us f l uct uat i ng par t s" .  	 Her e,  a 

mean val ue wi l l  be denot ed by an over bar .  

I n t he pr esent  wor k t he heat  t r ansf er  l aw Nu( Re,  Pr ,  Gr )  

f or  a hot  wi r e oper at i ng at  const ant  t emper at ur e was assumed t o be 

of  t he f or m 
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i 	 E2 = E(2) + B'  (Ueff)n 	 (2.4.2) 

wher e n = 0. 45 was used.  	 ( See f or  exampl e,  Br adbur y & Cast r o,  1972) .  

Except  i n ver y l ow speed f l ows buoyancy f or ces ( cc Gr / Re2)  ar e 

negl i gi bl e.  

For  t he pr esent  measur ement s t he pr obe axi s was al ways 

al i gned par al l el  t o t he pl at e cent r e- l i ne and ( t o wi t hi n about  1°)  

par al l el  t o t he pl at e pl ane.  	 ( Al l owance f or  t he pr obe pi t ch i s  

di scussed l at er . )  	 The ef f ect i ve vel oci t i es f or  each wi r e of  a 

x- wi r e pr obe wer e t her ef or e 

Uef f  	 = U cos ' pef f  	 ± ( V cos q + W si n ) s i n Je
f f 	 ( 2. 4. 3)  

1,2 	 1,2 	 1, 2 

wher e t he suf f i x  1, 2 denot es one or  ot her  wi r e and * ef f 1 ,2 ( = 450 )  

ar e ef f ect i ve wi r e angl es t aken t o be posi t i ve f or  bot h wi r es.  The 

pl us s i gn r ef er s t o wi r e 1 and t he mi nus s i gn t o wi r e 2.  	
* ef f 1, 2 •  

ar e appr oxi mat el y equal  t o t he geomet r i c angl es bet ween t he wi r e and 

t he mean ( cal i br at i on)  st r eam di r ect i on.  	 $ i s t he r ot at i on of  t he 

par al l el  pl anes cont ai ni ng t he wi r es f r om t he ver t i cal  ( y- axi s) .  

For  t he measur ement s pr esent ed = 0 ( pr obe sensi t i ve t o u and v)  and 

= 7r / 2 ( pr obe sensi t i ve t o u and w) .  	 Fr om equat i ons 2. 4. 2 and 2. 4. 3 

E~,2 = Ē
o1 2 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Bl 2 (U ± (V cos 	 + W sin )tan 'eff l 2)n (2.4.4) 

wher e 

B = B' (cos *eff)n ( 2. 4. 5)  

The hot  wi r es wer e st at i cal l y  cal i br at ed -  as opposed t o 

dynami cal  cal i br at i on by s i nusoi dal l y  osci l l at i ng t he pr obe t o 

det er mi ne i t s  sensi t i v i t i es -  i n t he f r ee- st r eam and wi t h no t ur bul ence 

gr i d i n t he wor ki ng sect i on.  V and A wer e assumed t o be zer o f or  t he 

cal i br at i on.  	 Thus,  f r om equat i on 2. 4. 4 

22 	 n 1,2 = Ē 01,2 1.8 1,2Ū 
	 •  

( 2. 4. 6)  
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ozyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand B wer e eval uat ed by t he met hod of  l east  squar es.  	 Smal l  

changes of  mean t emper at ur e of t en occur r ed dur i ng cal i br at i on,  f or  

whi ch al l owance was made as di scussed i n subsect i on 2. 4. 5.  	 Fi gur e 

2. 13 shows t ypi cal  x- wi r e pr obe cal i br at i ons bef or e and af t er  a 

set  of  measur ement s.  

The ef f ect i ve wi r e angl es ( f or  t he x- wi r e pr obe)  wer e 

measur ed wi t h t he pr obe r ot at ed so t hat  4)  _ 7r / 2,  i n a non- t ur bul ent  

f r ee- st r eam.  	 By means of  a " saddl e"  ar r angement  t he i nst r ument at i on 

di sk was yawedt  t hr ough t he angl es ± ni l , ,  wher e n = 0,  1,  2,  3 and 

= 4. 67° .  For  each wi r e 

1 _zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAĒ 2 -Ē 2_ 
Ti 

o 	 -  cos( nal , )  _ - t an Vef f '  s i n( nt h)  ,  	 ( 2. 4. 7)  

( Br adshaw,  1971,  p123) .  	 Thi s equat i on i s easi l y  der i ved f r om 

equat i on 2. 4. 4.  	 t an i ' ef f  was det er mi ned by a gr aphi cal  st r ai ght  

l i ne f i t  i n pr ef er ence t o,  say,  t he met hod of  l east  squar es.  	 A 

t ypi cal  ' yaw'  cal i br at i on i s  shown i n f i gur e 2. 14.  	 On a f ew 

occasi ons t he gr aphi cal  best - f i t  s t r ai ght  l i ne f or  one or  bot h wi r es 

f ai l ed t o pass t hr ough t he or i gi n because of  s l i ght  cal i br at i on 

dr i f t  or  smal l  cal i br at i on er r or s.  	 Temper at ur e cor r ect i ons wer e 

f ound t o be qui t e i mpor t ant  i n t hi s r espect .  

For  t he measur ement s of  u and v i t  was usual l y  f ound 

necessar y t o appl y a smal l  cor r ect i on,  Sl , ,  t o t he ef f ect i ve wi r e 

angl es because of  a s l i ght  pi t cht t  of  t he pr obe.  	 4 was obt ai ned 

by i nt er pol at i on of  t he yaw cal i br at i on usi ng t he val ues of  Ē1 and E2 

measur ed t o det er mi ne Ē zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo3 2 
and B, ~2.  	 The met hod r el i es on t he 

f act  t hat  di f f er ences i n out put  vol t ages ar e ver y near l y i ndependent  

of  mean vel oci t y and changes i n mean t emper at ur e,  but  sensi t i ve t o 

r ot at ed about  t he y- axi s 

t t r ot at i on about  t he z- axi s 

_ BA4, =o.  U 
n — 
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•  	 pitch when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4)  =  0, or yaw when (  = Tr / 2 (or pitch and yaw when 

4)  # nn/ 2,  where n =  0,  1,  2 etc.) . 	 An example is given in figure 

2.15. 	 The correct ions to the effect ive wire angles were about  1zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA° ,  

or less. 

I t  was found useful to establish the effects of an error 

in 4'eff  on measured turbulence quant it ies, part icular ly the shear 

st ress. 	 I n appendix 3 it  is shown that  

ū =  ū 1  + C1 	 +  uv 2C1  , 

7 _ 7 C2 
2  

and 	 uv = , 7 C2  + v C1 C2 ,  

tani14 . tanipi 	 tanip2 . tan4)  

	

where 	 Cl 	-  	
tanq +  tamp;  

( 2. 4. 7)  

'  ( 2. 4. 8)  

tan4) +  tanip 
and C2   - 	   

tani j  +  tan p 

Single and double prim es denote uncorrected and corrected quant it ies 

respect ively. 	 Effect ive wire angles are to be understood. 	 An 

uncorrected pitch of 1° ,  for example, gives an error in 	of 

0.035 v  -  or, very roughly, 0.035 ( -11)  

2. 4. 4 	 Calibrat ion of the temperature wire  

The temperature coefficient  of resistance, I T  
aR  ,  of the 

(plat inum)  temperature wire was assumed to be 0.0038 ( °C)
-1 

 and was 

found to be consistent  with the boundary layer m ean temperature 

profile measurements. 	 The change, e, in the voltage across a 

constant -current  wire due to a change, zR, in the resistance is 

simply e =  I iR, where I  is the current . 	 Therefore, for small 

fluctuat ions i n R due to small fluctuat ions, e,  i n temperature 

e =  aI Re , 

= dre , 
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wher e Ē i s t he mean vol t age acr oss t he wi r e.  	 For  t he const ant -  

cur r ent  ' anemomet er '   used,  bot h Ē and e wer e ampl i f i ed by t he i nt er nal.  

pr e- ampl i f i er .  	 Thus,  at  t he out put  of  t he pr e- ampl i f i er ,  usi ng t he 

same not at i on,  

e = ar e .  	 ( 2. 4. 9)  

aĒ i s  t he sensi t i v i t y  of  t he wi r e.  

The t emper at ur e sensi t i v i t y  of  a const ant - cur r ent  wi r e 

i ncr eases l i near l y wi t h cur r ent  whi l e t he vel oci t y sensi t i v i t y  

i ncr eases appr oxi mat el y as t he cube of  t he cur r ent .  	 ( See f or  

exampl e,  Hi nze,  1975,  chapt er  2. )  	 The pr obe cur r ent  was t her ef or e 

r educed such t hat  near  t he wal l  i t s  sensi t i v i t y  t o vel oci t y f l uct !  

uat i ons was negl i gi bl e by compar i son wi t h t he t emper at ur e f l uct uat i ons 

of  t he passi vel y heat ed boundar y l ayer :   A wi r e cur r ent  of  appr ox-  

i mat el y- 0. 9 mA was used t hr oughout .  	 Even at  a cur r ent  of  1. 2 mA a 

vel oci t y of  1 m/ s -  a t ypi cal  f l uct uat i on • -  was measur ed t o be 

equi val ent  t o a t emper at ur e change of  t he or der  of  0. 01°C.  

2. 4. 5 	 Temper at ur e cor r ect i ons t o t he hot - wi r e measur ement s  

Ef f ect s of  t emper at ur e f l uct uat i ons,  e,  and mean t emper at ur e 

change,  AT,  on t he hot - wi r e pr obes wer e cor r ect ed usi ng 

ET+QT+e = ( 1  -  Q) ( t  + B Un)  ,  	 ( 2. 4. 10)  

wher e e = ( 0 + AT) / T ( Bear man,  1971) .  	 Her e,  E,  c and U ar e 

i nst ant aneous quant i t i es.  T i s  t he t emper at ur e at  whi ch 1 and B 

wher e eval uat ed,  and a = ( Tw  -  T) / T.  Tw  i s  t he wi r e t emper at ur e and 

i s i ndependent  of  T,  AT,  a or  U i n a const ant - t emper at ur e syst em.  

St r i c t l y ,  Eo and B ar e f unct i ons of  st r eam t emper at ur e and,  mor e 

accur at el y,  

2 
	 -  
	

r  
E 	 2 	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA_ 	 0 . 49s 	 . s 	 . .  ET+pT+e = ( 1 	 r 20 	1 + 0. 49a )  + B(1 	 1 0 + 0

12
. 12a ) U (2.4.11 (  	 )  

However ,  equat i on 2. 4. 10 was f ound t o be suf f i c i ent .  	 For  a mor e 

det ai l ed di scussi on see,  f or  exampl e,  Comt e- Bel l ot  ( 1977) .  
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No boundar y- l ayer  heat i ng was appl i ed f or  t he anal ogue 

U- pr obe ( and x- wi r e)  measur ement s and t her ef or e onl y mean t emper at ur e 

dr i f t  cor r ect i ons wer e necessar y.  	 I n t he di gi t al  anal ysi s of  t he 

t hr ee- wi r e pr obe measur ement s t he vel oci t i es measur ed by each wi r e 

of  t he x- wi r e pr obe _wer e_ cal cul at ed negl ect i ng t emper at ur e ef f ect s 

and t hen cor r ect ed usi ng t he equat i on 

E2 	 a l / n Uc = Uu( 1 	 E2 
-  r 2 ~

)  

0 

appr oxi mat ed by 

E2. 
•  

Uc = Uu( 1 -  n.   E2 -  .  	 •  ~}  ,  
0 

( 2. 4. 18)  

wher e t he suf f i ces ' u'  and ' c '  r ef er  r espect i vel y,  t o uncor r ect ed 

and cor r ect ed val ues.  	 Uu = ( E2 -  E2) / B 1/ n.  	 Equat i on 2. 4. 12 i s 

easi l y  der i ved f r om equat i on 2. 4. 10.  	 Not e t hat  t he t emper at ur e 

sensi t i v i t y  i s  dependent  upon t he i nst ant aneous oper at i ng poi nt  E of  

t he hot - wi r e.  Eo and B wer e cor r ect ed f or  f r ee- st r eam t emper at ur e 

dr i f t  bef or e di gi t al  anal ysi s;  cor r ect i ons f or  t he boundar y l ayer  

heat i ng ( mean pl us f l uct uat i ng)  wer e done as par t  of  t he di gi t al  

anal ysi s.  

2. 4. 6 	 Di gi t al  anal ysi s pr ogr ams  

Two comput er  pr ogr ams,  CS3W and D3ECOP,  wer e used t o 

cal cul at e t ur bul ence quant i t i es f r om t he r ecor ded vel oci t y and 

t emper at ur e f l uct uat i ons.  	 CS3W was an exi st i ng condi t i onal -  

sampl i ng pr ogr am and i s di scussed i n i t s  st andar d f or m by Wei r  & 

Br adshaw ( 1974) .  	 For  t he pr esent  wor k some changes t o t he st andar d 

ver si on of  t he i nt er mi t t ency subr out i ne LAGTHR wer e f ound necessar y.  

The aut hor s ver s i on of  LAGTHR i s di scussed i n chapt er  4,  subsect i on 

4. 2. 1,  and a l i s t i ng i s  gi ven i n appendi x 6.  

Pr ogr am D3ECOP was an adapt at i on by t he pr esent  aut hor )  

of  an exi st i ng t wo- channel  1024 poi nt  ( maxi mum)  f ast - Four i er - t r ansf or m 

pr ogr am COPHASE,  const r uct ed by Davi es ( 1974) .  	 D3ECOP compr i sed t he 
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•  t ape- r eadi ng subr out i nes ( BUFFI N and UNPACK)  and t he pr obe-

cal i br at i ons i nver si on subr out i nes ( RESOLV and TDATA)  of  CS3W 

combi ned wi t h t he t r ansf or m subr out i nes of  COPHASE.  The pr ogr am 

cal cul at ed t he power  spect r al  densi t y,  t he co'  and quad'  spect r al  

densi t i es,  and t he coher ence and phase angl e of  t wo component s of  

f l uct uat i ng vel oci t y measur ed wi t h an x- wi r e pr obe i n a ( mi l dl y)  

heat ed f l ow.  	 Onl y power  spect r al  densi t i es ar e pr esent ed ( chapt er  3) .  

The bandwi dt h and f r equency def i ni t i on of  a di scr et e,  

di gi t al  Four i er  t r ansf or m ar e l i mi t ed by t he number  of  sampl es i n 

each r ecor d or  bl ock of  dat a.  	 Si nce a f r equency must  be def i ned by 

at  l east  t wo sampl es each r ecor d anal ysed gave a spect r um def i ned at  

a maxi mum of  512 ( equal l y  spaced)  f r equenci es.  	 Each r ecor d gi ves 

onl y one est i mat e of  t he spect r al  densi t y of  i t s  l owest  f r equency,  

t wo est i mat es of  t he l owest - but - one f r equency,  et c.  The def i ni t i on 

of  t he spect r al  densi t y i s  i mpr oved by f or mi ng ensembl e aver ages of  

sever al  t r ansf or med r ecor ds.  COPHASE al so i ncl uded f r equency 

smoot hi ng over  K est i mat es ei t her  s i de of  each est i mat e t o f ur t her  

smoot h t he f i nal  spect r um.  	 Smoot hi ng over  t he K l owest  f r equenci es 

was achi eved by r ef l ect i ng t he spect r um about  t he spect r al  densi t y 

axi s.  	 However ,  t hi s di st or t s t he f i nal  spect r al  densi t y f or  t he K 

l owest  f r equenci es unl ess t he spect r al  densi t y t her e i s  const ant .  

COPHASE was modi f i ed so t hat  t he f r equency smoot hi ng was i ncr eased 

l i near l y f r om zer o f or  t he est i mat e at  t he l owest  f r equency t o 

K f or  t he est i mat e at  t he K+1 f r equency.  	 A val ue of  K=4 was used 

f or  al l  of  t he spect r a pr esent ed.  

2. 4. 7 	 Remai ni ng r emar ks  

Tur bul ence measur ement s wer e car r i ed out  i n pai r s of  

pr of i l e t r aver ses cor r espondi ng t o 0 = 0 and ( 0 = Tr / 2.  	 The x- wi r e 

pr obe was cal i br at ed f or  " E„ , and 
B1, 2  bef or e and af t er  each t r aver se.  

1, 2 
Dr i f t  i n Ēo  and B,  af t er  cor r ect i on f or  t emper at ur e dr i f t ,  was l ess 
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t han about  1% and aver aged val ues wer e used i n t he subsequent  

anal ysi s.  	 The ef f ect i ve wi r e angl es 
1' ef f  	 wer e measur ed bef or e 1, 2  

and af t er  each pai r  of  pr of i l e t r aver ses.  	 The wi r e angl es measur ed 

f i r st  wer e used i n t he anal ysi s of  t he f i r st  t r aver se of  t he pai r  

and t he r emeasur ed angl es i n t he anal ysi s of  t he second t r aver se.  

I t  was usual l y  f ound t hat  f or  a par t i cul ar  pai r  of  cr ossed wi r es t he 

i nt er nal  angl e bet ween t he wi r es r emai ned wi t hi n a scat t er  band of  

about  0. 5°   wi de over  sever al  pr of i l e t r aver ses.  	 I n t he occasi onal  

i nst ance of  uncer t ai nt y i n a vel oci t y or  angl e cal i br at i on t he 

cal i br at i on was r epeat ed,  and i f  t he uncer t ai nt y r emai ned one or  

bot h wi r es wer e r epl aced.  

A bui l d- up of  di r t  of  s i ze of  t he or der  of  1 pm on t he 

t emper at ur e pr obe wi r e caused a degr adat i on of  hi gh f r equency 

r esponse.  	 Al t hough a " bur n- of f "  heat i ng cur r ent  of  about  10 mA -   

a hi gher  cur r ent  woul d have bur nt - out  t he wi r e -  was passed t hr ough 

t he t emper at ur e wi r e ( see f i gur e 2. 12)  at  i nt er val s dur i ng a t r aver se 

t he bui l d- up was not  ent i r el y pr event ed.  	 Washi ng t he wi r e di d not  

al ways r emove al l  t he di r t  and i t  was f ound bet t er  t o r ewi r e t he 

pr obe f r equent l y.  	 Each wi r e was used f or  onl y t wo t r aver ses.  

A r ecor di ng of  30 seconds i n l engt h was t aken at  each 

poi nt  i n a t r aver se and t he f i r st  r ecor ded poi nt  ( i . e.  t he poi nt  

near est  t he wal l )  was r ecor ded agai n f or  a f ur t her  30 seconds at  t he 

end of  t he t r aver se.  Tape usage was opt i mi sed by r ewi ndi ng t he 

t ape over  t he pr evi ous r ecor d,  suf f i c i ent  f or  t he t ape t o have bui l t -

up t o f ul l  ( f or war d)  speed when t he end of  t he l ast  r ecor d has 

passed,  and t he r ecor d but t on t hen depr essed.  	 I n t he i nst ance 

t hat  a r ecor di ng was unwant ed i t  was not  over - r ecor ded because a 

s l i ght  di st or t i on -  hi gh- f r equency r i ppl i ng near  t he peaks -  was 

obser ved when a s i ne wave was r ecor ded over  i t sel f .  

1 kHz s i nusoi dal  cal i br at i on s i gnal s wer e r egul ar l y 

r ecor ded on t o t he t ape.  	 The cal i br at i on s i gnal  f or  t he t wo x- wi r e 
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pr obe channel s was s i mul t aneousl y i nput  t o t he ampl i f i er s shown 

i n f i gur e 2. 11a wi t h t he out put  of  t he dual  f i l t er  box di sconnect ed.  

The cal i br at i on s i gnal  f or  t he t emper at ur e pr obe channel  was 

separ at el y i nput  t o t he compensat or  and ampl i f i er  uni t  shown i n 

f i gur e 2. 12b but  wi t h t he compensat or  capaci t ance,  C,  and t he 

f i l t er  box di sconnect ed.  	 Cal i br at i on s i gnal  ampl i t udes wer e 

measur ed wi t h a Dat r on 1030 r . m. s.  met er .  
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MESH SI ZE 
or  

BAR SPACI NG 

BAR SI ZE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
& 

SHAPE 
TYPE COMMENT 

7. 62 cm 1. 25 cm 
SQUARE 

BI - PLANE,  SQUARE 
MESH 

ALUMI NI UM 

7. 62 cm 1. 25 cm 
SQUARE 

ROW OF VERTI CAL 
BARS 

WOOD 

15. 2 cm 3. 81 cm 
SQUARE 

BI - PLANE,  SQUARE 
MESH 

WOOD ( PI NE)  

15. 2 cm 3. 81 cm 
SQUARE 

ROW OF VERTI CAL 
BARS*  

WOOD ( PI NE)  

11. 4 cm 2. 86 cm 
ROUND 

ROW OF VERTI CAL 
BARS 

BROOMSTI CKS 
( SUPPLI ED BY I . C.  
CENTRAL STORES)  

*  As pr evi ous gr i d but  wi t h hor i zont al  bar s r emoved.  

TABLE 2. 1 	 Di mensi onal  det ai l s  of  t ur bul ence- gr i ds and t ur bul ence 

gener at or s.  
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a)  Si de v i ew 

b)  Pl an v i ew 

Fi g.  2. 1 	 Boundar y l ayer  f l ow t hr ough t he base of  a t ur bul ence-  

gener at i ng gr i d.  Upst r eam boundar y l ayer  l ami nar  i n a)  

and b)  and t ur bul ent  i n c) . and d) .  M = 15. 2cm,  bar  s i ze = 

2. 5cm x 2. 5cm,  Ue 	 1 m/ s.  Fl ow r i ght  t o l ef t .  



c) Side view 

d) 

Figs 2.1 c and d, 

•  
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Wide Angle 
Diffuser Screen Fan Motor 

Cont ract ion 
-zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-r 

Honeycom b Working Sect ion 

Grid Slot  	 3 Screens 

Fig. 2.2 	Plan view of wind tunnel 



•  

Fig. 2.3 	 Boundary layer t raverse gear 

•  



Measuring Stations: 	Instrumentation Disks 
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Rail 6 

	
4 3 2 

o 

o 

Q 

O 
0 

I  1 

Q 	o 0 
I 	I 1/ 

CD 0 

0 

O 

o 

t 

x 

x 

I 
0- -G-0 

0 

0 

0 

t 
AZ 

1 	 I I I I 	4 
O 
o 

I 

x C  
x 

o 
O 	O 

0 

XLE  

a 

Extension Plate Plate Static Pressure 
o —upper 

Tappings: 	Leading 
surface 	Edae 

Trailing 
Edge 

Working-Secting Wall x — lower 

(Scale: 1:12 ) 

Fi g.  2. 4 Pl an v i ew of  f l at e plate. 
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Fig. 2.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	View of flate plate mounted in 3ft x 3ft wind tunnel 
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a) Biplane grid. M =  7.62cm 

b) Biplane grid.. M =  15.2cm 

Fig. 2.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	Turbulence grids (a and b) and turbulence generators 

(c and d) 



c) 7.6cm-spaced row of square bars 

d) 11.4cm-spaced row of round bars 

Figs 2.6 c and d, 



Pitot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Probe  
Traverse 

Gear Traverse 
Gear 

Control 
Box 

Capaci-
tance 
Mano. 

Amplifier 
-~-  & Filter 

(see b) 

 

 

 

    

    

    

D.V.M. 

Teletype 
Printer 
& Paper 
Tape 

Punch 

(Calib.) 
Betz 
Mano. 

D.V.M. 

AV 

D.T. U. 

a) Block Diagram of Apparatus 

100kJt /200kJt 

20kga 
10kL Z 

470/Lf '— r 0 	 0 

b) Amplifier and Filter in a) 

Fi g.  2. 7 El ect r oni c appar at us f or  mean vel oci t y pr of i l e measur ement s.  
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20 

18 

23-79xV+0.0081. 
( Least-Squares Fit ) 

Deviation: (P- (23.79xV+ 0.0081 ))x 100 _ 

Digital Resolution 0.01mmHzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2O 
"  

0.5 	 1.0 
Amplifier Output Voltage (V)x 2 ,Volts 

Fi g.  2. 8 Typi cal  cal i br at i on of  capaci t ance manomet er .  
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3 

1.995 xV+  0.0016 
- ( Least-Squares Fit) 

D
is

ta
n

c
e  

(y
)  

fr
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m
  S

u
r f
a

ce
,  i

n
ch

e
s  

2 

1 

Deviation: (y- (1.995xV- 0.0016 ) )x100 

	e 

Digital Resolution 
0002 inches 

0 

1.0 
Traverse Control Box Output 

Voltage (V) x 2,Volts 

-0.4
0 2.0 

Fig. 2.9 Typical calibrat ion of t raverse-gear posit ion 

potent i onieter. 

-  73 -  

0 



Fi g,  2. 10 	 Vi ew of  pl at e l eadi ng edge and t he heat i ng wi r es.  The t r ansi t i on t r i p wi r e can be seen j ust  

downst r eam of  t he f i r st  heat i ng wi r e.  

•  



Anemo-
meter 

(1)  

X -Wire 
Probe 

HAnemo-
meter 

(2)   

Oscillo-
scope 

Amplifier 
(1) 

(see bL 

Dual 
Filter 
(segc)  

—Analogue 
Tape 

Recorder  
D.V.M. 

Amplifier — (2) 
Jsee b)  

a) Block Diagram of Apparatus 

Gain Control 

b) Block Diagram of (Operational) Amplifier in a) 

2000,f 

(Amplifier 1) 

c) Dual Filter in a) (A.J.Smits) 

Fi g.  2. 11 El ect r oni c appar at us f or  X- wi r e pr obe measur ement s.  

(Anemometer l) 
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D.V.M. 
(d.c.) 

Temp 
Probe 

A 

      

 

Constant- 	H.P 
current zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA ,   Filter & 

Anemometer 	Atten. 
(see c) 	(see d) 

Amplifier & 
' 	Compensator 

(see b) 

 

 

      

Analogue 
Tape 

Recorder   

Dual Beam 
Storage 

Oscilloscope 

Block Diagram of Apparatus 

II pf 	Il—pi 
 

CNO.011v. 

150kJ 150 kS 

b) Compensator and Amplifier 

Fi g.  2. 12 El ect r oni c appar at us f or  measur i ng t emper at ur e f l uct uat i ons.  

( cont i nued next  page)  

15kcl 15kJ 
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1470iLf 

   

1 

D.V.M. 

Output  

2252 

222 

2252 

22St /  

22S1, 

I nput  (  
( low 

impedance)  

+ 25v Low-Noise 
Power Supply -15+ 15v Low-Noise 

°  	 Power Supply 

•  

N -10 

Probe Current  Adjust :  
Current  Measure 

approx. 1 mA 
is 	 2 , I  

3 

'Current ' 
Measure °  

55.9kS1 

31d, 

Pre Amplifier 

Dirt  'Burn-off' 
But ton 

Probe Calibrat ion 
Resistances ( fit )  
(not  st r ict ly)  

required 

Temp.Wire 
Probe 

1.860 - - / WV-- - -%  

1.460 - -W-0 
0.986 0986 - -W--0 	 

0.464 'VM 

Probe Voltage 

0 

Output  
(very low ll  
\ impedance)  

0 

Output  
(not  used)  

c)  Constant -Current  Temperature 'Anemom eter ' 

d)  High-Pass Filter and At tenuator 

Fi g.  2. 12 ( compl et ed)  
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16  
Wire: 
1 2 
o o Before Traverse 
A0 After 	zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIS 

_ _ 	It 	 . 	 but 
without 2.9-C mean 
temperature correction 

2.5 Ū0.45 	3O 
(m/s)

045 
	

3.5 

Fi g.  2. 13 Typi cal  X- wi r e pr obe vel oci t y cal i br at i on.  
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Fig. 2.14 Typical X-wire probe angle calibrat ion. 

Fig. 2.15 Typical correct ion to effect ive wire angles. 
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CHAPTER 3 

MEAN FLOW AND FREE- STREAM TURBULENCE MEASUREMENTS 

3. 1 	 I NTRODUCTI ON  

As a r esul t  of  t he anal ysi s of  Gr aham ( 1975) ,  Hunt  & 

Gr aham ( 1978) ,  and t he measur ement s of  Thomas & Hancock ( 1977) ,  t he 

f r ee- st r eam i s def i ned as t he r egi on out s i de t he boundar y l ayer  wher e 

t he mean f l ow and t he t ur bul ence quant i t i es ar e i ndependent  of  t he 

di st ance,  y,  f r om t he sur f ace.  	 For  f l ows wher e t he mean st r eaml i nes 

ar e not  near l y par al l el  and near l y st r ai ght  a st i l l  mor e car ef ul  

def i ni t i on of  f r ee- st r eam woul d be needed.  	 Tur bul ence measur ement s 

wi t hi n t he boundar y l ayer  and bet ween t he boundar y l ayer  and t he 

f r ee- st r eam ar e pr esent ed i n chapt er  4.  

3. 1. 1 	 Equat i ons and r el evant  par amet er s  

The conser vat i on equat i on f or  t he t ur bul ent  k i net i c ener gy 

•  is 

O q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	3U.  a 	1 -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu —~ = -ui u, ax 
•  ax j (aii + 2. q u~ ) +  v ui~--~ 	(3.1.1) 

J 

Advect i on = Pr oduct i on -  ( Pr essur e + Tur bul ent ) Di f f usi on + Vi scosi t y 
ef f ect s,  

( Townsend,  1976,  p38) .  	 The vi scous t er m on t he r i ght  hand s i de 

of  t he equat i on 3. 1. 1 may be wr i t t en as 

V ui zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	v 	( i  q )  + axaax.  (Uit")  
- E 	 ( 3. 1. 2)  

 

axj  	 axj  	 i  

Vi scous Di f f usi on 	 -  	 Vi scous Di ssi pat i on 

where 

	

au. 	au. 2 
c =  	v (ax +

▪ 

	 axi ) ( 3. 1. 3)  

Di ssi pat i on of  t ur bul ent  k i net i c ener gy occur s i n t he hi ghest  wave 

number  r egi on of  t he t ur bul ent  k i net i c ener gy spect r um.  	 Ener gy i s 

t r ansf er r ed bet ween adj acent  wave number s f r om t he l ow wave number  

ener gy- cont ai ni ng r ange t hr ough t o t he di ssi pat i ng r ange.  	 The 
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r cascade hypot hesi s i mpl i es t hat  t he ener gy di ssi pat i on i s  cont r ol l ed 

by t he l ar ge- scal e ener gy- cont ai ni ng mot i on.  	 I f  t he vel oci t y scal e 

of  t he t ur bul ence i s u and t he l engt h scal e of  t he l ar ge eddi es i s  L 

t hen t he v i scous di ssi pat i on i s  of  t he or der  u3/ L whi l e t he v i scous 

di f f usi on i s of  t he or der  vu2/ L ( Townsend 1976,  p42) .  	 Pr ovi ded 

t hat  t he Reynol ds number  of  t he t ur bul ence,  uL/ v,  i s  not  smal l  t he 

v i scous di f f usi on may be negl ect ed wi t h r espect  t o t he v i scous 

di ssi pat i on.  

I n a const ant - vel oci t y f r ee- st r eam homogeneous i n t he 

y- di r ect i on and at  hi gh Reynol ds number ,  uL/ v,  equat i on 3. 1. 1 

r educes t o 

D (  q ) = U a ( q ) = a ( Pu + 
2 —2-  ) - E . 	 (3.1.4) 

The di f f usi on i s of  t he or der  of  	 1/ 2 ( q }  	 / U t i mes t he advect i on or  l ess 

and f or  weak t ur bul ence i t  i s  commonl y negl ect ed.  Usi ng ❑q f or  

t he vel oci t y scal e u and def i ni ng L by L E ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq )  3/ 2/ E equat i on 

3. 1. 4 becomes 

*d.  
( q) =  - (9 ) 3/ 2 

Thus,  i n t he f r ee- st r eam t he di ssi pat i on and advect i on may be 

descr i bed by q and L.  

( 3. 1. 5)  

The vel oci t y pr of i l e of  a f l at  t wo- di mensi onal  const ant -

pr essur e boundar y l ayer  i n t he absence of  f r ee- st r eam t ur bul ence 

i s r el at ed t o Ue,  S,  and v" by 

hl   ( U,  y,  Ue,  S,  v)  = 0,  	 ( 3. 1. 6)  

and t he f r i c t i on vel oci t y,  	 i s i s r el at ed by 

h2  ( uT, U e,  (5, v) 	 = 0,  	 3. 1. 7)  

( Rot t a,  1962,  p99) .  	 When f r ee- st r eam t ur bul ence i s pr esent  i n 

ot her wi se s i mi l ar  condi t i ons we may expect  

hl  ( U,  y,  Ue,  S,  v,  Le,  uē)  = 0,  	 ( 3. 1. 8)  

and 

Ue, S, v, L e, ue) 	 = 0, 	 (3.1.9) 
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a wher e L and u have been r epl aced by Le and uē t o emphasi se t hat  t hey 

ar e f r ee- st r eam scal es.  	 Lat er  we shal l  t ake u'  t o be equal  t o ❑  ē.  

Fr om t he l ast  t wo equat i ons t he out er  l ayer  vel oci t y- def ect  l aw has 

t he f or m 

Ue - U 	 y Ue6 Le ue 
uT 	  = 	s  ,  Ue ) .  ( 3. 1. 10)  

I n t he absence of  f r ee- st r eam t ur bul ence t he vel oci t y 

def ect  pr of i l es wi l l  be sel f - pr eser vi ng i f  uT/ Ue = const ant ,  and 

Ue xa.  	 Exper i ment  shows t hat  t he f l at  t wo- di mensi onal  const ant  

pr essur e boundar y l ayer  i s  c l osel y sel f - pr eser vi ng even t hough 

uT/ Ue sl owl y decr eases wi t h i ncr easi ng di st ance,  and i s st r ongl y 

Reynol ds number  dependent  onl y f or  Ue6/ v 5 2 x 104.  A boundar y 

l ayer  i n t he pr esence of  f r ee- st r eam t ur bul ence coul d be expect ed 

t o be sel f - pr eser vi ng i f  Le/ S and uē/ Ue changed suf f i c i ent l y  s l owl y 

i n t he st r eamwi se di r ect i on whi ch r equi r es Le/ 6 t o be l ar ge.  

( Sel f - pr eser vat i on i s  not  i n i t sel f  i mpor t ant  and i s unl i kel y t o 

exi st  i n many pr act i cal  f l ows,  but  i t s  pr esence i n exper i ment al  

wor k enabl es t he quant i t y  of  measur ement s t o be r educed. )  

3. 1. 2 	 Decay of  gr i d- gener at ed t ur bul ence  

Concept ual l y ,  a t r ul y spat i al l y  homogeneous f i el d of  

t ur bul ence may be t hought  of  as a st at i onar y ' box of  t ur bul ence'  

f or  whi ch t he t ur bul ent  k i net i c ener gy equat i on r educes t o 

d (2 q .  	)  	 -c 

Exper i ment al l y ,  t he s i mpl est  appr oxi mat i on i s gr i d- gener at ed 

t ur bul ence convect ed at  const ant  mean vel oci t y,  f or  whi ch t he 

t ur bul ent  k i net i c ener gy equat i on r educes t o equat i on 3. 1. 4.  	 For  

a f i el d of  gr i d t ur bul ence t o be appr oxi mat el y homogeneous t he 

l engt h scal e of  t he i nhomogenei t y,  say,  

Lh = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq /  ~ dq 

	
( 3. 1. 12)  
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((11 	
x - xo 
	 l

-n i  

1 2) 	 C1 ( \ M 	 1 / U e 

( 3. 1. 16)  

e shoul d be l ar ge when compar ed wi t h t he scal e of  t he ener gy- cont ai ni ng 

eddi es.  	 Fr om t he t ur bul ent  k i net i c ener gy equat i on,  appr oxi mat e 

homogenei t y r equi r es 

❑( q)  /  U « 1 (3.1.13) 

( Townsend,  1976, p51) .  	 Thus,  

Le 	 2❑Uq )  
h 

( 3. 1. 14)  

Ear l y measur ement s of  t he decay of  gr i d t ur bul ence,  f or  

exampl e t hose gi ven by Bat chel or  ( 1953) ,  wer e cor r el at ed by a decay 

l aw of  t he f or m 

~  X - x
o l 

( U 1
l 

O I M 	 I e 
(3.1.15) 

wher e M i s t he gr i d mesh s i ze or  bar  per i odi c i t y ,  xo i s a v i r t ual  

or i gi n_( quot ed t ypi cal l y  as about  10 M) ,  and t he const ant  of  

pr opor t i onal i t y  depends upon gr i d geomet r y.  Mor e r ecent l y,  

Comt e- Bel l ot  & Cor r s i n ( 1966) ,  pr oposed t he t wo decay l aws 

and 
x - x o -n2 

()e 	1 
= C (  M 2

)
(3.1.16) 

Two equat i ons wer e pr oposed i n or der  t o account  f or  t he gener al  

f ai l ur e of  unst r ai ned gr i d t ur bul ence t o be per f ect l y  i sot r opi c;  

t he evi dence showed unst r ai ned gr i d t ur bul ence t o be axi symmet r i c.  

Thei r  measur ement s,  and t hei r  anal ysi s of  measur ement s by ot her  

wor ker s showed t hat  f or  bi pl ane gr i ds of  r ound or  squar e cr oss-  

sect i on bar s xo z xo and n1 	 n2 = n.  	 Typi cal l y ,  n z 1. 25.  

Depar t ur e f r om t r ue i sot r opy was such t hat  1. 05 < Au / v)  	 1. 3.  

Assumi ng xo = x = x and nl  = n2 = n 
1 	 02 

	

(q 	
2 x -  xo - n 
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(x - 

u 	C 
x - xzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo .  

e - n M 

, 

and f r om equat i on 3. 1. 5 

X -  x 1  -  
n  
n 

Le  = 2Mn 	
M ° 	.  ( 3. 1. 18)  

I n t he case of  t he measur ement s pr esent ed i n t hi s t hesi s.  

a sl i ght l y  di f f er ent  di ssi pat i on l engt h scal e,  Lē,  i s  used.  	 Lē 

i s def i ned by 

. d(ū ) e 	 - ( u2)
e/ 2.  Ue 

dx 	 Lu 
e 

( 3. 1. 19)  

Not e,  t hat  t her e i s  no f act or  of  on t he l ef t  hand s i de of  equat i on 

3. 1. 19 such as appear s on t he l ef t  hand s i de of  t he t ur bul ent  k i net i c 

ener gy equat i on.  	 For  a decay l aw of  t he f or m 

3. 1. 3 	 Wi nd t unnel  and boundar y l ayer  Reynol ds number  const r ai nt s  

The combi nat i ons of  f r ee- st r eam i nt ensi t y and ( f r ee- st r eam 

t o boundar y l ayer )  l engt h scal e r at i o f or  t he measur ement s pr esent ed 

i n t hi s t hesi s wer e obt ai ned by var yi ng t hr ee par amet er s.  	 These wer e 

t he gr i d mesh s i ze M,  t he di st ance XLE  bet ween t he gr i d and t he pl at e 

l eadi ng edge,  and t he measur i ng st at i on ( i . e.  t he di st ance x) .  

St r ong l ow Reynol ds number  ef f ect s wer e avoi ded by r equi r i ng 

Ree  ? 2000 whi ch,  i n t he absence of  f r ee- st r eam t ur bul ence,  cor r esponds 

r oughl y t o Rea 	 x 104.  

Obvi ousl y,  t he l engt h scal e of  t he f r ee- st r eam t ur bul ence 

cannot  be l ar ger  t han a t ypi cal  t r ansver se di mensi on of  t he wor ki ng 

sect i on.  	 Consequent l y,  i f  t he measur ement s ar e t o avoi d l ow 

Reynol ds number  ef f ect s t hen t her e must  be an upper  l i mi t  t o t he 

l engt h scal e r at i o obt ai nabl e i n a gi ven f aci l i t y .  	 Thi s upper  

l i mi t  must  var y i nver sel y as t he boundar y l ayer  l ow Reynol ds 

number  l i mi t .  	 Fur t her mor e,  combi ni ng equat i ons 3. 1. 20 and 3. 1. 21,  
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•  l eads t o 

(1-2/n) 
Le 	 (U eM/v) 	 C2/ n u' 

( U S/v) 	 n 	 )e'  e 
( 3. 1. 22)  

Thus,  f or  gi ven ( UeM/ v)  and ( UeS/ v) ,  t he l engt h scal e r at i o var i es 

as ( u' / U) ē1- 2/ n) .  	 Thi s equat i on pr ovi des an upper  l i mi t  on t he 

l engt h scal e r at i o when ( UeM/ v) / ( UeS/ v)  i s  as l ar ge as per mi ssi bl e.  

I n choosi ng t he l ar gest  mesh s i ze i t  was supposed t hat  a mi ni mum 

number  of  meshes acr oss t he wor ki ng sect i on wi dt h and hei ght  wer e 

r equi r ed t o ensur e uni f or m f l ow downst r eam:  near l y homogeneous,  

near l y i sot r opi c f r ee- st r eam t ur bul ence r equi r es t he f r ee- st r eam 

l engt h scal e t o be r at her  l ess t han t he wor ki ng sect i on wi dt h or  

hei ght .  

Now,  f or  any gi ven gr i d,  t he upper  l i mi t  on t he l engt h 

scal e r at i o wi l l  be l ar gest  wher e t he f r ee- st r eam i nt ensi t y i s  l east ,  

t hat  i s ,  at  t he end of  t he wor ki ng sect i on.  	 By wr i t i ng equat i on 

3. 1. 20 as 

M= X C ) MQ 

and combi ni ng wi t h equat i on 3. 1. 22 l eads t o 

( 3. 1. 23)  

Le 	 (Ue ) ( i v) 1 	 u'  	 Xo ( u'   / U) e2/ n 	 - 1 

(U S v) n k- 0- )
e

11 
1+ 

M ~~— I  	
( 3. 1. 24)  

	

e 	 e 

	

Xo( u' / U) e 2/ n 	 - 1 
The t er m 	 C 	 may be wr i t t en as ( X/ Xo 	 1)  	 whi ch i s smal l  

when X i s l ar ge compar ed wi t h Xo.  	 Equat i on 3. 1. 24 descr i bes,  

as a f unct i on of  f r ee- st r eam i nt ensi t y,  t he upper  l i mi t  on t he l engt h 

scal e r at i o t hat  i s  i mposed by t he wor ki ng sect i on l engt h,  k say,  

when X = Z.  	 The l ar gest  l engt h scal e r at i o may be r eal i zed,  f or  

exampl e,  by usi ng a f l at  pl at e mount ed at  t he end of  t he wor ki ng 

sect i on and j ust  l ong enough t o gi ve t he mi ni mum UeS/ v,  wi t h a gr i d 

of  t he l ar gest  per mi t t ed mesh s i ze.  
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A f ur t her  const r ai nt  on t he measur ement s was i mposed 

by t he l ar gest  per mi t t ed f r ee- st r eam i nt ensi t y at  t he pl at e l eadi ng 

edge.  	 Thi s l i mi t  was chosen t o be as l ow as possi bl e but  wi t hout  

sever e l i mi t at i on on t he r ange of  f r ee- st r eam i nt ensi t y and l engt h 

scal e r at i o i mpl i ed.  	 The l i mi t  was ( u' / U)e  :  0. 15.  

Fi gur e 3. 1 summar i ses t he r esul t s deduced above.  

Boundar i es A ( equat i on 3. 1. 22)  and B ( equat i on 3. 1. 24)  ar e def i ned 

by t he wor ki ng sect i on di mensi ons and by t he mi ni mum boundar y l ayer  

t hi ckness f or  whi ch measur ement s ar e t o be obt ai ned.  Boundar y C 

i s def i ned by t he l ar gest  per mi t t ed f r ee- st r eam i nt ensi t y at  t he 

l eadi ng edge,  t he boundar y l ayer  devel opment  l engt h,  and by t he 

l ar gest  gr i d mesh s i ze.  	 ( The devel opment  l engt h may be r educed 

by ar t i f i c i al l y  t hi ckeni ng t he boundar y l ayer ,  f or  exampl e,  by 

sur f ace r oughness. )  	 Boundar y D i s i ncl uded t o emphasi se t hat  t he 

mi ni mum f r ee- st r eam i nt ensi t y of  i nt er est  may be excl uded by boundar y 

B f or  l ar ge l engt h scal e r at i os.  	 As we shal l  see,  consci ous ef f or t  

i s  r equi r ed t o set  up f l ows whi ch cover  l ar ge r anges of  bot h l engt h 

scal e r at i o and f r ee- st r eam i nt ensi t y.  	 Tn most  pr evi ous wor k t her e 

was a ver y hi gh coef f i c i ent  of  cor r el at i on bet ween l engt h scal e r at i o 

and f r ee- st r eam i nt ensi t y,  l ar ger  gr i ds pr oduci ng hi gher  val ues of  

bot h,  and conver sel y.  

3. 1. 4 

	

	 Br i ef  r evi ew of  t he r ange of  f r ee- st r eam t ur bul ence i nt ensi t y  

and l engt h scal e r at i o used by some ot her  wor ker s  

I n t hi s sect i on t he r ange of  f r ee- st r eam i nt ensi t y and 

l engt h scal e r at i o i mpl i ed i n t he dat a of  Rober t son & Hol t  ( 1972) ,  

Huf f man et  al .  ( 1972) ,  Evans ( 1972) ,  Char nay ( 1974)  and Mei er  ( 1976)  

ar e compar ed .  

The degr ee of  ani sot r opy of  t he f r ee- st r eam t ur bul ence f or  

t he dat a of  Huf f man et  al . ,  Evans,  Char nay and Mei er  has been di scussed 

i n chapt er  1,  subsect i on 1. 2. 1.  	 Rober t son & Hol t  assumed t hei r  f r ee-  

st r eam t ur bul ence t o be c l osel y i sot r opi c.  
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•  Rober t son & Hol t  and Mei er  gi ve decay l aws f or  t hei r  

f r ee- st r eam t ur bul ence f r om whi ch di ssi pat i on l engt h scal es may be 

det er mi ned.  	 Fr ee- st r eam di ssi pat i on l engt h scal es f or  t he measur e-  

ment s of  Huf f man et  al . ,  Evans and Char nay have been eval uat ed ( by 

t he pr esent  aut hor )  by f i t t i ng a decay l aw of  t he f or m gi ven i n 

equat i on 3. 1. 20 t o t hei r  dat a.  

Boundar y l ayer  t hi cknesses ar e gi ven expl i c i t l y  by 

Huf f man et  al . ,  Evans and Mei er ;  Char nay gi ves t he boundar y l ayer  

t hi cknesses f or  most ,  but  not  al l ,  of  hi s pr of i l e measur ement  set s.  

Unf or t unat el y,  he does not  gi ve t he boundar y l ayer  t hi cknesses f or  

t he set s of  measur ement s t hat  compar e t he ef f ect  of  change of  f r ee-  

st r eam l engt h scal e at  const ant  f r ee- st r eam i nt ensi t y.  	 ( Char nay 

concl uded t hat  hal v i ng t he f r ee- st r eam l engt h scal e had negl i gi bl e 

ef f ect  on t he boundar y l ayer . )  Rober t son & Hol t  do not  gi ve t he 

boundar y l ayer  t hi cknesses but  t hey do gi ve F/ Fo  wher e F = 699/ 8.  

For  t he anal ysi s of  t hei r  dat a t he boundar y l ayer  t hi ckness i n t he 

absence of  f r ee- st r eam t ur bul ence,  So,  has been assumed t o be gi ven by 

U x 

 

- 0. 2 
So  = 0. 37 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(, 	 )  	 ( 3. 1. 25)  

( Schl i cht i ng 1968,  p598) .  	 The boundar y l ayer  t hi cknesses cal cul at ed 

ar e consi st ent  wi t h t he moment um t hi ckness Reynol ds number  r ange 

quot edt . 

Fi gur e 3. 2 shows Lē/ S and ( u' / U) e  f ol l owi ng t he anal ysi s 

out l i ned above.  	 At  f i r s t ,  i t  may seem sur pr i s i ng t hat  t he f i ve 

essent i al l y  i ndependent  set s of  measur ement s f al l  so c l ose t o a 

s i ngl e cur ve.  ( ,For  t hese measur ement s Lē/ S z 0. 3 + 16( u' / U) e,  +0. 4,  - 0. 3)  

Thi s coi nci dence i s put  i nt o per spect i ve on not i ng t hat  t hese measur e-

ment s wer e al l  obt ai ned usi ng wi nd t unnel s of  compar abl e di mensi ons 

and at  compar abl e Reynol ds number s.  	 Fr om f i gur e 3. 2 i t  i s  c l ear  t hat  

t Al so f or  t he pr esent  pur poses,  no st r ong di st i nct i on i s  made bet ween 
t he di f f er ent  def i ni t i ons f or  t he edge of  t he mean vel oci t y pr of i l e.  
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•  t he ef f ect s of  l engt h scal e r at i o coul d not  have been di st i ngui shed 

f r om t he ef f ect s of  i nt ensi t y unl ess t he f or mer  wer e ver y st r ong.  

I f ,  t hough,  t he r el at i ve scat t er  of  t he dat a shown i n f i gur e 3. 2 i s  

not  i mpor t ant  t hen t he measur ement s of  t hese wor ker s shoul d be 

consi st ent .  	 However ,  as shown i n t he r evi ew i n chapt er  1,  sub-  

sect i on 1. 2. 1,  t hese dat a do not  appear  t o be hi ghl y consi st ent .  

3. 1. 5 	 The pr esent  measur ement s  

The mai n mean- f l ow measur ement  set s wer e obt ai ned usi ng 

squar e- mesh squar e- bar  bi pl ane gr i ds.  	 A di r ect or y of  t he 

combi nat i ons of  gr i d s i zes,  pl at e posi t i ons,  and measur i ng st at i ons 

i s  gi ven i n t abl e 3. 1.  	 Tabl e 3. 3 t abul at es t he cor r espondi ng 

boundar y l ayer  and f r ee- st r eam t ur bul ence par amet er s.  	 Fi gur e 3. 28.  

shows t he val ues of  Le/ S995  and ( u' / U) e  f or  t hese measur ement s.  

A smal l  number  of  boundar y l ayer  mean f l ow and f r ee- st r eam 

t ur bul ence measur ement s wer e col l ect ed f or  t ur bul ence gener at or s 

consi st i ng of  s i ngl e r ows of  squar e- sect i on ver t i cal  bar s.  	 Tabl e 

3. 2 gi ves a di r ect or y of  combi nat i ons of  gener at or  s i zes,  pl at e 

posi t i ons,  and measur i ng st at i ons.  	 Some quant i t at i ve evi dence i s 

gi ven i n sect i on 3. 2 f or  usi ng squar e- mesh squar e- bar  bi pl ane gr i ds 

i n pr ef er ence t o gener at or s of  s i ngl e r ows of  r ound or  squar e bar s.  

The boundar y l ayer  mean f l ow measur ement s l i s t ed i n t abl e 3. 2 ar e 

pr esent ed separ at el y i n appendi x 5.  

3. 2 	 FREE- STREAM MEAN VELOCI TY GRADI ENT AND TURBULENCE MEASUREMENTS  

The f r ee- st r eam mean vel oci t y,  Ue( X) ,  nor mal i zed by i t s  

val ue at  measur i ng st at i on 4,  i s  gi ven i n f i gur e 3. 3,  f or  XLE  = 0. 30 m 

and XLE  = 2. 06 m.  	 The vel oci t y var i at i on al ong t he pl at e i s  seen t o 

be near l y i ndependent  of  f r ee- st r eam t ur bul ence and l ar gel y dependent  

upon t he posi t i on of  t he pl at e wi t hi n t he wor ki ng sect i on.  	 ( A 

hi gher  mean vel oci t y gr adi ent  wi t h t he pl at e i n t he upst r eam posi t i on 

i n t he const ant  cr oss- sect i on wor ki ng sect i on i s  consi st ent  wi t h t he 
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- 0. 8 - -a-  

e 

= 8. 39 ( w  -  3. 63)  

or  

U e 
= 0. 0700 ( .  -  3. 63) - 1. 25 

( 3. 2. 2)  

.  

•  gr owt h r at e of  t he wor ki ng sect i on wal l  boundar y l ayer s decr easi ng 

wi t h di st ance al ong t he wor ki ng sect i on. )  	 No measur ement s of  mean 

vel oci t y gr adi ent  wer e obt ai ned wi t h t he pl at e i n t he i nt er medi at e 

posi t i ons,  XLE = 0. 76 m and XLE = 1. 37 m,  f or  whi ch onl y a smal l  

number  of  measur ement s wer e col l ect ed,  but  i t  i s  ant i c i pat ed t hat  

t he mean vel oci t y var i at i on,  Ue( X) ,  woul d have been bet ween t he 

measur ed val ues gi ven i n f i gur e 3. 3.  	 The pr essur e gr adi ent  par amet er  

S*  dp 	 - 2 S*  dU 

= TW 	 = Cf  	 has a val ue of  about  - 0. 08. when t he pl at e i s  

i n i t s  upst r eam- most  posi t i on ( XLE  = 0. 30 m)  and a val ue of  about  

- 0. 04 when i t  i s  i n i t s  downst r eam- most  posi t i on ( XLE  = 2. 06 m) .  

Fi gur e 3. 4 shows ( u / U
2 

 ) e
0. 8 

 pl ot t ed agai nst  X/ M f or  t he 

7. 6 cm and 15. 2 cm gr i ds.  	 The st r ai ght - l i ne appr oxi mat i ons of  t he 

measur ement s ar e,  f or  t he 7. 6 cm gr i d,  

—77  - 0. 8 
u` 

 ] 

	 = 11. 43 4 -  4. 81)  
e 

= 0. 0476 (  	 4. 81) - 1. 25 

e 

and,  f or  t he 15. 2 cm gr i d,  

or  

1722 

( 3. 2. 1)  

The numer i cal  di f f er ence i n t he decay l aws i s consi st ent  wi t h t he 

hi gher  sol i di t y  of  t he 15. 2 cm gr i d :  t he pr essur e dr op acr oss t he 

gr i d,  and hence t he t ur bul ence i nt ensi t y,  ar e expect ed t o i ncr ease wi t h 

gr i d sol i di t y .  	 The smal l er  r el at i ve di st ance of  t he v i r t ual  or i gi n 

of  t he decay l aw f or  t he 15. 2 cm gr i d i s  consi st ent  wi t h t he l ar ger  

bar  s i ze t o mesh s i ze of  t hi s gr i d,  causi ng ear l i er  mi x i ng of  t he bar  
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+►  	zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwakes.  

The cont r i but i ons ue,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAē and ē t o t he t ur bul ent  k i net i c 

ener gy,  qē,  ar e shown i n f i gur e 3. 5.  	 ( The measur ement s shown ar e 

t hose obt ai ned dur i ng t he l ast  wi nd t unnel  sessi on.  	 Al t hough e,  

ē and ē wer e measur ed dur i ng a pr evi ous wi nd t unnel  sessi on some 

smal l  er r or s of  t he or der  of  t he di f f er ences bet ween e,  ē and 
ē 

wer e i ncur r ed,  causi ng some doubt  about  t hei r  r el i abi l i t y .  	 Ther ef or e,  

t hey ar e not  pr esent ed. )  	 Par t i cul ar l y not i ceabl e,  t hough smal l  and 

uni mpor t ant  i n t he pr esent  cont ext ,  i s  t he di f f er ence bet ween ē 
and 

ē f or  t he 15. 2 cm gr i d.  	 I ni t i al l y  ē i s  c l ose t o e but  wi t h 

i ncr easi ng di st ance ē becomes cl oser  t o ē.  ( u / w ) e i s  appr ox 

i mat el y const ant .  	 I t  i s  t ent at i vel y suggest ed t hat  t he di f f er ence 

i n ē and ē i s  a r esul t  of  t he bi pl ane const r uct i on of  t he t ur bul ence 

gr i d.  However ,  t he di f f er ences bet ween 
ē 

and ē obser ved f or  t he 

15. 2 cm gr i d ar e not  necessar i l y  suppor t ed by t he r at her  f ewer  

measur ement s of  t he t ur bul ence gener at ed by t he 7. 6 cm gr i d,  al so 

shown i n f i gur e 3. 5.  

The al gebr ai c equat i on ( 3. 1. 21)  f or  t he gr owt h of  t he f r ee-

st r eam l engt h scal e assumed t he f r ee- st r eam mean vel oci t y gr adi ent  t o 

be zer o.  	 Re- wr i t i ng t he l ef t  hand s i de of  equat i on 3. 1. 19 as 

7 3/ 2 
d 	 3 d u 	 e dUe 	 - ( u ) e  Ue 	 (u ) e =  Ue 	 (--~ )  +  2 u - 	e ax 	 u Le 

and combi ni ng wi t h t he decay l aw equat i on ( 3. 1. 20)  gi ves 

X X 1- n/ 2 

	

2( X -  X0 1 )  	 dUa 	 ( 3. 2. 4)  

	

u_ C 	 o 	 (  
Ue n M l 	 11 _ 	 n 	 Ū dx /  	 e 

Over  t he pl at e t he t er m 2( X -  Xo) / ( nUe) . dUe/ dx i s appr oxi mat el y 

i ndependent  of  bot h x and t he pl at e posi t i on,  and has a val ue of  about  

0. 08.  	 The di ssi pat i on l engt h scal es quot ed ar e cor r ect ed val ues.  

Al t hough i nt ensi t y and di ssi pat i on l engt h scal e ar e 

r epr esent at i ve scal es of  t he ener gy cont ai ni ng eddi es t hey ar e not  

( 3. 2. 3)  
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uni que :  i n par t i cul ar  t hey ar e not  suf f i c i ent  t o def i ne t he whol e 

wave number  di st r i but i on of  t he t ur bul ent  k i net i c ener gy.  	 Usi ng 

Tayl or ' s  hypot hesi s measur ement s of  t he one- di mensi onal  wave number  

spect r a,  def i ned as 

+= 

ei k l ydr ;  4) 22( k1)  = 	 [ v ( x ) v ( x+r ) 1 r dr ;  

( 3. 2. 5 a, b, c)  
..o 

wer e obt ai ned f r om a f r equency spect r um Fast  Four i er  Tr ansf or m 

comput er  pr ogr am.  The f r equency spect r a wer e def i ned i n t he i nt er val  

0 t o += such t hat  

r~  ( P11( f )  df  =  11 2; f °22(f) 

0 	
df  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

J 

f 4) 33 ( f )  df  = w2,  	 ( 3. 2. 6 a, b, c)  

0 

wher e f  i s  t he f r equency i n Her t z.  	 Thus 

4)11(k1) 	;1411(f)1(f.P; (1)22(k1) =.$22(f) /( ) ;  

`1)33( k 1 )  = . 33( f ) / ( P)  ,  
	 ( 3. 2. 7 a, b, c)  

and k1 = f  x  ( 27r / U) .  	 To gi ve what  was consi der ed t o be a r easonabl e 

def i ni t i on of  t he l owest  f r equency of  i nt er est  25 ( r eal - t i me)  seconds 

of  dat a wer e anal ysed at  appr oxi mat el y 2 Hz i nt er val s i n t he r ange 

2 Hz t o' 1000 Hzt *  	 Anal ysi s of  hi gher  f r equenci es was achi eved by 

usi ng a l ar ger  f r equency i nt er val  ( r equi r i ng a hi gher  r at e of  

The 3 dB poi nt  of  t he l ow- f r equency r esponse of  t he anal ogue 
appar at us was 1 Hz.  

-  91 -  



di gi t i zat i on)  of  36 Hz i n t he r ange 36 Hz t o 18 KHz,  on about  1. 5 

( r eal - t i me)  seconds of  dat a.  	 These par t i al  spect r a have been 

nor mal i zed by separ at el y det er mi ned,  unf i l t er ed mean squar e val ues of  

t he r espect i ve f l uct uat i ng quant i t i es.  	 About  90% of  t he f r ee- st r eam 

t ur bul ent  k i net i c ener gy was f ound t o r esi de bel ow 1000 Hz.  

Fi gur es 3. 6 and 3. 7 show t he spect r al  anal yses f or  seven 

posi t i ons downst r eam of  t he 15. 2 cm gr i d ( X/ M = 15,  19. 5,  21. 5,  

23. 5,  25. 5,  27. 5 and 29. 5) ,  and t hr ee posi t i ons downst r eam of  t he 

7. 6 cm gr i d ( X/ M = 20,  36 and 39) .  	 I n some cases onl y t he l ower  par t  

of  t he spect r um has been anal ysed and pr esent ed.  	 Al so,  t he spect r a 

033( kl )  ar e not  pr esent ed at  al l  posi t i ons.  	 Wher e bot h 422( k1)  and 

433( k1)  have been eval uat ed t wo anal yses of  4zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 ( k 1 )  ar e avai l abl e as 

shown.  The ext ent  t o whi ch t wo separ at e est i mat es of  4 11 ( k 1 )  agr ee 

i s a r esul t  of  t he number  of  sampl es at  each f r equency;  bet t er  

agr eement  woul d be expect ed f or  a l ar ger  number  of  sampl es.  	 For  t he 

pr esent  pur poses t he agr eement  was consi der ed sat i sf act or y.  

Some,  but  not  al l  of  t he measur ement s of  422(k1)  and 

4) 33( kl )  conf i r m a s l i ght  r i se at  l ow wave number s pr i or  t o t hei r  

monot oni c decr ease at  hi gher  wave number s.  	 Fr om t he i sot r opi c 

r el at i on 

4) 22( k1)  = 433( k1)  = 	 411( k1)  -  k l  l gl l ( k l ) )  	 ( 3. 2. 8)  

a r i se of  422( k1)  and 033( k1 )  wi t h k1  i s  possi bl e but  not  i nevi t abl e.  

Al l  of  t he spect r a exhi bi t  a s l ope c l ose t o t he val ue - 5/ 3 expect ed 

i n an i ner t i al  sub- r ange despi t e a f ai r l y  l ow t ur bul ence Reynol ds 

number ,  Rei  = ueX/ v.  	 A i s Tayl or ' s  mi cr oscal e,  def i ned by 

a2  = u/ ( aū/ ax) 2.  	 For  t he 15. 2 cm gr i d ReX  7.  230,  and f or  t he 

7. 6 cm gr i d Rex  z  130.  	 Her e,  t he mi cr oscal e has been eval uat ed 

assumi ng i sot r opy of  t he di ssi pat i ng eddi es whi ch l eads t o 

c = 15 v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAū / f i 2,  gi v i ng 

aue JLeue - 5 
v 	v ( 3. 2. 9)  
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It is not intended to review in detail the minimum value of Re~ 

required for the existence of an inertial subrange. This subject 

is briefly discussed,for example, by Townsend (1976), and in more 

detail by Hinze (1975). From the measurements quoted by Townsend 

the minimum value is Re~ ~ 100, while Hinze suggests the value might 

be somewhat larger but less than ReA = 500. High wave number local 

isotropy is discussed in detail by Champagne (1978}. 

Integral length scales, defined as 

(3.2.10 a,b,c) 

have been determined from the 'constant' spectral densities in the 

low wave number range of the spectra, i.e. 

(3.2.11 a,b,c) 

LX11 and the average value of the transverse scales LX22 and LX33 

are shown in figure 3.8 plotted against the dissipation length scale, 

L~. Since the dissipation length scale has been determined from 

the decay of the energy-containing eddies and is not strongly 

dependent upon a portion of the spectrum containing a relatively 

small amount of energy, it is anticipated that the dissipation length 

scale will be more accura~e than the integral scale determined from 

spectrum measurements. Scatter about the line of minimum standard 

deviationt is largely contained within a band of ±10%. This is 

tassumed to pass through the origin. 
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consi st ent  wi t h t he expect ed accur acy of  t he di gi t al l y  measur ed 

spect r a at  t he l owest  wave number s.  	 An i nt er est i ng r esul t ,  consi der -  

i ng t hat  t he t ur bul ence i s not  exact l y homogeneous or  exact l y i sot r opi c,  

i s  t hat  t he r at i o of  t he t r ansver se t o l ongi t udi nal  i nt egr al  l engt h 

scal es 
LX22/ LX11,  

 say,  i s  c l ose t o t he i sot r opi c val ue of  one- hal f .  

Fr om f i gur e 3. 8,  

L 	 = 0. 626 x Lu 	 , 
X11 	 e  

and 	 L 	 0. 313 x Lu  X22 	 e 

( 3. 2. 12)  

The decay of  t he f r ee- st r eam t ur bul ence i nt ensi t y down-

st r eam of  t he t ur bul ence gener at or s compr i s i ng a s i ngl e r ow of  

ver t i cal  squar e bar s i s  shown i n f i gur e 3. 9.  	 The st r ai ght - l i ne 

appr oxi mat i ons of  t he measur ement s ar e,  f or  t he 7. 6 cm- spaced r ow of  

bar s,  

1/ e 
= 0. 0611 	 ( 1ff 	 5. 16) ` 1. 25  

( 3. 2. 13)  

and,  f or  t he 15. 2 cm-  spaced r ow of  bar s,  

= 0. 105 ( 4 -  4. 07) - 1. 25 ( 3. 2. 14)  
l l e 

The l ar ger  Xo/ M f or  t he s i ngl e r ow of  bar s compar ed wi t h t he cor r espond-

i ng squar e- mesh gr i d i s  l i kel y t o be a consequence of  t he r educed 

sol i di t y  causi ng del ayed mi xi ng of  t he bar  wakes.  	 Compar ed wi t h 

t he r espect i ve squar e- mesh gr i d 
ē  i s l ar ger  at  const ant  ( X -  Xo) / M.  

A hi gher  ue can be par t l y  expl ai ned by t he t ur bul ence bei ng mor e 

ani sot r opi c t han f or  t he squar e mesh gr i ds and par t l y  by an unusual  

spect r um of  ue  at  l ow wavenumber s.  	 Appr oxi mat el y,  ( u / vzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2  ) e = 1. 25 

whi l e f or  t he squar e mesh gr i ds (u / v  ) e  does not  much exceed 1. 1.  

Fi gur es 3. 10 and 3. 11 show spect r a at  X/ M = 19. 9 downst r eam of  t he 

7. 6 cm- spaced r ow of  bar s and at  X/ M = 29. 5 downst r eam of  t he 15. 2 cm-  

spaced r ow of  bar s.  	 At  l ow wavenumber s cp11 ( k 1 )  i ncr eases wi t h 
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•  decr easi ng k1 i n bot h cases,  whi l e 4)220( 1 )  behaves much as f or  t he 

squar e- mesh gr i ds except  possi bl y f or  a smal l  hump at  k 1 	 8 m- 1 .  

Negl ect i ng t hi s hump and subt r act i ng 2x 622 ( k l ) / v f r om 4) 11 ( k~) / u2 

amount s t o about  7% of  ē.  

Spect r al  anal yses of  t he vel oci t y f l uct uat i on at  a 

di st ance downst r eam of  a t ur bul ence gener at or  consi st i ng of  a s i ngl e 

r ow of  2. 86 cm di amet er  bar s,  spaced 11. 4 cm apar t ,  ar e shown i n 

f i gur e 3. 12.  	 Thi s gener at or  has t he same sol i di t y  as t he 15. 2 cm-  

spaced r ow of  squar e bar s j ust  di scussed.  	
4) 11( kl )  i s  wel l  behaved 

i n t he l ow wave number  r egi on al t hough,  compar ed wi t h t he squar e- mesh 

( squar e- bar )  bi pl ane gr i ds,  t he " knee"  of  t he spect r um i s l ess 

pr onounced.  	 The vor t ex sheddi ng f r equency of  an i sol at ed bar  of  

t he gr i d i s  appr oxi mat el y 110 Hz,  or  k1 = 44 m- 1 ,  whi ch i s not  ver y 

f ar  f r om t he f r equency of  t he smal l  peak not i ceabl e i n t he r egi on of  

a 	 t he knee of  4) 33( k1) .  

3. 3 	 BOUNDARY LAYER MEAN FLOW MEASUREMENTS  

3. 3. 1 	 Pr el i mi nar y ski n f r i c t i on measur ement s  

Pr i or  t o measur ement  of  t he boundar y l ayer  mean vel oci t y 

pr of i l es on t he pl at e cent r e- l i ne,  some Pr est on- t ube measur ement s of  

sk i n f r i c t i on wer e made on and ei t her  s i de of  t he cent r e- l i ne.  	 I n 

a t r ul y t wo- di mensi onal  f l ow t he wal l  shear  st r ess i s  const ant  i n t he 

t r ansver se z- di r ect i on.  	 Fi gur e 3. 13 shows t he cr oss- st r eam 

di st r i but i on of  t he ski n f r i c t i on coef f i c i ent  Cf  nor mal i zed by i t s  

val ue at  t he cent r e- l i ne C 	 ,  at  st at i ons 4 and 16 f or  t wo pl at e 
f z=0 

posi t i ons ( XLE = 2. 06 m and XLE = 0. 30 m) ,  wi t h and wi t hout  f r ee- st r eam 

t ur bul ence.  	 At  st at i on 4 t he var i at i on i n Cf  i s  wi t hi n ±1% of  t he 

cent r e- l i ne val ue.  	 At  st at i on 16 t he var i at i on i s  l ar ger  but  wi t hi n 

±2% over  a di st ance f r om t he cent r e- l i ne of  appr oxi mat el y±23 cm,  

r oughl y f our  t i mes t he l ar gest  boundar y l ayer  t hi ckness measur ed 

( see sect i on 3. 3. 2) .  	 Cr oss- st r eam var i at i on of  st at i c  pr essur e on 

t he pl at e sur f ace was of  t he or der  of  i % of  t he f r ee- st r eam dynami c 
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head (  pUe) .  	 Sur f ace r oughness ( i sol at ed st eps of  t he or der  of  

0. 1 mm hi gh)  was pr esent  near  t he pl at e cent r e l i ne as a r esul t  of  

t ol er ances i n machi ni ng and mount i ng of  t he i nst r ument at i on di sks.  

A r oughness hei ght  of  k = 0. 1 mm cor r esponds t o a Reynol ds number  

of  uTk/ v z 4 and i s t her ef or e unl i kel y t o have s i gni f i cant l y af f ect ed 

t he boundar y l ayer  ( see,  f or  exampl e,  Br adshaw,  1976,  p72) .  	 Away 

f r om t he i nst r ument at i on di sks t he pl at e sur f ace was smoot h.  	 Pr evi ous 

exper i ment er s,  f or  exampl e,  Fer nhol z ( 1964) ,  have al so f ound cr oss-  

st r eam var i at i ons of  Cf   t o i ncr ease wi t h st r eamwi se di st ance.  	 Some 

of  t he non- uni f or mi t y has been shown t o be due t o t r ansi t i on ef f ect s 

and f l ow non- uni f or mi t y caused by wi nd t unnel  scr eens et c. ,  but  t her e 

does not  appear  t o be a compl et el y c l ear  expl anat i on f or  t he r emai ni ng 

non- uni f or mi t y.  

No measur ement s of  Cf   of f  t he cent r e l i ne wer e obt ai ned 

wi t h t he heat i ng wi r es i n posi t i on.  

3. 3. 2 

	

	 Mean vel oci t y pr of i l es,  f r ee- st r eam t ur bul ence i nt ensi t i es  

and l engt h scal e r at i os  

Mean vel oci t y pr of i l es ar e shown i n f i gur es 3. 14 t o 3. 26 

i n t hr ee pai r s of  coor di nat es;  U/ Ue  y,  U/ uT  -  y,  U/ uT 	 l n( uTy/ v) .  

Wi t h t he l i mi t at i on t hat  uT  has been det er mi ned by use of  t he l ogar i t h-  

mi c l ow of  t he wal l  ( see subsect i on 2. 2. 2 of  chapt er  2)  t he hypot hesi s 

t hat  t he i nner  l ayer  l aw of  t he wal l  shoul d be unaf f ect ed by t he 

pr esence of  moder at e f r ee- st r eam t ur bul ence i nt ensi t y i s  suppor t ed by 

t hese f i gur es.  	 Conver sel y,  of  cour se,  t he f r ee- st r eam t ur bul ence 

mi ght  be c l assed as " moder at e"  i f  i t s  pr esence does not  cause t he l aw 

of  t he wal l  t o f ai l .  	 Fi gur es 3. 14 t o 3. 26 do not  even show any 

t endency f or  t he l ogar i t hmi c r egi on,  nor mal l y ext endi ng t o 

Y "  0. 15 995'   t o become t hi nner  i n t he pr esence of  f r ee- st r eam 

t ur bul ence.  

The boundar y l ayer  t hi ckness 5995  f or  t he pr of i l es i n 

f i gur es 3. 14 t o 3. 26 ar e shown i n f i gur e 3. 27.  	 Cor r espondi ng val ues 
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•  of  f r ee- st r eam i nt ensi t y ( u' / U) e  and l engt h scal e r at i o Lē/ d995  at  

whi ch pr of i l e measur ement s wer e obt ai ned ar e shown i n f i gur e 3. 28.  

The poi nt s i n f i gur e 3. 28 ar e l abel l ed wi t h t he r espect i ve pr of i l e 

number s gi ven i n t abl e 3. 3.  	 Al so shown i s t he r egi on cover ed by 

Rober t son & Hol t  ( 1972) ,  Huf f man et  al .  ( 1972) ,  Evans ( 1972) ,  

Char nay ( 1974)  and Mei er  ( 1976) ,  as di scussed i n sect i on 3. 1. 4.  

The anal ysi s di scussed i n subsect i on 3. 1. 3 assumed t hat  

t he f r ee- st r eam mean vel oci t y was i nvar i ant  wi t h st r eamwi se di st ance,  

whi ch i s not  qui t e t r ue f or  t he pr esent  measur ement s.  	 Fi gur e 3. 29 

shows t he boundi ng cur ves of  f r ee- st r eam i nt ensi t y and l engt h scal e 

r at i o gi ven by equat i ons 3. 1. 22 and 3. 1. 24 cor r ect ed f or  t he f r ee-

st r eam mean vel oci t y gr adi ent ,  f or  a l ower  Reynol ds number  l i mi t  of  

Res  = 2"x- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. 104. _ 	 Cur ve l a gi ves t he const r ai nt  i mpl i ed by t he 

l ar gest  gr i d used,  namel y M = 15. 2 cm.  	 As a compar i son,  cur ve l b 

gi ves t he const r ai nt  i mpl i ed by t he 7. 6 cm gr i d.  	 The const r ai nt  

i mpl i ed by t he wor ki ng sect i on l engt h i s  shown f or  t he 15. 2 cm gr i d,  

cur ve 2a,  and t he 7. 6 cm gr i d,  cur ve 2b.  	 These t wo cur ves assume,  

however ,  t hat  t he pl at e i s  j ust  l ong enough t o gi ve t he mi ni mum 

boundar y l ayer  Reynol ds number  per mi t t ed ( i . e.  Res  = 2 x 104)  at  a 

posi t i on coi nci dent  wi t h t he end of  t he wor ki ng sect i on.  	 I n t he 

pr esent  exper i ment  t he pl at e was t oo l ong t o sat i s f y t hi s condi t i on.  

Ther ef or e cur ves 3a and 3b have been cal cul at ed on t he same basi s as 

cur ves 2a and 2b but  f or  a wor ki ng sect i on shor t er  by an amount  equal  

t o t he pl at e l engt h f or  whi ch Res  > 2 x 104,  assumi ng t he posi t i on at  

whi ch Res  = 2 x 104  i s  r oughl y i ndependent  of  f r ee- st r eam t ur bul ence.  

St r i c t l y ,  t hese new cur ves cannot  be c l ai med t o be l i mi t i ng al t hough 

t he measur ed val ues of  ( u' / U) e  and Le/ s995  do not  cont r adi ct  t hem.  

Appr oxi mat el y,  t he r egi on bounded by cur ves 2 and 3 i s  t he r egi on 

excl uded as a r esul t  of  t he pl at e exceedi ng t he l engt h j ust  l ong 

enough t o gi ve Res  =  2 x 104.  	 Fi gur e 3. 29 al so shows t he l engt h 

scal e r at i o based upon t he f r ee- st r eam i nt egr al  l engt h scal e L 
X11 
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•  The axi s of  L / d995 r ef er s t o t he ' best  f i t '  bet ween Le and LX  
11 	 11 

gi ven i n f i gur e 3. 8 r at her  t han t he measur ed val ues of  L 
X11 '  

3. 3. 3 	 Vel oci t y- def ect  pr of i l es  

The mean vel oci t y pr of i l es shown i n f i gur es 3. 14 t o 3. 26 

ar e shown r e- pl ot t ed i n out er - l ayer  coor di nat es i n f i gur es 3. 30 t o 

3. 41.  

Fi gur es 3. 30 and 3. 31 show t he vel oci t y- def ect  pr of i l es i n 

t he absence of  f r ee- st r eam t ur bul ence.  	 Depar t ur e f r om sel f -  

pr eser vat i on,  evi dent  i n f i gur e 3. 30,  i s  consi st ent  wi t h a r educed 

wake st r engt h at  l ow Reynol ds number s.  	 For  equi l i br i um boundar y 

l ayer s Col es '  ( 1956)  wake f unct i on,  . W( S)  def i ned by 

( 3. 3. 1 

decr eases i n st r engt h wi t h decr easi ng Reynol ds number  f or  Ree  < 5000 

( Col es,  1962) .  	 Fi gur e 3. 31 shows t he vel oci t y def ect  measur ed at  

st at i ons 6 and 14 wi t h t he ( unheat ed)  boundar y l ayer  heat i ng wi r es 

mount ed c l ose t o t he l eadi ng edge.  The vel oci t y def ect  measur ed at  

st at i on 14 agr ees wel l  wi t h t he measur ement s at  st at i ons 8,  12 and 16,  

shown i n f i gur e 3. 30.  	 However ,  t he vel oci t y def ect  at  st at i on 6 

(  x = 0. 91 m)  i s  a l i t t l e l ar ger  t han expect ed,  f r om whi ch i t  must  

be concl uded t hat  t he heat i ng wi r es had a smal l  ef f ect  on t he devel op-

ment  of  t he boundar y l ayer  over  and above a change i n t he ef f ect i ve 

or i gi n of  t he boundar y l ayer .  The ef f ect  of  t he pr esence of  t he 

heat i ng wi r es woul d appear  t o be i nsi gni f i cant  at ,  and pr obabl y up-

st r eam of ,  st at i on 14.  

The ef f ect  of  f r ee- st r eam t ur bul ence on t he vel oci t y def ect  

i s  shown i n f i gur es 3. 32 t o 3. 41.  	 An i nser t  i n each f i gur e shows 

t he per t i nent  val ues of  f r ee- st r eam i nt ensi t y and l engt h scal e r at i o.  

Al so shown i n t hese f i gur es i s  t he ' no- gr i d'  vel oci t y- def ect  pr of i l e 

f or  Re 0 '  2700.  I n f i gur es 3. 32,  3. 33 and 3. 40 t he l engt h scal e r at i o 
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i s  appr oxi mat el y const ant  and hence t he ef f ect  shown i s t he s i ngl e 

ef f ect  of  f r ee- st r eam i nt ensi t y.  	 I n agr eement  wi t h ot her  wor ker s '  

obser vat i ons,  t he vel oci t y def ect  decr eases wi t h i ncr easi ng f r ee-  

st r eam i nt ensi t y.  Not e t hat  t he decr ease at  st at i on 4,  shown i n 

f i gur e 3. 32,  i s  s l i ght l y  exagger at ed by t he l ow Reynol ds number  at  

t hat  st at i on.  	 The ef f ect  of  t he heat i ng wi r es c i t ed ear l i er  woul d 

account  f or  t he l ack of  change i n t he vel oci t y def ect  measur ed at  

st at i ons 6 and 8 shown i n f i gur e 3. 33.  

The vel oci t y- def ect  pr of i l es shown i n f i gur es 3. 34 t o.  

3. 36 ar e seen t o be c l osel y sel f - pr eser vi ng.  	 These f i gur es i mpl y 

t hat  t he ef f ect  of  f r ee- st r eam t ur bul ence,  whi ch i ncr eases wi t h f r ee-  

st r eam i nt ensi t y,  decr eases wi t h l engt h scal e r at i o Le/ 6.  	 ( St r i c t l y ,  

sel f - pr eser vat i on woul d r equi r e t he vel oci t y and l engt h scal es of  

t he f r ee- st r eam t ur bul ence t o r emai n i n const ant  pr opor t i on t o t he 

vel oci t y and l engt h scal es of  t he boundar y l ayer .  	 The sel f - pr eser va-  

t i on exhi bi t ed i s l ar gel y f or t ui t ous. )  	 Fi gur es 3. 37 t o 3. 39 demon-  

st r at e expl i c i t l y  t he s i ngl e ef f ect  of  l engt h scal e r at i o f or  t hr ee 

val ues of  f r ee- st r eam i nt ensi t y.  They show cl ear l y t hat  t he 

r esponse of  t he boundar y l ayer  t o f r ee- st r eam t ur bul ence i s st r ongl y 

dependent  on t he l engt h scal e r at i o.  	 The vel oci t y def ect  decr eases 

wi t h decr easi ng l engt h scal e r at i o.  	 Apar t  f r om t he r ecent  cont r i but i on 

by Mei er  & Kr epl i n ( 1978)  ot her  wor ker s have gener al l y  assumed or  

i nf er r ed t hat  t he ef f ect  of  l engt h scal e r at i o ( Le/ 6)  i s  negl i gi bl e 

compar ed t o t hat  of  t he f r ee- st r eam i nt ensi t y.  

Two vel oci t y- def ect  pr of i l es whi ch have near l y equal  val ues 

f or  t he f r ee- st r eam i nt ensi t y and l engt h scal e r at i o ar e shown i n 

f i gur e 3. 41.  	 The cl oseness bet ween t hese t wo pr of i l es conf i r ms t he 

gener al  r el i abi l i t y  of  t he measur ement s and t he adequacy of  t he f r ee-

st r eam i nt ensi t y ( compar ed,  st r i c t l y ,  wi t h uT  r at her  t han Ue)  and t he 

l engt h scal e r at i o t o descr i be t he ef f ect  of  f r ee- st r eam t ur bul ence.  

The s l i ght  di scr epancy bet ween t he t wo pr of i l es i s  qual i t at i vel y 
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consi st ent  wi t h t he l ower  u' / uzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT  f or  t he pr of i l e wi t h t he hi gher  

( u' / U) e.  	 ( The sl i ght  di scr epancy i s al so consi st ent  wi t h t he 

t ent at i ve suggest i on i n t he next  subsect i on t hat  t he c l auser  shape 

par amet er ,  G,  and hence t he vel oci t y def ect ,  may be weakl y dependent  

upon t he Reynol ds number  when f r ee- st r eam t ur bul ence i s pr esent  even i f  

i t  i s  not  when f r ee- st r eam t ur bul ence i s absent . )  

The ef f ect  of  f r ee- st r eam t ur bul ence on t he shape par amet er  

H i s shown i n f i gur e 3. 42.  	 Fi gur e 3. 43 cont ai ns t abul at ed val ues 

of  AH/ H0  wher e AH = H -  Ho.  	 Ho  was der i ved f r om t he cur ve t hr ough 

t he ' no- gr i d'  measur ement s gi ven i n f i gur e 3. 42 ( and ext r apol at ed f or  

t he hi gher  Reynol ds number s ef f ect ed by t he pr esence of  t he heat i ng 

wi r es) .  	 AH/ Ho( < 0)  decr eases wi t h i ncr easi ng f r ee- st r eam i nt ensi t y 

and decr easi ng l engt h scal e r at i o.  

3. 3. 4 	 Ski n f r i c t i on measur ement s  

Measur ement s of  t he ski n f r i c t i on coef f i c i ent ,  Cf ,  obt ai ned 

by f i t t i ng a por t i on of  t he mean vel oci t y pr of i l e t o t he l ogar i t hmi c 

l aw of  t he wal l ,  ar e shown i n f i gur e 3. 44 pl ot t ed wi t h r espect  t o t he 

Reynol ds number ,  Ree.  	 Pr est on t ube measur ement s,  usi ng Pat el ' s  

( 1965)  cal i br at i on,  ( obt ai ned onl y f or  t he cases wi t hout  t he heat i ng 

wi r es at  t he pl at e l eadi ng edge)  ar e al so shown.  	 The Pr est on t ube 

sel ect ed f or  t hese measur ement s gave a ski n f r i c t i on r epr esent at i ve 

of  a number  of  di f f er ent - s i zed Pr est on t ubes t r i ed.  	 On aver age t he 

sel ect ed Pr est on t ube gave a ski n f r i c t i on val ue 1. 6% above t hat  

obt ai ned by f i t t i ng t he vel oci t y pr of i l e t o t he l ogar i t hmi c l aw 

( wi t h k = 0. 41 and C = 5. 2.  	 See chapt er  2,  subsect i on 2. 2. 2) .  	 The 

Pr est on t ube ski n f r i c t i on coef f i c i ent s quot ed i n t abl e 3. 3 and 

f i gur e 3. 44 ar e 1. 6% smal l er  t han t he measur ed val ues.  	 The adj ust ed 

measur ement s ar e consi st ent  wi t h,  and hence suppor t ,  t he ski n f r i c t i on 

val ues obt ai ned f r om t he l ogar i t hmi c l aw vel oci t y pr of i l e f i t .  

- 100 - 



I n a t r ul y t wo- di mensi onal  i ncompr essi bl e f l ow t he 

moment um i nt egr al  equat i on r educes t o 

Cf  = de + ( H + 2)  o due 	 ( 3. 3. 2)  u5-(
Ūe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdx 

Fi gur e 3. 45 compar es t he measur ed f r i c t i on coef f i c i ent  Cf  wi t h t hat  

det er mi ned by eval uat i on of  t he r i ght  hand s i de of  equat i on 3. 3. 2.  

Most  of  t he val ues of  sk i n f r i c t i on coef f i c i ent  so eval uat ed f al l  

wi t hi n ±10% of  t he val ue obt ai ned usi ng t he l ogar i t hmi c l aw of  t he 

wal l .  	 Al l  but  one out  of  t went y t wo f al l  wi t hi n ±20%.  	 A si mi l ar  

appr oach was used by Col es ( 1962)  i n hi s anal ysi s of  const ant - pr essur e 

boundar y l ayer  dat a t o di st i ngui sh bet ween what  he consi der ed as 

' nor mal '  and ' abnor mal '  boundar y l ayer s :  f or  t he boundar y l ayer s 

consi der ed as ' nor mal '  t he di scr epancy bet ween t he f r i c t i on coef f i c i ent  

measur ed by t he t wo met hods was wi t hi n about  ±10%.  	 I n t he pr esent  

exper i ment al  ar r angement  exact  t wo- di mensi onal i t y  i s  not  t o be expect ed,  

mai nl y because of  t he pr esence of  t he boundar y l ayer s on t he wor ki ng 

sect i on s i de wal l s.  	 Gener al l y ,  i n a conver gi ng or  di ver gi ng f l ow 

t he vel oci t y W and t he vel oci t y aW/ az ar e non- zer o.  	 For  a 

symmet r i cal l y  conver gi ng or  di ver gi ng f l ow t he moment um i nt egr al  

equat i on on t he l i ne of  symmet r y ( W = 0 but  DW/ az # 0)  i s  

Cf  = de + ( H + 2)  6 dUe + 
	 8 	( 3. 3. 3)  3x 	Ue xc~ x + a 

( Schl i cht i ng 1968,  p651)  wher e ' a'  i s  t he v i r t ual  or i gi n of  t he 

conver gence (  a + x < 0)  or  di ver gence ( a + x > 0) .  	 Var i at i on of  

t he v i r t ual  or i gi n as i nf er ed by f i gur e 3. 45 and equat i on 3. 3. 3 i s.  

shown i n f i gur e 3. 46 i n t he f or m x/ ( x + a)  agai nst  x( '  0) .  	 Al so 

shown ar e l i nes of  const ant  ' a'  cor r espondi ng t o conver gent  f l ow 

( a < -  x)  and di ver gent  f l ow ( a > -  x) .  	 Of  cour se,  any concl usi ons 

t hat  may be dr awn f r om ei t her  f i gur e 3. 45 or  f i gur e 3. 46 ar e subj ect  

t o t he accur acy wi t h whi ch do/ dx has been det er mi ned f r om t he pr of i l e 

measur ement s.  
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The ef f ect  of  f r ee- st r eam t ur bul ence on t he ski n f r i c t i on 

coef f i c i ent ,  Cf ,  i s  shown t abul at ed on f i gur e 3. 47 i n t he f or m 

ACf / Cf 0 = ( Cf   -  C
f 0 	 0'  ) / Cf  	 C

f o 
 was der i ved f r om t he cur ve t hr ough 

t he ' no- gr i d'  measur ement s gi ven i n f i gur e 3. 44.  	 ( For  t he s l i ght l y  

hi gher  Reynol ds number s achi eved as a r esul t  of  t he pr esence of t he 

heat i ng wi r es Cf   was obt ai ned by ext r apol at i on.  	 Cl ear l y,  
0 

ACf / Cf  0,  l i ke AH/ Ho,  depends st r ongl y on bot h t he f r ee- st r eam 

i nt ensi t y and t he l engt h scal e r at i o.  

At  an i nt er medi at e st age of  obt ai ni ng t he pr esent  

measur ement s a t hr ee- di mensi onal  r epr esent at i on of  ACf / Cf   was 
o 

const r uct ed i n per spex,  as shown phot ogr aphed i n f i gur e 3. 48.  

( These measur ement s wer e t hose obt ai ned pr i or  t o addi ng t he heat i ng 

wi r es. )  	 Al so shown ar e r esul t s of  Rober t son & Hol t ,  Evans,  Mei er  

and Huf f man et  al . ,  t he l at t er  as i nt er pr et ed by t he pr esent  wr i t er  

usi ng Mei er ' s  r esul t s t o cor r ect  t hei r  ' no- gr i d'  measur ement s.  	 ( See 

subsect i on 3. 3. 7. )  	 The i nadequacy of  a l i near  cor r el at i on bet ween 

AC, / C,  and ( u' / U) e,  as al r eady conf i r med by Mei er  f or  ( u' / U) e < 0. 01,  
0 

i s c l ear l y demonst r at ed f or  ( u' / U) e 	 0. 01 al so.  

A s i mpl e empi r i cal  cor r el at i on whi ch enabl es t he dependence 

of  ACf / Cf   on i nt ensi t y and l engt h scal e r at i o t o be expr essed as a 
0 

s i ngl e cur ve,  wi t h t he except i on of  one dat a poi nt ,  i s  shown i n 

f i gur e 3. 49.  	 The si ngl e di scr epancy,  whi ch i s t oo l ar ge t o be 

account ed f or  by t he expect ed er r or s of  measur ement ,  occur s at  a 

hi gh f r ee- st r eam i nt ensi t y of  ( u' / U) e  0. 06,  a l ow l engt h scal e 

r at i o of  ! 11/ 5995 z 1 and,  i n par t i cul ar ,  a l ow Reynol ds number  of  

RezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe  z  1800.  	 An expl anat i on of  t he di scr epancy exi st s i f  t he 

di sappear ance of  t he so- cal l ed " wake"  component  subsequent l y l i mi t s 

t he i ncr ease i n t he f r i c t i on coef f i c i ent  t hat  i s  due t o t he pr esence 

of  f r ee- st r eam t ur bul ence.  	 Now,  f or  a t ur bul ent  boundar y l ayer  i n 

t he absence of  f r ee- st r eam t ur bul ence t he zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwake st rength decreases 

wi t h decr easi ng Reynol ds number  f or  Ree 	 5000.  	 I t  f ol l ows t hat  
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f or  a boundar y l ayer  i n t he pr esence of  f r ee- st r eam t ur bul ence 

( such t hat  t he f r ee- st r eam i nt ensi t y and l engt h- scal e r at i o ar e 

const ant )  t he wake st r engt h wi l l  di sappear  sooner  at  l ow Reynol ds 

number s unl ess t he r educt i on i n wake st r engt h due t o t he f r ee- st r eam 

t ur bul ence i s Reynol ds- number  dependent  i n an exact l y compensat or y 

manner .  	 The r emai ni ng dat a shown i n f i gur e 3. 49 ar e cont ai ned wi t hi n 

a band wi dt h of  appr oxi mat el y ±1% of  t he f r i c t i on coef f i c i ent ,  

t ypi cal  of  t he l i kel y measur ement  er r or s.  

The val ues of  AH/ Ho and ACf / Cf  t abul at ed i n f i gur es 3. 43 
0 

and 3. 47,  r espect i vel y,  ar e compar ed i n f i gur e 3. 50.  	 The r el at i on-  

shi p bet ween AH/ Ho and ACf / Cf o i s evi dent l y i ndependent  of  f r ee- st r eam 

i nt ensi t y and l engt h scal e r at i o,  but ,  as shown bel ow,  pr obabl y not  

i ndependent  of  Reynol ds number .  	 Mei er ' s  ( 1976)  measur ement s f or  a 

s i mi l ar  Reynol ds number  r ange gi ve AH/ Ho = 0. 47 ACf / Cf  .  	 A f unct i onal  
0 

dependence bet ween AH/ Ho and ACf JCf  al one i mpl i es t hat  t he Cl auser  
0 

shape par amet er ,  G,  ( def i ned i n equat i on 3. 3. 22)  i s  a f unct i on of  

Reynol ds number  even i f  i t  i s  not  i n t he absence of  f r ee- st r eam 

t ur bul ence.  	 For ,  f r om t he def i ni t i on of  G 

G=G° +AG= (  
- 1 AC 1/ 2 

- ĀCI +  r—H- ) )11 + C f o)^ 	 c o o 	 f  	 f o 
( 3. 3. 4)  

and on r et ai ni ng onl y t he l i near  t er m of  t he Tayl or  ser i es expansi on 

AG 	 1 	 AH _ 1 

 

AC 

Go Hō ō 
0 

wher e t he second 

Ho i s a f unct i on 

DC
f order term  7 owl---- - 1 ~ 

o 
f  

of  Reynol ds number .  	 °  

has al so been negl ect ed.  

3. 3. 5 	 A comment  on t he so- cal l ed l aw of  t he wake  

For  a boundar y l ayer  i n t he absence of  f r ee- st r eam t ur bul ence 

t he s i mi l ar i t y  l aws per mi t  t he mean vel oci t y pr of i l e t o be descr i bed 

by 
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yu 
( 3. 3. 6)  

wher e g( f f , y / d)  i s  t he gener al i zed f or m of  t he ' wake'  f unct i on 

( pr oposed by Col es,  1956) .  	 Nor mal l y,  I I ,  i s  consi der ed as a ' wake'  

st r engt h ( Col es;  see equat i on 3. 3. 9,  bel ow)  or  as a wake st r engt h cum 

shape par amet er  of  t he wake f unct i on 	 ( Fi nl ey et  al . ,  1966;  Dean,  

1974) .  	 Usual l y,  g( 11, 1)  = 211.  	 The vel oci t y def ect  i s  gi ven by 

U 
	 U  

eu-  	
= -F in ( s)  + 	 k  g( I I , 1)  -  	 g( 11, ) .  	 ( 3. 3. 7)  

T 

Negl ect i ng Reynol ds- number  ef f ect s,  t he ef f ect  of  f r ee- st r eam 

t ur bul ence i nt r oduces t wo addi t i onal  i ndependent  par amet er s,  uē/ uT  

and Le/ S,  i nt o t he def ect  l aw t o gi ve 

Ue 
 U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA -  f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(y, ue, e)  . uT 	 UT  S ( 3. 3. 8)  

Thi s equat i on st at es t hat  i n gener al  t he shape of  t he vel oci t y def ect  

and hence t he shape of  t he wake f unct i on i s  dependent  upon bot h t he 

f r ee- st r eam i nt ensi t y and t he l engt h scal e r at i o.  	 That  i s ,  equat i on 

3. 3. 8 i mpl i es t hat  t he wake f unct i on cannot  necessar i l y  be 

char act er i sed by a s i ngl e par amet er ,  R.  

The usef ul ness of  a wake f unct i on depends upon how wel l  

g( H,  y/ S)  may be f i t t ed by a s i mpl e anal yt i c  f unct i on.  	 I n hi s anal ysi s 

of  vel oci t y pr of i l e dat a Col es ( 1968)  has empl oyed t he s i mpl i f i cat i on 

9( H,  ā)  = I I  W( a) .  	 ( 3. 3. 9)  

However ,  t hi s s i mpl i f i cat i on cannot  be st r i c t l y  val i d because at  

y = S,  wher e dU/ dy = 0,  equat i on 3. 3. 6 r equi r es 

d 
 gg;

i/ cs) 	 ( 3. 3. 10)  S)  	 y=S 

I n const ant - pr essur e l ayer s t he di scr epancy woul d appear  not  t o be t oo 

i mpor t ant ,  as exempl i f i ed by t he gener al  success of  Col es '  anal ysi s.  

The f or m used by Fi nl ey et  al .  and Dean i s t he s i mpl est  pol ynomi al  
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g( I I ,  0)  

17.70
.,.4/ 191 

 y+0 

That  i s ,  

t hat  sat i s f i es t he boundar y condi t i ons 

 _ 	 - 0 	 ,  

0 	 ,  	 g( I I ,  	 1)  	 = 211,  	 ( 3. 3. 11 	 a, b)  

d g n,  Y/ S)  = - 1.  	 ( 3. 3. 11 	 c, d)  
y/ S 

Y+5 

g( n,ā)  = ( 1 + 61I ) ( s) 2 -  ( 1 + 411) ( s) 3.  	 ( 3. 3. 12)  

The usef ul ness of  t he wake f unct i on descr i bed by equat i on 3. 3. 12 

was t est ed by sol v i ng t he equat i ons 

ūe = k  S 1n( ~T )  + C + 	 ( 3. 3. 13)  

and 	 S*  	 1 uT ( 11 + I I )  	 ( 3. 3. 14)   
- ¥ UzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 1-2 

f or  S and 1I ,  gi ven uT/ Ue,  uT and S* ,  f or  t he vel oci t y pr of i l es shown i n 

f i gur e 3. 51.  	 For  t he cases when f r ee- st r eam t ur bul ence i s pr esent  

t he anal yt i c  wake f unct i on gi ven by equat i on 3. 3. 12 f ai l s  t o descr i be 

t he wake par t  of  t he vel oci t y pr of i l e ver y c l osel y,  al t hough i t  i s  

consi der abl y bet t er  t han t he f r equent l y- used cosi ne f unct i on f or  

W( y/ S)  ( = 1 -  cos ( 4) )  i n equat i on 3. 3. 9 whi ch i s i ncapabl e of  

descr i bi ng a negat i ve wake f unct i on.  	 No ext ensi ve at t empt  was made 

t o f i nd a gener al i sed anal yt i c  wake f unct i on.  Tabl e 3. 3 t abul at es,  

f or  t he out er  l ayer ,  t he maxi mum depar t ur e AU of  t he vel oci t y pr of i l e 

above t he l ogar i t hmi c l aw wher e AU i s def i ned by 

yu 
AU  ,  pi  -  

1 1n(  
V

T)  	 C 	 ( 3. 3. 15)  
T 	 T 	 MAX 

Al so t abul at ed i s t he posi t i on,  ya,  at  whi ch t he maxi mum vel oci t y 

di f f er ence occur s.  

3. 3. 6 

	

	 Boundar y l ayer  t hi ckness gr owt h r at e and t he shape f act or  d99 5./ t  

The ef f ect  of  f r ee- st r eam t ur bul ence on t he boundar y l ayer  

t hi ckness i s evi dent  f r om f i gur e 3. 27.  	 Boundar y l ayer  t hi ckness gr owt h 
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r at es f or  t he boundar y l ayer s def i ned by f our  or  mor e measur ement s 

ar e shown i n f i gur e 3. 52.  	 Not i ceabl y,  t he gr owt h r at e f or  t he case 

i n whi ch unheat ed wi r es wer e pr esent  at  t he l eadi ng edge i s 

s i gni f i cant l y l ar ger  t han t he ot her  gr owt h r at es.  	 The i ncr ease i n 

gr owt h r at e at  const ant  Ree  i s  t abul at ed i n f i gur e 3. 53 i n t he f or m 

a(d6

995

/ dx)  	 d5

995/ dx 

 -  (d6 995/dx) 0 

( d5995/ dx)
0  = 	 ( d( 5995/ dx) 0 

Evi dent l y,  t he i ncr ease i n t he gr owt h r at e does not  f ol l ow t he monot oni c 

dependence upon t he l engt h scal e r at i o exhi bi t ed by,  say,  t he i ncr ease 

i n t he ski n f r i c t i on coef f i c i ent .  	 The gr owt h r at e as document ed i n 

f i gur e 3. 53 behaves r at her  oddl y.  

Fi gur e 3. 54 shows t he shape f act or  6995/ 8 pl ot t ed as a 

f unct i on of  Reynol ds number ,  Ree.  	 The i ncr ease i n t he shape f act or  

at  const ant  Ree,  t abul at ed on f i gur e 3. 55 i n t he f or m 

A6995/ 0   _ 5995/ e 	 ( 6995/ 0) o  

(5 995/0) 0_ 	 (6 995/0) o 

does not  show t he same dependence on t he l engt h scal e r at i o as t he 

gr owt h r at e di scussed above.  	 Fi gur e 3. 56 compar es Q( 5995/ 0) / 0995/ 0) 0  

wi t h " ACf / Cf   .  	 The scat t er  ( of  about  ±8%) - i s  much l ar ger  t han t he 
0 

s i mi l ar l y- based compar i son bet ween AH/ Ho  and Li Cf / Cf   , and al so appear s 
o 

t o have no consi st ent  t r end wi t h f r ee- st r eam i nt ensi t y or  l engt h scal e.  

r at i o.  	 No Reynol ds- number  dependence i s appar ent .  

Now,  t he boundar y l ayer  gr owt h r at e,  dS995/ dx,  and t he shape 

f act or ,  5995/ 8,  ar e r el at ed by 

dS995 	 d(5 995/ 0) 	 5995 de 
x _ d - 0 dx +  8 ax ' ( 3, 3. 18)  

Si nce,  as di scussed i n subsect i on 3. 3. 4,  depar t ur e of  t he boundar y 

l ayer  f r om a t r ul y t wo- di mensi onal  f l ow af f ect s.  de/ dx ( and al so Cf ) ,  

d6995/ dx i s al so af f ect ed.  	 Thus t he i nconsi st ent  behavi our  of  

d6995/ dx can be at t r i but ed,  at  l east  i n par t ,  t o t he depar t ur e of  

t he boundar y l ayer  f r om t r ul y t wo- di mensi onal  f l ow.  For  t he pr esent  
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•  measur ement s t he ef f ect  of  f r ee- st r eam t ur bul ence on t he boundar y 

l ayer  t hi ckness,  
5995,   i s  bet t er  descr i bed i n r el at i on t o t he 

moment um t hi ckness by t he shape f act or  6995/ 8.  

3. 3. 7 	 Some compar i sons wi t h ot her  wor ker s '  dat a  

The ef f ect  of  f r ee- st r eam t ur bul ence on t he ski n- f r i c t i on 

coef f i c i ent ,  compar ed at  const ant  Ree,  as deduced f r om t he measur e-  

ment s of  ot her  wor ker s,  i s  shown i n f i gur e 3. 57.  	 The pr esent  measur e 

ment s ar e r epr esent ed by a mean l i ne i n t hi s f i gur e.  	 Rober t son & 

Hol t  ( f or  whose dat a 400 Res  2000) ,  Char nay as i nf er r ed by 

Br adshaw ( 1974) ,  and Evans ( 1972)  show consi st ent l y l ower ,  t hough 

mor e scat t er ed,  val ues f or  OCf / Cf   t han t he pr esent  measur ement s.  
0 

Too much emphasi s shoul d not  be pl aced on t he measur ement s of  Char nay 

s i nce Char ney woul d appear  not  t o have measur ed t he moment um t hi ckness, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

Br adshaw has used t he empi r i cal  cor r el at i on of  Rober t son & Hol t  t o 

conver t  t he compar i son of  sk i n- f r i c t i on coef f i c i ent  at  const ant  

Ue699/ v gi ven by Char nay t o a compar i son at  const ant  Uee/ v.  The 

r esul t s of  Mei er  f i t  i n wel l  wi t h t he cor r el at i on of  t he pr esent  

measur ement s and wi t h t he consensus of  t he r esul t s of  Rober t son & 

Hol t ,  Char nay,  and Evans.  	 Mei er ' s  r esul t s have been used t o cor r ect  

t he dat a of  Huf f man et  al .  and Evans f or  t he ef f ect  of  t he hi gh 

" backgr ound"  f r ee- st r eam t ur bul ence i nt ensi t y ( ( u' / U) e 0. 01,  i n bot h 

cases)  i n t he absence of  a t ur bul ence- gener at i ng gr i d.  	 The l engt h,  

scal e r at i o,  Le/ 6,  i nf er r ed f r om t he decay of  t he backgr ound f r ee-

st r eam t ur bul ence t ur ns out  t o be about  0. 5 f or  t he dat a of  Huf f man 

et  al .  and about  0. 3 f or  Evans'  dat a,  bot h conveni ent l y c l ose t o t he 

val ues cover ed by Mei er .  	 The cor r ect ed dat a of  Huf f man et  al .  show 

a s l i ght l y  smal l er  i ncr ease i n QCf / Cf   t han t he pr esent  measur ement s 
0 

and a s i gni f i cant l y smal l er  i ncr ease t han t hat  deduced by Gr een.  

Gr een' s anal ysi s empl oyed t he ski n- f r i c t i on f or mul a of  

Nash & MacDonal d ( 1967)  and t he def ect - l aw cor r el at i on of  Char nay et  al . ,  
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U - U 	 u'  eu 	
-  ( 1 - - a e)  f  ( y

) e 
T 

( 3. 3. 19)  

but  used a s l i ght l y  di f f er ent  val ue of  a.  	 ( See chapt er  1, _ subsect i on 

1. 2. 1. )  	 ( The cor r el at i on of  Char nay et  al .  cannot  be val i d i n t he 

i nner  l ayer  s i nce i t  i mpl i es t hat  von Kar man' s const ant  k i s  a 

f unct i on of  u' / uT. )  	 Nash & MacDonal d' s ( 1967)  ski n- f r i c t i on f or mul a 

used by Gr een i s 

f
= A l n( Ree)+ B + F( G) .  

Fr om Nash & MacDonal d,  A = 2. 47,  B = 4. 75 and 

F( G)  = 1. 5G + 1724/ ( G2 + 200)  -  16. 87 

and G i s t he Cl auser  shape par amet er ,  def i ned by 

 U 2 	 U - U 
G
f (Ue _ 

-— dy ( eu )dy, 
0 	 T 	 0 

( 3. 3. 20)  

( 3. 3. 21)  

( 3. 3. 22)  

( Equat i on 3. 3. 20 i s i n f act  i ncompat i bl e wi t h t he ski n- f r i c t i on 

f or mul a 

ir  1 

f  
( 3. 3. 23)  

der i ved f r om equat i ons 3. 3. 13 and 3. 3. 14,  because e/ e var i es wi t h 

Reynol ds number  whi l st ,  except  at  l ow Reynol ds number s,  G and H ar e 

supposed not  t o.  	 The i ncompat i bi l i t y  i s  not  consi der ed her e. )  

Di f f er ent i at i ng equat i on 3. 3. 20 l eads t o 

d

~ = -2 J -2—F'(G) dG. 	 (3,3.24) 
f  

For  a const ant - pr essur e t wo- di mensi onal  i ncompr essi bl e boundar y 

l ayer  i n t he absence of  f r ee- st r eam t ur bul ence F( G)  = 0.  

Now,  F( G)  was eval uat ed by Nash & MacDonal d f or  val ues of  

F t hat  wer e al most  excl usi vel y gr eat er  t han zer o.  	 However ,  al l  t he 

measur ement s show t hat ,  at  const ant  Ree,  t he pr esence of  f r ee- st r eam 

t ur bul ence i ncr eases t he ski n f r i c t i on wher eupon F must  al ways be 

negat i ve.  	 The pr esent  ' no- gr i d'  measur ement s ar e pr obabl y bet t er  
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f i t t ed by 

= 2. 47 i n Ree  + 5. 24 	 ( 3. 3. 25)  

as shown i n f i gur e 3. 58a.  	 Fi gur e 3. 58b shows F( G)  due t o t he ef f ect  

of  f r ee- st r eam t ur bul ence,  det er mi ned f r om t he pr esent  measur ement s.  

The ext r apol at ed cor r el at i on of  Nash & MacDonal d i s  al so shown and i s 

seen t o have a s l ope,  F' ( G) ,  appr oxi mat el y 18% l ar ger  t han t he 

st r ai ght  l i ne passi ng t hr ough t he pr esent  measur ement s.  	 The 

di f f er ence bet ween F' ( G)  gi ven by Nash & MacDonal d and F' ( G)  det er mi ned 

f r om t he pr esent  measur ement s i s  i nsuf f i c i ent  t o account  f or  t he ent i r e 

di f f er ence bet ween Gr een' s met hod of  anal ysi s and t he anal ysi s ( by t he 

pr esent  wr i t er )  usi ng Mei er ' s  r esul t s.  	 Had a l i near  ext r apol at i on 

r at her  t han Mei er ' s  r esul t s been used by t he pr esent  wr i t er )  t o 

eval uat e CzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf ,  i t  woul d have been smal l er  by about  2% and t he 
0 

r emai ni ng di f f er ence woul d have been qui t e smal l .  

3. 4.  	 CONCLUSI ON.  TO THE CHAPTER  

Si mpl e r easoni ng shows t hat  t he def ect  l aw wi l l ,  i n 

pr i nci pl e at  l east ,  depend upon bot h t he f r ee- st r eam i nt ensi t y and 

t he f r ee- st r eam t o boundar y l ayer  l engt h scal e r at i o.  	 Const r ai nt s 

i mposed by wi nd t unnel  di mensi ons and Reynol ds number  r ange on t he 

boundar y l ayer  measur ement s can easi l y  l i mi t  t he r ange of  f r ee-

st r eam i nt ensi t y and l engt h scal e r at i o obt ai nabl e i n l abor at or y 

f l ows.  	 These const r ai nt s have been par t l y  r esponsi bl e f or  t he 

c l ose r el at i onshi p bet ween t he l engt h scal e r at i o and t he f r ee- st r eam 

i nt ensi t y of  pr evi ous measur ement s,  as shown i n f i gur e 3. 2.  	 Cl ear l y,  

i n such cases,  t he ef f ect s of  var y i ng l engt h scal e r at i o coul d not  

have been di st i ngui shed f r om t he ef f ect s of  var y i ng f r ee- st r eam 

i nt ensi t y unl ess t he f or mer  wer e st r ong.  A speci al  ef f or t  has been 

made i n t he pr esent  t hesi s t o obt ai n a l ar ger  r ange of  l engt h scal e 

t han pr evi ousl y.  
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The pr esent  r esul t s show,  f or  t he f i r st  t i me,  t hat  t he 

ef f ect  of  ( near l y i sot r opi c)  f r ee- st r eam t ur bul ence on a t ur bul ent  

boundar y l ayer  depends s i gni f i cant l y on bot h t he f r ee- st r eam i nt ensi t y 

and t he l engt h scal e r at i o.  	 That  t he ef f ect  decr eases wi t h i ncr eas-  

i ng l engt h scal e r at i o,  at  l east  i n t he r ange 5. 5 ? Lē/ 5995  ? 0. 7,  

i s  consi st ent  f i r s t l y  wi t h t he f act  t hat  eddi es i nt er act  most  wi t h 

eddi es of  compar abl e s i ze and secondl y wi t h t he r educt i on of  t he 

nor mal  component  of  f l uct uat i ng vel oci t y of  t he f r ee- st r eam 

t ur bul ence due t o t he pr esence of  t he boundar y,  as demonst r at ed by 

t he measur ement s of  Thomas & Hancock ( 1977,  appendi x 1) .  

I t  i s  not  obvi ous f r om t he pr esent  measur ement s j ust  how 

t he ef f ect  wi l l  var y as t he l engt h scal e t ends t o zer o.  	 Ver y smal l -  

scal e f r ee- st r eam t ur bul ence wi l l  di r ect l y  af f ect  onl y a ver y shor t  

f et ch.  	 Fur t her mor e,  s i nce boundar y l ayer s i n gener al  do not  r espond 

gr eat l y t o ver y smal l - scal e di st ur bances,  f or  exampl e,  sur f ace 

r oughness smal l er  t han t he v i scous subl ayer  t hi ckness,  t he ef f ect  of  

ver y smal l - scal e f r ee- st r eam t ur bul ence may s i mi l ar l y  be ver y smal l .  

However ,  f or  f r ee- st r eam t ur bul ence t hat  has a l engt h scal e of  t he 

or der  of  t he i nner  l ayer  scal es,  t he ar gument  t hat  t he i nner  l ayer  

woul d not  di scer n bet ween out er - l ayer  and f r ee- st r eam t ur bul ence woul d 

no l onger  be appl i cabl e.  	 One consol at i on t hough i s t hat  a moder at e 

f r ee- st r eam i nt ensi t y '  woul d necessar i l y  be r el at i vel y smal l  when 

compar ed wi t h t he hi gh t ur bul ence i nt ensi t y t hat  exi st s wi t hi n t he 

i nner  l ayer .  

A s i mpl e empi r i cal  cor r el at i on t hat  r el at es LCf / Cf   at  
0 

const ant  Ree  t o t he par amet er  ( u' / U) e/ ( Lē/ 5995  f  2. 0)  by a s i ngl e 

cur ve has been f ound,  as shown i n f i gur e 3. 49.  	 When t he ef f ect s of  

f r ee- st r eam t ur bul ence ar e l ar ge t he per si st ence of  t he i nner  l ayer  

l ogar i t hmi c l aw woul d appear  t o r est r i c t  f ur t her  change i n t he boundar y 

l ayer  mean f l ow pr oper t i es.  	 Sl ender  evi dence shows t hat  t hi s 

r est r i c t i on i s  st r onger  when l ow Reynol ds number  ef f ect s ar e 
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pr esent .  	 Usi ng t he above cor r el at i on t he consensus of  r esul t s of  

pr evi ous wor ker s shows a s l i ght l y  smal l er  ef f ect  t han t he pr esent  

measur ement s.  Mei er ' s  measur ement s conf i r m t hat  t he boundar y l ayer  

t ur bul ence and t he f r ee- st r eam t ur bul ence ar e uncor r el at ed when t he 

ef f ect  of  t he l at t er  i s  smal l ,  and t he pr esent  measur ement s f or  

smal l er  val ues of  t he f r ee- st r eam i nt ensi t y suppor t  t he hypot hesi s.  

Cl ear l y,  t he dat a cor r el at i ons der i ved f r om t he pr esent  

measur ement s appl y wi t h any cer t ai nt y onl y i f  t he f r ee- st r eam 

t ur bul ence i s c l osel y i sot r opi c and s l i ght l y  i nhomogeneous i n t he 

st r eamwi se di r ect i on.  	 Tur bul ence t hat  i s  hi ghl y ani sot r opi c cannot  

be adequat el y descr i bed by a s i ngl e vel oci t y scal e and,  necessar i l y ,  

by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa si ngl e l engt h scal e;  ani sot r opy r at i os f or  t he i nt ensi t i es,  

and pr obabl y f or  t he l engt h scal es al so,  must  be i ncl uded.  
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PLATE 	 GRI D 	 PROFI LE MEASUREMENTS AT STATI ONS;  

POSI TI ON,  	 MESH/ BAR SI ZE 	 NO HEATI NG WI RES 	 UNHEATED WI RES 

	

XLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cm) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	

AT LEADI NG EDGE 	 AT LEADI NG EDGE 

0. 30 12 6,  14 

0. 76 NO GRI D 12 

1. 37 

2. 06 4,  8,  12,  16 

0. 30 7. 6/ 1. 27cm 4,  8,  12,  16 6,  8,  16 

0. 76 15. 2/ 3. 81cm 12 10 

1. 37 15. 2/ 3. 81cm 6 

2. 06 7, 6/ 1. 27cm 4,  8,  12,  16 6 

2. 06 15. 2/ 3. 81cm 4,  8,  12,  16 6,  8,  10,  12,  14,  16 

TABLE 3. 1 Di r ect or y of  mean vel oci t y pr of i l e measur ement s;  
no gr i d and squar e mesh,  squar e bar ,  bi pl ane 
t ur bul ence gr i d.  
x( met r es)  = 0. 152 x ( st at i on number ) .  

PLATE 
POSI TI ON 

XLE( m)  

GENERATOR 
BAR SPACI NG/  

BAR SI ZE 

PROFI LE MEASUREMENTS AT STATI ONS;  

NO HEATI NG WI RES 	 UNHEATED WI RES 
AT LEADI NG EDGE 	 AT LEADI NG EDGE 

0. 30 7. 6/ 1. 27cm 12 

2. 06 7. 6/ 1. 27cm 12 

2. 06 15. 2/ 3. 81cm 12 

TABLE 3. 2 Di r ect or y of  mean vel oci t y pr of i l e measur ement s;  
s i ngl e- r ow- of - squar e- bar s t ur bul ence gener at or .  
x( met r es)  = 0. 152 x ( st at i on number ) .  
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STN 
u' / Ue Le/ a995 	 a995 	 S*  A 

u 8 
Ue 	 Ree 	 Tv995 	 Cf ( 1)  Cf ' 2)  H kAU yAU/  	 PROFI LE 

" 995 NUMBER 

NO GRI D XLE=0. 30m NO HEATI NG WI RES AT LEADI NG EDGE 

12 29. 7 	 4. 67 3. 37 16. 46 3670 	 1270 	 . 00310 1. 384 0. 54 0. 97 22 

NO GRI D XLE=0. 76m  NO HEATI NG WI RES AT LEADI NG EDGE 

12 -  	 28. 4 	 4. 60 3. 31 16. 43 3620 	 1200 	 . 00310 . 00307 1. 389 0. 56 0. 98 25 

NO GRI D XLE=2. 06m  NO HEATI NG WI RES AT LEADI NG EDGE 

4 13. 0 	 2. 16 1. 49 16. 20 1600 	 603 	 . 00375 . 00371 1. 442 0. 45 0. 94 1 

4 12. 8 	 2. 15.  1. 49 16. 20 1590 	 591 	 . 00375 1. 443 17 

8 21. 5 	 3. 57 2. 52 . 16. 22 2700 	 928 	 . 00326 . 00326 1. 414 0. 56 0. 96 4 

12 29. 9 	 4. 74 3. 41 16. 32 3660 	 1260 	 . 00307 . 00306 1. 390 0. 56 0. 95 8 

16 38. 8 	 5. 91 4. 31 16. 11 4710 	 1630 	 . 00294 . 00293 1. 371 0. 56 0. 96 10 

NO GRI D XLE=0. 30m  UNHEATED WI RES AT LEADI NG EDGE 

6 -  	 22. 7 	 3. 87 2. 72 16. 17 2870 	 953 	 . 00316 1. 424 0. 64 0. 98 39 

14 38. 7 	 5. 89 4. 30 16. 60' 4680 	 1620 	 . 00296 1. 368 0. 55 0. 98 40 

7. 6cm GRI D XLE=0. 30m  NO HEATI NG WI RES AT LEADI NG EDGE 

TABLE 3. 3 Boundar y l ayer  mean f l ow and f r ee- st r eam t ur bul ence par amet er s;  no- gr i d and squar e mesh,  squar e bar  bi pl ane 
gr i ds 



TABLE 3. 3 cont ' d 

STN u' / U 
e 

Lu/ 6995  
e 	 995 S 	 d*  995  0 U 	 Re 	 uTa995 	 C 

 ( 1)  
f  0 

C  ( 2)  
f  

H  kLU 
YAU/ ō 	

PROFI LE 
995 NUMBER 

4 . 0597 1. 16 27. 4 	 2. 19 1. 68 16. 12 	 1810 	 1380 	 . 00434 . 00436 1. 300 0 0. 15 19 

8 . 0399 1. 03 39. 2 	 3. 51 2. 72 16. 21 	 2930 	 1830 	 . 00377 . 00377 1. 291 0. 04 0. 34 20 

12 . 0307 0. 93 50. 9 	 4. 71 3. 66 16. 45 	 3990 	 2310 	 . 00347 . 00346 1. 285 0. 08 0. 47 21 

16 . 0255 0. 90 58. 9 	 5. 86 4. 54 16. 68 	 4940 	 2580 	 . 00323 . 00321 1. 291 0. 16 0. 58 24 

7. 6cm GRI D XLE=0.3Om UNHEATED WI RES AT LEADI NG EDGE 

6 . 0482 0. 77 46. 7 	 3. 71 2. 95 16. 16 	 3140 	 2190 	 . 00388 1. 260 0 0. 10 34 

8 . 0399 0. 71 56. 9 	 4. 38 3. 48 16. 26 	 3710 	 2600 	 . 00368 1. 260 0. 02 0. 20 35 

16 . 0255 0. 67 78. 4 	 6. 62 5. 23 16. 75 	 5760 	 3480 	 . 00325 1. 264 0. 08 0. 42 36 

7. 6cm GRI D XLE=2. 06m NO HEATI NG WI RES AT LEADI NG EDGE 

4 . 0262 3. 51 14. 8 	 2. 18 1. 54 16. 29 	 1640 	 688 	 . 00382 . 00384 1. 418 0. 34 0. 88 2 

8 . 0224 2. 31 24. 7 	 3. 55 2. 57 16. 30 	 2740 	 1080 	 . 00339 . 00340 1. 382 0. 41 0. 90 5 

12 . 0197 1. 75 35. 2 	 4. 74 3. 48 16. 41 	 3710 	 1500 	 . 00319 . 00320 1. 361 0. 41 0. 85 9 

16 . 0181 1. 48 43. 8 	 5. 83 4. 34 16. 23 	 4721 	 1870 	 . 00307 . 00308 1. 342 0. 39 0. 87 11 

7. 6cm GRI D,  XLE= 2. 06m  UNHEATED WI RES AT LEADI NG EDGE 

6 . 0240 1. 88 29. 1 	 3. 81 2. 81 16. 19 	 2980 	 1280 	 . 00344 1. 357 0. 30 0. 84 33 



TABLE 3. 3 cont ' d 

STN U' / Ue Le/ 6995 6995 6 0 Re0  U16995  
V Cf ( l )  	 C( 2)  H kAU YAU/ 6  PROFI LE 

995 NUMBER 

GRI D XLE=0. 76m.  NO HEATI NG WI RES AT LEADI NG EDGE 

. 0525 1. 48 59. 0 	 4. 38 3. 48 16. 93 	 3780 	 2740 	 . 00365 1. 261 0. 02 0. 25 26 

GRI D XLE=0. 76m  UNHEATED WI RES AT LEADI NG EDGE 

. 0575 1. 34 66. 0 	 4. 54 3. 66 16. 12 	 3860 	 3390 	 . 00376 1. 240 0 0. 10 38 

GRI D XLE=1. 37m  UNHEATED WI RES AT LEADI NG EDGE 

. 0575 1. 83 48. 1 	 3. 74 2. 94 16. 12 	 3100 	 2220 	 . 00382 1. 273 0 0. 10 37 

GRI D XLE=2. 06m NO HEATI NG WI RES AT LEADI NG EDGE 

. 0514 4. 89 19. 3 	 2. 19 1. 59 16. 49 	 1640 	 895 	 . 00404 1. 378 0. 17 0. 68 3 

. 0514 4. 94 19. 1 	 2. 22 1. 63 16. 57 	 1730 	 910 	 . 00403 1. 366 15 

. 0442 3. 28 31. 5 	 3. 49 2. 62 16. 55 	 2770 	 1410 	 . 00360 1. 334 0. 18 0. 62 6 

. 0387 2. 53 44. 3 	 4. 73 3. 62 16. 78 	 3850 	 1940 	 . 00340 1. 307 0. 17 0. 65 7 

. 0345 2. 15 55. 9 	 5. 55 4. 30 16. 40 	 4650 	 2460 	 . 00330 1. 291 0. 13 0. 61 12 

GRI D XLE=2. 06m UNHEATED WI RES AT LEADI NG EDGE 

. 0468 2. 72 36. 7 	 3. 77 2. 88 .  	 15. 92 	 3030 	 1650 	 . 00364 1. 310 0. 14 0. 56 27 

. 0442 2. 23 46. 4 	 4. 55 3. 54 15. 95 	 3750 	 2060 	 . 00352 1. 286 0. 10 0. 54 28 

. 0410 1. 90 56. 8 	 5. 27 4. 09 16. 02 	 4320 	 2470 	 . 00339 1. 286 0. 10 0. 53 29 
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TABLE 3. 3 cont ' d 

M 

STN u' / Ue  Leu/ 6995 6995 S*  Re e 

uTV995 Cf(1) Cf(2) H  kLU YOU/s 	 PROFI LE 
995 NUMBER 

12 .0387 1.70 65.7 5.83 4.57 16.09 4790 2820 .00334 1.278 0.09 0.47 	 30 

14 .0362 1.69 68.9 6.23 4.88 16.01 5240 2990 .00326 1.276 0.10 0.52 	 31 

16 .0345 1.55 77.5 6.98 5.48 16.13 5850 3300 .00318 1.274 0.13 0.47 	 32 

Cf (1) FROM LOG- LAW FI T 

Cf (2)  FROM PRESTON TUBE 



I ncreasing 
Max(UeX/ v)  
Min(Ues/ v)  

I ncreasing Max(UeM/ v)  
Min(1)6,6/ v)  

I ncreasing 
(u` / U)e  at  Plate 
Leading Edge 
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a)  
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n
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I ncreasing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( Ue v)  

Development  Lengt  
To Give Min (UeS/ v)   

C 

D 

Minimum I ntensity 
of I nterest  

Free-St ream I ntensity 

Fi g.  3. 1 I l l ust r at i on of  t he const r ai nt s of  wi nd t unnel  and boundar y 

l ayer  Reynol ds number s,  and f r ee- st r eam i nt ensi t y,  on t he usabl e 

r ange of  f r ee- st r eam i nt ensi t y and l engt h scal e r at i o.  
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5 

4 

1 

Ue8/v 
a Robertson & Holt 400 - 2000 
O Huffman et ai. 3780 - 5260 

Charnay (1974) 	1800- 4600 
x Meier (1976) 	2770 - 4190 
V Evans (1972) 	1690 - 3300 3 

0 	0.01 	0.02 	0.03 	0.04 	0.05 	0.06 

(u'/U)e 

0.07 0.08 	0.09 

Fi g.  3. 2 Fr ee- st r eam i nt ensi t i es and l engt h- scal e r at i os used by some pr evi ous wor ker s.  



1.04 

Ue(X)  
Ue(Stn 4)  

1.02 

1.00 

XL O.30m 

XLE  206M 

2 	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-  	 3 

Distance From Grid Posit ion, X(m)  

Stat ion 14 16 18 110 112 04 06 

Stat ion 	 14 	16 	18 	110 	02 	04 	016 

o No Grid ;  0,0 7.6cm  Grid ;  t  15.2cm Grid. Open Symbols — No Heat ing Wires At  Leading Edge. 
Closed Symbols— (Unheated)  Heat ing Wires At  Leading Edge. 

Fig. 3. 3 Var i at i on of  f r ee- st r eam mean vel oci t y al ong t he pl at e f or  t he pl at e i n t wo posi t i ons i n 

wor ki ng sect i on.  

•  
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Fig. 3.4 Decay laws for the 7.6 cm and 15.2 cm turbulence grids. 



X (m)  

Fig. 3.5 Contributions to qē from ē; vē and ē. 

S 
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1( D0 	 101 	 -, 	 102  k ( m )  

•  

a) X/M =  15. 

Fig. 3.6 Free-stream spectra, M =  15.2 cm: 
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00 	 101 	_ 	102 ~  
k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(nil) 

Fi g.  3. 6b,  X/ M = 19. 5.  
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Fi g.  3. 6c,  X/ M = 21. 5.  
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Fi g.  3. 6d,  X/ M = 23. 5.  
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Fig. 3.6e, X/M =  25.5. 
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k (m ) 

Fig. 3.6f, X/M =  27.5. 
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Fig. 3.6g, X/M =  29.5. 
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102  103 

a)  X/ M = 20.  

Fi g.  3. 7 Fr ee- st r eam spect r a,  M = 7. 6 cm:  
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Fig. 3.7b, X/M =  36. 
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Fig. 3.7c, X/M = 39.0. 
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7.6 cm Generator 
x 

4 s 

❑ X-Probe ( Digital) 
x U-Probe (Analogue) 

15.2cm Generator 
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20 50 30 	X 	40 
M 

Fi g.  3. 9 Decay l aws f or  t he 7. 6 cm and 15. 2 cm t ur bul ence gener at or s ( s i ngl e r ows of  squar e bar s) .  
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Fi g.  3. 10 Fr ee- st r eam spect r a,  s i ngl e r ow of  squar e bar s spaced 

7. 6 cm,  X/ M = 19.  
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100 	 101 	 102 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	 10J  
k (m-1)   

Fi g.  3. 11 Fr ee- st r eam spect r a,  s i ngl e r ow of  squar e bar s spaced 

15. 2 cm,  X/ M = 29. 5.  
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100 	 101 	 1 	102  
k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm )  

Fi g.  3. 12 Fr ee- st r eam spect r a,  s i ngl e r ow of  r ound bar s spaced 

11. 4 cm, .  X/ M = 20.  
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o, No Grid ;  o, 7.6cm Grid;   0,15.2cm Grid. (Side Wat ts at  ±  0.46)  
Fig. 3.13 Variat ion of Cf  with distance from  plate cent re line. 
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Fig. 3.14. Velocity Profile No Grid, XLE =0.30m, Stn 12. 
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Fig.3.15. Velocity Profile. No Grid , XLE  =  0.76 m , Stn 12. 
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Fig.3.17. Velocity Profiles. No Grid , XLE =O. 30m; 

•  



.0  LOG YPLUS 
2. 00 	 2. 30 3. 00 	 3. 50 	 4. 50 

I  	 I  	O 
m 

o1. 00 	 1. 50 

m 
- 

0 

 
▪ • 

• 

«-4 

U7 
• 

U/ UE VS.  Y 

U/ Uī AU VS.  YPLUS 

U/ UTAU VS.  LOGYPL' JS 
0 
0 

T 	 I  	 I  	 7 	 I   
20. 00 	 40. r 0 	 60. 00 	 80. 00 	 100. 00 	 1254. 00 

Y (MM) 

0. 00 	 10. 00 	 2C . 00 	 : J0. 00 	 4n . CO 
YPLUS *102  

50. 10 	 60. 00 

( Pr of .  No.  40)  
b) Stn 14 

Fig. 3.17. 



U/ UE VS.  Y 
U/ UTRU VS.  YPLUS 

U/ UTAU VS.  LOGYPLUS 

10. 00 	 20. 00 	 30. 00 
Y f MM 

LOG YPLUS 
1. 50 	 2. 00 	 2. 50 	 3. 00 

	
3. 50 

0 .00 50. 00 	 100. 00 	 150. 00 	 2100. 00 	 250. 00 	 3100. 00 
YPLUS w1O' 

( Pr of .  No.  19)  
a)  Stn4 

Fig.3.18. Velocity Profiles. 7.6cm Grid, XLE= O.30m  ;  
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Fi g.  3. 57 Compar i son of  pr esent  t Cf / Cf   wi t h t hose of  ot her  

wor ker s.  
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Fi g.  3. 58 Ski n- f r i c t i on f or mul a f ol l owi ng Nash & MacDonal d.  
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CHAPTER 4 

TURBULENCE MEASUREMENTS 

4. 1 	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAINTRODUCTION  

Measur ement s of  t he mean f l ow pr esent ed i n chapt er  3 c l ear l y 

show t hat  t he boundar y l ayer  i s  sensi t i ve t o bot h t he f r ee- st r eam 

t ur bul ence i nt ensi t y and t he l engt h scal e r at i o,  Le/ 6,  at  l east  f or  

u'  = 0 ( uzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT ]  and Le  = 0 ( 6 ) .  	 Measur ement s of  t ur bul ence quant i t i es 

i nsi de t he boundar y l ayer  ( 5995)  edge and beneat h t he f r ee- st r eam wer e 

obt ai ned f or  el even combi nat i ons of  ( u' / U) e  and Lu/ ( 5995,  as gi ven i n 

f i gur e 4. 1,  usi ng a t hr ee- wi r e pr obe.  	 Of  t hese combi nat i ons,  s i x 

cor r espond t o t he devel opment  of  t he boundar y l ayer  wi t h di st ance x 

f or  one gr i d and one pl at e posi t i on ( 15. 2 cm gr i d and XLE  = 2. 06 m,  

r espect i vel y) .  	 One combi nat i on of  t he s i x ( st at i on 10)  pl us t he 

f i ve ot her s ar e used t o show t he ef f ect  of  l engt h scal e r at i o at  t hr ee 

val ues of  f r ee- st r eam i nt ensi t y.  	 Measur ement s of  u,  v and 0,  and 

u,  w and a wer e made f or  each of  t he el even combi nat i ons except  one,  

wher e onl y u,  v and a wer e measur ed.  	 Some anal ogue check measur ement s 

wer e al so obt ai ned wi t h.  a U- pr obe.  	 Si nce t he Reynol ds number s wer e 

f ai r l y  l ow ( 2900 5  Ree 5 5900)  f or  al l  t hese measur ement s r ef er ence 

boundar y- l ayer  t ur bul ence measur ement s ( of  u,  v and 0,  and u,  w and 0)  

i n t he absence of  f r ee- st r eam gr i d- gener at ed t ur bul ence wer e obt ai ned 

at  t wo Reynol ds number s near  t he maxi mum and mi ni mum.  

A di r ect or y of  t he t ur bul ence measur ement s pr esent ed and 

t he associ at ed mean- f l ow and f r ee- st r eam t ur bul ence par amet er s i s  

gi ven i n t abl e 4. 1.  	 For  t he t hr ee- wi r e- pr obe measur ement s heat i ng 

was appl i ed t o t he boundar y l ayer  v i a t he heat i ng wi r es posi t i oned at  

t he pl at e l eadi ng edge.  	 No cur r ent  was passed t hr ough t he heat i ng 

wi r es f or  t he anal ogue measur ement s.  
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w 4. 2 	 CONDI TI ONAL SAMPLI NG TECHNI QUES  

I n t hi s t hesi s,  unl ess ot her wi se st at ed,  " i nt er mi t t ency"  

r ef er s t o t he i nt er mi t t ency associ at ed wi t h t he i nt er f ace t hat  

separ at es f l ui d t hat  i s  consi der ed t o be pr i mar i l y  shear  l ayer  f l ui d 

f r om t hat  whi ch i s consi der ed t o be pr i mar i l y  f r ee- st r eam f l ui d.  

( Mor e gener al l y ,  i t  i s  t he i nt er f ace t hat  separ at es t wo shear  l ayer s. )  

Of  cour se,  t he pr esence of  an i nt er f ace does not  i mpl y t hat  t he f l ui d 

mot i on one s i de i s i ndependent  of  t he f l ui d mot i on on t he ot her  s i de.  

When t he f l ui d on one s i de of  t he i nt er f ace i s non- t ur bul ent  

t he shear  l ayer  i s  char act er i zed by r ot at i onal  vel oci t y f l uct uat i ons.  

Consequent l y t he pr esence of  t ur bul ence or  par t i cul ar  event s wi t hi n 

t he t ur bul ence may be det ect ed by appr opr i at e di scr i mi nat i on appl i ed 

t o one or  mor e f l uct uat i ng vel oci t y s i gnal s.  	 The vel oci t y f l uct uat i on 

t hat  i s  most  easi l y  measur ed i s t hat  obt ai ned f r om a s i ngl e st r ai ght  

hot  wi r e,  u.  	 However ,  t he der i vat i ve au/ at  or  a s i mpl e f unct i on of  

au/ at ,  f or  exampl e ( au/ at ) 2  or  ( au/ at ) ,  ar e mor e commonl y used because 

t hey emphasi se t he di f f er ence bet ween t he f r equency of  vel oci t y 

f l uct uat i on wi t hi n t he t ur bul ent  par t  of  t he f l ow and t he f r equency of  

vel oci t y f l uct uat i ons i n t he non- t ur bul ent  par t  of  t he f l ow.  	 Det ect i on 

of  t ur bul ence by usi ng t he st r eamwi se vel oci t y f l uct uat i on has been 

empl oyed by Br adbur y ( 1964) ,  Fi edl er  & Head ( 1966) ,  Kapl an & Lauf er  ( 1968) ,  

Wygnanski  & Fi edl er  ( 1970) ,  Ant oni a & Br adshaw ( 1970) ,  Sunyach ( 1971) ,  

Thomas ( 1973) .  	 Si nce a shear  l ayer  i s  gener al l y  char act er i zed by a 

l ar ge Reynol ds shear  st r ess,  say - uv,  a f unct i on of  t he i nst ant aneous 

vel oci t y pr oduct  uv may be f ai r l y  saf el y used,  as f or  exampl e by 

Ant oni a ( 1972) ,  Cast r o ( 1973) ,  Mur l i s  ( 1975) .  	 Hedl ey & Kef f er  ( 1974)  

f avour ed t he use of  t he f unct i ons ( au/ at ) 2  + ( av/ at ) 2  and 02u/ at 2) 2  + 

( a2v/ at 2) 2  i n pr ef er ence t o f unct i ons of  u al one or  f unct i ons of  t he 

i nst ant aneous pr oduct  uv.  	 The est eemed i nt er mi t t ency measur ement s of  

•  Cor r s i n & Ki st l er  ( 1955)  empl oyed a f our - wi r e pr obe sensi t i ve t o t he 
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st r eamwi se component  of  f l uct uat i ng vor t i c i t y .  	 Kovasznay et  al .  

( 1970)  have used a t wo- wi r e pr obe t o obt ai n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA92u/ 8y8t .  

When,  as i n t he pr esent  case,  t ur bul ent  f l ui d i s  pr esent  on 

bot h s i des of  t he i nt er f ace t he f l uct uat i ng vel oci t y cannot  be used 

as a di scr i mi nat or .  	 A neat  t echni que t hat  i s  i ncr easi ngl y bei ng 

used i n t he quant i t at i ve measur ement  of  adj acent  t ur bul ent  f l ows i s 

t hat  of  mar ki ng or  " t aggi ng"  one of  t he shear  l ayer s wi t h a passi ve 

cont ami nant  ( pr eci sel y as f or  f l ow vi sual i zat i on) .  	 I n t he pr esent  

case a smal l  amount  of  heat  i s  suppl i ed t o t he boundar y l ayer  f l ui d.  

The t emper at ur e di f f er ence ei t her  s i de of  t he i nt er f ace must  be l ar ge 

enough t o pr ovi de sat i sf act or y det ect i on of  t he t agged f l ui d but  smal l  

enough t o gi ve negl i gi bl e buoyancy ef f ect s.  	 I n i deal  condi t i ons t he 

det er mi nat i on of  t he i nt er mi t t ency f unct i on r equi r es onl y t he det ect i on 

of  t he i nst ant aneous t emper at ur e r i se above t he const ant  t emper at ur e 

of  t he unheat ed par t  of  t he f l ow.  	 El ect r oni c noi se and t he pr esence 

of  smal l  t emper at ur e f l uct uat i ons wi t hi n t he unheat ed f l ui d r equi r e 

t he use of  a t emper at ur e t hr eshol d;  onl y t emper at ur es gr eat er  t han t he 

t hr eshol d ar e cal l ed " hot " .  	 Sl ow,  unpr edi ct abl e t emper at ur e var i at i on 

of  t he unheat ed f l ui d ( due t o heat  di ssi pat i on i n t he t unnel )  pr esent s 

an addi t i onal  and not  i nsi gni f i cant  pr obl em whi ch i s commonl y over come. 

by usi ng a t i me- der i vat i ve or  s l ope cr i t er i on i n addi t i on t o,  or  

possi bl y i nst ead of ,  a l evel  cr i t er i on.  	 Obvi ousl y,  t he t emper at ur e 

der i vat i ve can of  cour se be zer o i n a f ul l y  t ur bul ent  t agged r egi on,  

so a ' s l ope- al one'  t est  can be danger ous.  	 Det ect i on of  t emper at ur e-  

t agged f l ui d by usi ng onl y a l evel  cr i t er i on has been used by 

Johnson ( 1959) ,  Ant oni a et  al .  ( 1975) ,  Ant oni a et  al .  ( 1977) ,  

Chen & Bl ackwel der  ( 1978) .  	 A l evel  cr i t er i on backed up by a secondar y 

s l ope cr i t er i on has been used by Wei r  & Br adshaw ( 1977)  and 

Andr eopoul os ( 1978) .  	 Char nay ( 1974)  has used a l evel  cr i t er i on and 

a s l ope cr i t er i on ei t her  of  whi ch,  when sat i sf i ed,  asser t ed t he 

pr esence of  t agged f l ui d.  	 Dean & Br adshaw ( 1976)  have used a s l ope 
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cr i t er i on backed up by a secondar y l evel  cr i t er i on;  t hi s or der  was 

used par t l y  because t hei r  s i gnal  t o noi se r at i o was not  l ar ge.  

Wei r  & Br adshaw and Andr eopoul os used an i nt er mi t t ency al gor i t hm 

devel oped by Wei r  ( 1976) .  	 A sl i ght l y  modi f i ed f or m of  Wei r ' s  

al gor i t hm i s used her e.  

I n t he pr esent  wor k t he condi t i onal l y- sampl ed t ur bul ence 

quant i t i es have been eval uat ed by measur i ng t he f l uct uat i ons wi t h 

r espect  t o convent i onal l y- aver aged mean vel oci t i es,  per mi t t i ng t he 

addi t i on l aw 

TOTAL ^  Y SHOT + ( 1 	 Y)   7COLD'  	 ( 4. 2. 1)  

wher e Q i s an ar bi t r ar y t ur bul ence quant i t y .  Y SHOT and ( 1 -  y) QCOLD 

ar e t he r espect i ve cont r i but i ons f r om t he " hot "  and " col d"  zones t o t he 

t ot al . VHOT and COLf l  ar e t he zone aver ages i n t he hot  and col d zones,  

r espect i vel y.  	 Ot her  wor ker s,  f or  exampl e,  Hedl ey & Kef f er  ( 1974) ,  

Kovasznay et  al .  ( 1970) ,  Char nay ( 1974)  have measur ed t he condi t i onal l y-

di scr i mi nat ed vel oci t y f l uct uat i ons wi t h r espect  t o t he condi t i onal l y-

aver aged mean vel oci t i es,  t hus i gnor i ng t he l ar ge- eddy cont r i but i on 

t o t he condi t i onal  aver ages.  I n t hei r  cases t he zone aver ages obey 

a mor e compl i cat ed f or m of  equat i on 4. 2. 1.  

4. 2. 1 	 An i nt er mi t t ency al gor i t hm  

For  t he pr esent  f l ow an i nt er mi t t ency al gor i t hm di scr i mi nat i ng 

pr i mar i l y  by t emper at ur e l evel  and secondar i l y  by ( bul k)  s l ope was 

f ound t o be adequat e.  	 Thi s assessment  i s  based upon t he i nspect i on 

of  a l ar ge number  of  Cal comp pl ot s showi ng bot h t he t emper at ur e s i gnal  

and t he i nt er mi t t ency f unct i on pr ovi ded by t he al gor i t hm.  	 Some 

exampl es ar e di scussed i n sect i on 4. 5.  	 Cl ear  di sagr eement  bet ween 

t he i nt er mi t t ency f unct i on so det er mi ned and a v i sual  i nt er pr et at i on 

of  t he t emper at ur e f l uct uat i ons was r ar e.  	 Al t hough t he human eye i s 

ver y good at  pat t er n r ecogni t i on i t  oper at es qual i t at i vel y.  	 Di gi t al  

anal ysi s on t he ot her  hand i s quant i t at i vel y consi st ent  and avoi ds 

-  207 -  



subj ect i ve i nt er pr et at i on of  t he s i gnal  f r om whi ch t he i nt er mi t t ency 

f unct i on i s  t o be det er mi ned -  except  i nsof ar  as t he t hr eshol ds ar e 

chosen by eye.  	 Di f f i cul t y of  ' cor r ect '  i nt er mi t t ency di scr i mi nat i on 

i ncr eased wi t h i ncr eased f r ee- st r eam i nt ensi t y because of  i ncr eased 

f r ee- st r eam t emper at ur e f l uct uat i ons.  

The i nt er mi t t ency al gor i t hm ' LAGTHR'  used i n t he pr esent  

wor k i s  essent i al l y  t hat  const r uct ed by Wei r  ( 1976)  but  wi t h some 

sl i ght  modi f i cat i ons consi der ed necessar y f or  i t s  pr esent  appl i cat i on.  

A l i s t i ng of  t he For t r an subr out i ne ' LAGTHR'  i s  pr ovi ded i n appendi x 6,  

and a f l ow di agr am and a t abl e descr i bi ng t he associ at ed var i abl es i s  

gi ven i n f i gur e 4. 2.  	 The di gi t al  anal ysi s was car r i ed out  i n r ecor ds 

each consi st i ng of  about  267 poi nt s or  sampl es of  dat a.  	 ( See chapt er  2 

f or  mor e det ai l s . )  	 Necessar y i ni t i al i sat i on of  some par amet er s i s  

excl uded f r om f i gur e 4. 2 f or  c l ar i t y .  	 Onl y t he f i r st  f ew r ecor ds or  

so of  t ypi cal l y  800 anal ysed f or  each pr obe posi t i on and each ar e 

af f ect ed by t he i ni t i al  val ues of  t he t hr eshol ds.  

Ref er r i ng t o f i gur es 4. 2 and 4. 3,  t he cur r ent  t emper at ur e 

sampl e T( J)  i s  f i r s t  compar ed wi t h t he l evel  t hr eshol d t emper at ur e 

8A  = 82  + TMI N2,  wher e 82  i s  t he l evel - above- col d t hr eshol d and 

TMI N2 i s t he mi ni mum t emper at ur e of  t he l ast - but - one col d bur st .  

Whenever  a hot  poi nt  i s  det ect ed t he ' bul k s l ope'  t est  i s  appl i ed i n 

whi ch T( J- NLAG)  -  T( J)  i s  compar ed wi t h 03D  pr ovi ded t hat  NLAG i s 

gr eat er  t han or  equal  t o t he number  of  poi nt s i n t he cur r ent  hot  bur st .  

Thi s pr ovi so i s  i ncl uded because t he s l ope t est  can gi ve er r or s i f  

t her e exi st s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa shor t  col d bur st  bet ween t he di gi t i zed poi nt s ( J- NLAG)  

and J.  	 I f  T( J- NLAG)  -  T( J)  > 83D  t he t emper at ur e l evel  is compar ed 

wi t h a second t hr eshol d 86  = 84  + TBOT5,  wher e 84  i s  anot her  l evel -

above- col d t hr eshol d par amet er  and TBOT5 i s t he mi ni mum t emper at ur e 

encount er ed i n t he pr evi ous NB5 r ecor ds ( not  necessar i l y  t he cur r ent  

r ecor d unl ess NB5 set  t o zer o) .  	 When T( J- NLAG)  -  T( J)  > 83D and 

T( J)  < 86  t he poi nt  i s  cal l ed col d and t he t hr eshol ds TMI NO,  TMI N2 and 
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0 

a 

0A  r eset .  	 A poi nt  cal l ed col d by t he s l ope and second l evel  t est s 

i s  i ndi cat ed by set t i ng I D( J)  = - 2 f or  t hat  poi nt .  	 I f ,  t hough,  

T( J- NLAG)  -  T( J)  < 63D t he poi nt  i s  st i l l  decl ar ed hot .  	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA82, 8 4 , 0 3D'  

NLAG and NB5 ar e i nput  par amet er s.  	 04  > 82.  	 At  t he f i r st  poi nt  of  

a hot  bur st  t he var i abl es TMI N1 and TMI N2 ar e moved- up one col d bur st  

and t he t hr eshol d 0A  ( = 82  + TMI N2)  r e- eval uat ed.  	 However ,  i f  t he 

val ue t o be ascr i bed t o TMI N2 i s gr eat er  t han t he mi ni mum t emper at ur e 

TMI NO of  t he col d bur st  j ust  ended t hen t he t hr eshol d OA  i s  eval uat ed 

as 82  + TMI NO.  	 Thi s l at t er  f aci l i t y  speeds up t he abi l i t y  of  t he 

al gor i t hm l evel  t hr eshol ds t o f ol l ow f al l s  i n t he ambi ent  col d 

t emper at ur e,  al t hough i t  t akes no account  of  a possi bl e f al l  i n t he 

t emper at ur e of  t he subsequent  col d bur st  bel ow t he cur r ent  r ef er ence 

l evel  8A  -  82.  	 Al l ownace i s made f or  t hi s by r eset t i ng 8A  t o 

8A  = T + 82  whenever  T( J)  f al l s  bel ow 8A  -  82.  	 A f al l  i n t he col d 

t emper at ur e l evel  i s  shown exagger at ed i n t he sket ch i n f i gur e 4. 3.  

I n t he event  t hat  t he det ect i on of  a col d bur st  r esul t s i n t he hot  

bur st  j ust  ended cont ai ni ng onl y one poi nt ,  t he s i ngl e hot  poi nt  i s  

r ej ect ed and cal l ed col d.  	 A r ej ect ed s i ngl epoi nt  hot  bur st  i s  

i ndi cat ed by set t i ng I D( J)  = - 1 f or  t hat  poi nt .  	 Cal comp pl ot s 

conf i r med t hat  s i ngl e- poi nt  hot  bur st s wer e gener al l y  not  due t o 

unambi guous hot  bur st  of  one poi nt  i n l engt h but  most l y t he r esul t  of  

t he updat i ng of  t he t hr eshol d 8A  on det ect i on of  t he f i r st  poi nt  of  a 

( possi bl e)  hot  bur st .  	 Changi ng t he event  t hat  t r i gger ed t he updat i ng 

of  t he t hr eshol d 8A  woul d have mer el y changed t he t i me at  whi ch s i ngl e-  

poi nt  bur st  woul d have appear ed.  	 Thus,  assumi ng t hat  t he new and 

ol d val ues of  0A  ar e equal l y  val i d,  s i ngl e- poi nt  hot  bur st s ar e 

j ust i f i abl y i gnor ed i n t he cont ext  of  t he pr esent  al gor i t hm.  	 Not e 

t hough,  t hat  r ej ect i ng a s i ngl e poi nt  f or  a s i gnal  di gi t i zed at  a 

l ow sampl i ng r at e ( wi t h r espect  t o t he t i me scal es of  t he smal l er  

scal es of  t he t emper at ur e s i gnal )  woul d r esul t  i n genui ne shor t  hot  
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bur st s bei ng i ncor r ect l y  i dent i f i ed.  	 St r i ct l y ,  on r ej ect i ng a 

s i ngl e- poi nt  hot  bur st  t he newl y r eset  t hr eshol d 8A  shoul d have been 

r eset  t o i t s  ol d val ue.  Omi t t i ng back- set t i ng of  t he t hr eshol d was 

not  f ound t o be par t i cul ar l y del et er i ous and on occasi ons was f ound 

t o be an advant age i n r egi ons of  l ow i nt er mi t t ency i n t he event  of  a 

s l ow r i se i n t he l evel  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a l ong col d bur st  whi ch occur r ed bef or e NL 

was exceeded.  	 I n t he event  of  t he l engt h of  a hot  or  col d bur st  

exceedi ng r espect i ve maxi ma,  NU and NL,  t he hot  or  col d i s  t er mi nat ed 

and t he t emper at ur es TMI N2,  TMI N1,  TMI NO,  8A  r eset .  	 NU and NL ar e 

i nput  par amet er s.  	 Apar t  f r om t he i nt er mi t t ency f unct i on I D( J)  t he 

r emai nder  of  t he al gor i t hm gi ven i n f i gur e 4. 2 consi st s of  count er s.  

4. 2. 2 	 I nt er mi t t ency al gor i t hm t hr eshol ds  

I t  i s  l i kel y t hat  i nt er mi t t ency measur ement s wi l l  be most  

cr edi bl e i f  t he al gor i t hm par amet er s,  wher e possi bl e,  ar e i ndependent  

of  y/ 6 and change consi st ent l y wi t h t he l engt h,  vel oci t y and 

t emper at ur e scal es of  each pr of i l e.  	 For  each pr of i l e t he t hr eshol d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

value 02 was sel ect ed by r epeat ed anal ysi s of  a sampl e of  dat a at  

a posi t i on f or  whi ch i t  was expect ed t hat  y :  0. 5,  t he ot her  par amet er s 

84,  83D,  NLAG,  NB5,  NU and NL bei ng kept  const ant .  	 Typi cal l y ,  s i x 

val ues of  82 i n t he r ange 0 < 82  < 2x " expect ed e2"  wer e t r i ed.  	 The 

sel ect ed val ue was t hen checked f or  pr obe posi t i ons ei t her  s i de of 

Y 0. 5.  	 82  was t hen kept  const ant  f or  t he whol e pr of i l e.  	 The 

sl ope par amet er s 84,   03D,   NLAG and NB5,  wer e set  t o be sensi t i ve t o 

t he shor t  col d bur st s t hat  exi st  i n r egi ons of  hi gh i nt er mi t t ency 

f act or ,  some of  whi ch woul d not  have been det ect ed by t he l evel  

t hr eshol d al one wi t hout  i ncr easi ng 82.  	 The sl ope par amet er s 

sel ect ed wer e al so r equi r ed t o ensur e t hat  t he s l ope t est  was wel l  

behaved at  l ower  val ues of  t he i nt er mi t t ency f act or .  	 82,  84  and 

NLAG wer e al so kept  const ant  f or  t he whol e pr of i l e and sat i sf act or y 

i nt er mi t t ency di scr i mi nat i on was obt ai ned wi t h 
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e2/ e4  = 0. 5,  

3D/ ( Tw  -  Te)  = 0. 5,  

and 	 NLAGxS/ ( sxUe)  z 0. 15,  

wher e s i s  t he sampl i ng r at e.  	 NB5 was kept  const ant  at  5 except  

c l ose t o t he wal l  wher e i t  was i ncr eased t o 10;  e4  was not  adj ust ed.  

Fi gur e 4. 4 shows t he l evel  t hr eshol d e2  pl ot t ed wi t h r espect  t o t he 

t emper at ur e scal e of  t he boundar y l ayer  f l ui d,  Tw  -  Te.  The i ncr ease 

i n 82  at  const ant  ( Tw  -  Te)  wi t h gr i d s i ze i s  consi st ent  wi t h an 

obser ved i ncr ease i n t he f r ee- st r eam t emper at ur e f l uct uat i ons.  	 I n 

al l ,  about  % of  t he dat a used t o eval uat e t he convent i onal  and 

condi t i onal  aver ages was used t o est abl i sh t he i nt er mi t t ency t hr eshol ds.  

At  y 0. 5 a r educt i on of  NLAG by hal f  changed bot h t he 

i nt er mi t t ency f act or  and t he i nt er f ace cr ossi ng f r equency by l ess 

t han 1%.  	 Hal vi ng t he ef f ect i ve di gi t i z i ng r at e by anal ysi ng onl y 

ever y ot her  di gi t i zed poi nt  showed about  a 1% change i n t he i nt er -

mi t t ency f act or  and about  a 10% r educt i on i n t he i nt er f ace aver age 

cr ossi ng f r equency,  wher e t he ef f ect  of  r ej ect i ng s i ngl e- poi nt  hot  

bur st s has been negl ect ed i n t hi s compar i son.  

4. 3 	 BUOYANCY EFFECTS  

The boundar y l ayer  mean t emper at ur e pr of i l es ar e shown i n 

f i gur e 4. 5.  	 For  each combi nat i on of  gr i d s i ze and pl at e posi t i on 

t he power  suppl i ed t o t he heat i ng wi r es was kept  const ant  at  a val ue 

l ar ge enough t o gi ve sat i sf act or y t emper at ur e i nt er mi t t ency 

di scr i mi nat i on at  t he downst r eam most  st at i on at  whi ch measur ement s 

wer e obt ai ned.  	 The convect ed heat  f l ux i mpl i ed by t hese t emper at ur e'  

pr of i l es pCpf o U( T -  Te) dy i s r oughl y 15% l ess t han t he heat  suppl i ed 

( per  uni t  wi dt h)  by t he heat i ng wi r es,  showi ng no consi st ent  t r end 

wi t h di st ance al ong t he ( heat  r esi st ant )  pl at e.  Pr esumabl y,  t he heat  

l oss was due t o r adi at i on f r om t he heat i ng wires and from conduction 

near  t he l eadi ng edge.  The pl at e was al ways al l owed t o 
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111 war m up bef or e measur ement s wer e t aken.  

For  a buoyant  l ayer  of  hei ght  h,  vel oci t y U per pendi cul ar  

t o t he gr avi t at i onal  vect or ,  and densi t y di f f er ence 4p t he r at i o 

of  t he buoyancy t o i ner t i a f or ces i s of  t he or der  of  

Ap h 

P 

For  t he pr esent  s l i ght l y  heat ed boundar y l ayer  t hi s may be r e- wr i t t en 

- AT hg  

TU2  

whi ch i s of  t he or der  of  t he gr adi ent  Ri char dson number  

R.  = 9 DT/ ay  

f i( aU/ 9y) 2  

Negl i gi bl e buoyancy ef f ect s r equi r e I QThg/ ( TU2) I  « 1.  	 Taki ng as 

t he t emper at ur e scal e,  ©T,  t he aver age excess t emper at ur e acr oss t he 

boundar y l ayer  

CO 

of i  = 	 ( T( y)  -  Te)  d ( y/ ( 5995) ,  	 ( 4. 3. 2)  

0 

and as t he l engt h scal e,  h,  t he boundar y l ayer  t hi ckness 5995,  t hen 

AT 
 ( 5

9959  < 1. 3 x 10- 5  .  

Ri c  

Ther ef or e,  buoyancy ef f ect s shoul d have been qui t e negl i gi bl e,  except  

per haps ver y c l ose t o t he heat i ng wi r es.  

4. 4 	 CONVENTI ONALLY- AVERAGED MEASUREMENTS  

4. 4. 1 	 Reynol ds st r esses  

Di r ect - st r ess pr of i l es measur ed i n t he absence of  ( gr i d-  

gener at ed)  f r ee- st r eam t ur bul ence ar e shown i n f i gur es 4. 6a and 4. 6b.  

Kl ebanof f ' s  ( 1955)  measur ement s,  whi ch have been scal ed f or  t he 

pr esent  val ues of  uT/ Ue  and cor r ect ed f or  t he di f f er ent  def i ni t i ons 

of  boundar y l ayer  t hi ckness,  ar e al so shown.  	 The pr esent  measur ement s 

of  
u 

 obt ai ned wi t h t he x- wi r e pr obe sensi t i ve t o t he u and w 

( 4. 3. 1)  
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f l uct uat i ons ( 4)  = Tr / 2)  ar e seen t o be consi st ent l y hi gher  t han t hose 

obt ai ned wi t h t he x- wi r e pr obe sensi t i ve t o t he u and v f l uct uat i ons 

( 4)  = 0) .  	 Ther e i s onl y one ot her  pr of i l e ( f i gur e 4. 6j )  whi ch shows 

a s i mi l ar l y  l ar ge and consi st ent  di scr epancy.  	 I t  i s  di f f i cul t  t o 

r econci l e t he magni t ude of  t hese di scr epanci es wi t h t he er r or s t o be 

expect ed as a r esul t  of  t he f i ni t e pr obe r esol ut i on vol ume.  	 One 

x- wi r e pr obe was used f or  bot h of  t he no,. gr i d cases f or  whi ch t he 

cal i br at i ons wer e consi st ent  t hr oughout ,  	 The consi st ent  di scr epancy 

at  t hese t wo st at i ons t ends t o di scount  equi pment  er r or s ot her  t han 

pr obe- r el at ed er r or s,  or  unnot i ced exper i ment al  pr ocedur e er r or s.  

Unf or t unat el y no U- pr obe measur ement s of -u7.  wer e obt ai ned f or  t he 

no- gr i d cases.  	 Kl ebanof f ' s  measur ement s show cl oser  agr eement  

wi t h t he measur ement s at  st at i on 14.  	 I t  was poi nt ed out  i n chapt er  

3 t hat  at  st at i on 6 t her e i s  a smal l  r esi dual  ef f ect  of  t he heat i ng 

wi r es at  t he l eadi ng edge.  

Di r ect - st r ess pr of i l es f or  t he cases when ( gr i d- gener at ed)  

f r ee- st r eam t ur bul ence i s pr esent  ar e shown i n f i gur es 4. 6c t o 4. 6m.  

Unf or t unat el y,  w was not  measur ed f or  t he case gi ven i n f i gur e 4. 6d.  

Compar i son of  f i gur es 4. 6c and 4. , 6d r eveal s a sur pr i s i ng l engt h- scal e 

ef f ect .  At  t he l ower  l engt h scal e r at i o,  uzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv~ ar e l ar ger  t han 

t he r espect i ve f r ee- st r eam val ues over  a consi der abl y smal l er  por t i on 

of  t he boundar y l ayer  t han f or  t he l ar ger  l engt h scal e r at i o.  	 I ndeed,  

f or  t he most  par t ,  u7 and v i n f i gur e 4. 6d f al l  wel l  bel ow t he 

no- gr i d measur ement s of  u7 and v7 ( f i gur es 4. 6a and 4. 66) .  A 

s i mi l ar  ef f ect  can al so be seen i n f i gur es 4. 6g and 4. 6k at  

( u' / U) e z 0. 040 and i n f i gur es 4. 69.  and 4. 6m at  Lu' / U) e N 0. 058.  

Thi s i s  consi st ent  wi t h t he mean f l ow measur ement s i f  t he decr ease 

i n 3U/ 3( y/ 5995)  wi t h decr easi ng Le/ 69g5 ( chapt er  3,  sect i on 3. 3)  

i s  accompani ed by a not - so-  . r ge i ncr ease i n t he shear  st r ess - uv,  

r esul t i ng i n a r educed pr oduct i on of  t ur bul ent  k i net i c ener gy.  
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The ef f ect  of  t he pr esence of  t he wal l  on t he nor mal  

vel oci t y component ,  as obser ved by Thomas & Hancock ( 1977,  appendi x 1) ,  

i s  evi dent  i n al l  of  t he f i gur es except  f i gur e 4. 6d.  	 For  

( u' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/U) e  0. 040;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe i s  mor e not i ceabl e at  t he hi gher  l engt h 

scal e r at i os.  At  ( u' / U) e  = 0. 058 v  
 i s ever ywher e l ess t han ē.  

Fi gur es 4. 7a t o 4. 7n show t he shear  st r ess - uv f or  al l  

t hi r t een cases,  and t he shear  st r ess - uw,  whi ch by symmet r y shoul d 

be zer o,  f or  t wel ve cases.  	 Ext r apol at i on of  t he - uv pr of i l es t o 

y = 0 gi ves,  wi t hout  except i on,  wal l  shear  st r ess val ues wel l  bel ow 

t hose det er mi ned f r om t he mean- f l ow measur ement s.  The magni t Udes 

of  t he di scr epanci es l i e i n t he r ange 10% t o 25% and on aver age t he 

er r or  i s  16%.  	 No consi st ent  t r end wi t h Reynol ds number  i s  evi dent .  

A consi der abl e amount  of  t i me was expended exami ni ng t he exper i ment al  

and di gi t al  anal ysi s t echni ques wi t h t he except i on of  a det ai l ed 

st udy of  t he pr obe i t sel f ,  but  no sour ce of  er r or  was r eveal ed.  

I n al l ,  f i ve x- wi r e pr obes wer e used f or  t he measur ement s pr esent ed 

i n t hi s chapt er ,  as shown i n t abl e 4. 1.  	 The ef f ect  of  t he s l i ght l y  

heat ed boundar y l ayer  on t he hot - wi r e pr obe cal i br at i on can be 

di scount ed as t he cor r ect i on t o t he vel oci t y i s  onl y about  1%/°C.  

Hot - wi r e t emper at ur e cor r ect i on er r or s and t he ef f ect s of  t emper at ur e 

on t he t ur bul ence,  t he l at t er  al r eady di scount ed i n sect i on 4. 3,  ar e 

f ur t her  di scount ed by a s i ngl e x- wi r e measur ement  c l ose t o t he wal l  

but  wi t hout  any heat i ng t o t he boundar y l ayer  ( pr i mar i l y  i nt ended 

as a r ecor d of  t he vel oci t y sensi t i v i t y  of  t he t emper at ur e wi r e) .  

Repeat ed anal ysi s of  t he same di gi t al  r ecor ds of  some of  t he x- wi r e 

pr obe s i gnal s but  wi t h each wi r e ( of  t he x- wi r e pr obe)  t r eat ed as an 

i ndependent  s l ant  wi r e gave t he same val ues of  ū ,  v2  and - ūv as 

pr evi ousl y.  	 Unl i ke u2,  v2  and w2,  - uv i s  t he mean of  posi t i ve and 

negat i ve cont r i but i ons.  	 The exi st ence of  a posi t i ve cor r el at i on 

bet ween t he sum and di f f er ence s i gnal s of  t he x- wi r e pr obe t hus 

r educi ng posi t i ve val ues of  - uv i s  di scount ed by t he measur ement s of  ūw.  
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I t  was consi der ed t hat  eval uat i on of  t he shear  st r ess pr of i l es by 

i nt egr at i on of  t he moment um equat i ons woul d have demanded t oo much 

of  t he mean vel oci t y pr of i l e measur ement s.  	 Low val ues of  - uv  have 

al so been measur ed by ot her  wor ker s,  al t hough ot her  wor ker s i n t he 

Aer onaut i cs.  Depar t ment  usi ng v i r t ual l y  i dent i cal  t echni ques have not  

f ound such l ar ge er r or s.  The measur ement s of  Char nay ( 1974)  show a 

shor t - f al l  of  about  10%,  and t he smoot h wal l  x- wi r e pr obe measur ement s 

of  Ant oni a & Luxt on ( 1971)  show a shor t - f al l  of  about  20%.  	 Ant oni a & 

Luxt on' s measur ement s of  - uv usi ng a s i ngl e s l ant  wi r e ar e st at ed t o 

gi ve much bet t er  agr eement .  They al so f ound t hat  t he magni t ude of  

t he measur ed shear  st r ess depended upon t he t ype of  x- wi r e pr obe,  

t hat  t he er r or  was pr opor t i onal  t o t he shear  st r ess and t hat  t he er r or  

decr eased wi t h i ncr eased Reynol ds number .  Some pr el i mi nar y measur e-

ment s not  pr esent ed her e,  usi ng a st andar d Di sa gol d pl at ed p55 

x- wi r e pr obe showed about  a 7% under est i mat e of  t he wal l  val ue.  

I ni t i al l y ,  no di scr epancy was obser ved f or  t hese measur ement s owi ng 

t o a yaw- saddl e cal i br at i on er r or  t hat  had passed unnot i ced by 

sever al  user s.  	 The er r or  amount ed t o a 7% er r or  i n v.  Al t hough 

t he pr esent  Reynol ds shear  st r ess measur ement s ar e not  ver y sat i sf act or y,  

r at her  t han make any assumpt i on about  t he nat ur e of  t he er r or  t hey 

ar e pr esent ed as measur ed.  	 Never t hel ess,  i t  wi l l  be seen t hat  i n 

t he absence of  f r ee- st r eam t ur bul ence,  t he cor r el at i on coef f i c i ent  

uv/ ❑( u2zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'. v2)  and t he st r uct ur al  par amet er  -ūv/ q ar e mor e easi l y  

compar abl e wi t h t hose measur ed by ot her  wor ker s.  

I n al l  cases t he shear  st r ess measur ed i n t he f r ee- st r eam 

i s negl i gi bl e by compar i son wi t h t he wal l  shear  st r ess.  	 As t he ef f ect  

of  t he f r ee- st r eam t ur bul ence i ncr eases,  t he shear  st r ess pr of i l e 

edge,  605  say,  ext ends f ur t her  beyond t he mean vel oci t y pr of i l e edge 

def i ned by 6995.  	 Fi gur e 4. 7n shows a l ar ge over l ap but  t hi s i s  most  

l i kel y due t o t he r at her  poor  accur acy of  6995  ar i s i ng f r om t he ver y 
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smal l  8U/ 3y at  y = &g95 f or  t hi s case.  	 I n cont r ast ,  Huf f man et  al .  

( 1972) ,  f or  a f r ee- st r eam i nt ensi t y and l engt h scal e r at i o compar abl e 

wi t h t hose f or  f i gur e 4. 7n,  measur ed a shear  st r ess of  about  60% of  

t he wal l  val ue of  y = S.  	 However ,  t hey di d not  check t hat  t he 

measur ed shear  st r ess was i n f act  zer o wel l  away f r om t he pl at e.  The 

pr esent  r esul t s ar e t her ef or e bel i eved t o be quant i t at i vel y mor e 

cr edi bl e.  	 The shear  st r ess pr of i l es at  s i x consecut i ve st at i ons 

ar e shown i n f i gur e 4. 7k and ar e seen t o f ol l ow a c l osel y sel f -

pr eser vi ng behavi our  as al so obser ved f or  t he cor r espondi ng mean 

vel oci t y pr of i l es but  not  f or  t he di r ect  st r ess pr of i l es.  	 Not e 

t he suf f i c i ent  condi t i ons f or  sel f - pr eser vi ng f l ow,  uē/ uT  = const ant  

and Le/ 6 = const ant ,  ar e not  sat i s f i ed.  	 For  a sel f - pr eser vi ng 

const ant - pr essur e f l ow t he shear  st r ess near  t he mean vel oci t y edge i s 

gi ven by 

- uv = VE  ( Ue  -  U) ,  

wher e VF  i s  t he ent r ai nment  vel oci t y def i ned by 

VE = āx  (U e( 6  -  6* ))•  

The shear  st r ess at  t he boundar y l ayer  edge i nf er r ed f r om equat i on 

4. 4. 1 i s  shown i n f i gur es 4. 7a,  4. 7b and 4. 7e t o 4. 7j  i nc l usi ve and 

adds suppor t  t o t he sel f - consi st ency of  t he pr esent  measur ement s.  

Fi gur e 4. 8 di spl ays t abul at ed val ues of  605/ 5995 as a f unct i on of  

( u' / U) e  and Le/ 5995,  wher e 605  i s  based upon t he wal l  shear  st r ess 

i nf er r ed f r om t he x- wi r e measur ement s.  The uncer t ai nt y i n - uv ar i s i ng 

f r om t he di scr epancy wi t h t he mean f l ow measur ement s of  wal l  shear  st r ess 

l eads t o a l i kel y er r or  i n 605  of  l ess t han 5%.  

Fi gur es 4. 9a t o 4. 9d show mor e succi nct l y  t he separ at e 

ef f ect s of  f r ee- st r eam i nt ensi t y and l engt h scal e r at i o on u
7,  vom,  and 

w ,  each nor mal i sed by uT  obt ai ned f r om t he l ogar i t hmi c l aw,  

Cor r espondi ng t o t hese pr of i l es,  f i gur es 4. 10a t o 4. 10d show t he shear -

st r ess cor r el at i on coef f i c i ent  - 177/ Au-7  . vZ)  and t he st r uct ur al  par amet er  
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uvq / 2.  I n t he out er  l ayer  - uv/ AuzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. v2)  and - uv/q bot h decr ease 

as t he f r ee- st r eam i nt ensi t y i ncr eases and t he l engt h scal e r at i o 

decr eases.  However ,  i n t he i nner  l ayer  - uv/ J( u
2.
. v
7

)  and - UV/ q7 

( and u2,  w and w i n f i gur e 4. 9)  appear  t o be most l y af f ect ed by 

f r ee- st r eam i nt ensi t y and onl y weakl y af f ect ed by t he l engt h scal e 

r at i o.  Thi s appar ent l y weak dependence on l engt h scal e r at i o i s  

most  pr obabl y due t o " i nact i ve"  mot i on( Townsend,  1961;  Br adshaw,  1967)  

dr i ven by t he f r ee- st r eam t ur bul ence t endi ng t o cancel  t he l engt h-

scal e ef f ect  seen i n t he out er  l ayer .  

Fi gur e 4. 10e shows pr of i l es of  - ub/ i u~. v
7

)  and - uv/ q at  

t he s i x consecut i ve st at i ons ( 15. 2 cm gr i d,  XLE = 2. 06 m) .  	 I n t he 

out er  l ayer  t hey di spl ay a l ar ger  amount  of  scat t er  t han t he shear  

st r ess pr of i l es t hemsel ves ( f i gur e 4. 7k) .  

4. 4. 2 	 Thi r d- or der  pr oduct s  

The t r i pl e pr oduct s of  f l uct uat i ng vel oci t y r epr esent i ng 

t he t ur bul ent  t r anspor t  of  Reynol ds st r esses f or  t he t hi r t een cases 

ar e shown i n f i gur es 4. 11 and 4. 12;  f i gur es 4. 11a t o 4. 11m show t he 

measur ement s of  w ,  u w and w and.  f i gur es 4. 12a t o 4. 12m show t he 

measur ement s of  u2 
v,  v ,  uv2 and uw2".  	 Si nce t he f l ow i s c l osel y 

t wo- di mensi onal  and symmet r i c about  t he measur ement  pl ane w and u w 

shoul d be zer o f or  al l  y / 5995 .  I n t he f r ee- st r eam w and uuvv shoul d 

al so be zer o.  	 Depar t ur e f r om homogenei t y i n t he st r eamwi se di r ect i on 

due t o t he decay of  t he t ur bul ence pr event s t he same ar gument  bei ng 

appl i ed t o t he f r ee- st r eam val ues of  w ,  uv ~ and uw ;  i t  i s  not  obvi ous 

t hat  ( i nst ant aneous)  v2,  f or  i nst ance,  shoul d,  on aver age,  be t he same 

f or  u<0as f or  u>0.  

_ 7 3/ 2 
The pr esent  measur ement s of  t he skewness Su -  u / ( u )  

( f i gur e 4. 33)  i n t he f r ee- st r eam show a r oughl y l i near  decr ease wi t h 

x/ m f r om +0. 1 t o +0. 01 f or  15 < x/ m < 40.  	 ( uv2) e and (  	 ) e ar e l ess 

t han ( w ) e and mor e scat t er ed.  	 For  a f r ee- st r eam subj ect  t o negl i gi bl e 
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mean st r ai n t he pr esent  val ues of  Su  ar e consi der abl y l ar ger  t han 

t he const ant - pr essur e measur ement s of  Comt e- Bel l ot  & Cor r s i n ( 1966)  

who obt ai ned ( S,  < 0. 002 i n t he r ange 20 < X/ M < 400.  However ,  t hey 

not e Ki ebanof f  & Fr enkel ' s  unpubl i shed val ue of  appr oxi mat el y 0. 03.  

Ther e i s no f i r m r eason f or  bel i evi ng t he pr esent  measur ement s of  Su  

t o be ser i ousl y i n er r or .  Fur t her  di scussi on of  skewness i s def er r ed 

unt i l  subsect i on 4. 6. 4.  

Sur pr i s i ngl y,  i n v i ew of  t he cor r espondi ng measur ement s of  

u2,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w 

( f or  t he same dat a sampl es)  shows no consi st ent  sensi t i v i t y  t o 

pr obe r ot at i on f or  t he no- gr i d cases.  w i s  appr oxi mat el y zer o f or  

y/ d995  > 0. 5 but  i ncr eases dr amat i cal l y  ( and i ndeed embar r assi ngl y 

so)  near  t he wal l .  	 I n f act  t he ext ent  over  whi ch w i s  l ar ge depends 

al most  ent i r el y upon t he di st ance of  t he pr obe f r om t he wal l  and not  

upon t he boundar y l ayer  t hi ckness,  whi ch suggest s ei t her  a wal l  ef f ect  

or  an absol ut e mean shear  ef f ect ,  or  bot h.  The ef f ect  of  t he vel oci t y 

gr adi ent  9U/ 3y on an x- wi r e pr obe sensi t i ve t o u and w f l uct uat i ons 

gi ves r i se t o an er r oneous non- zer o mean vel oci t y,  W,  because t he t wo 

wi r es ar e at  di f f er ent  di st ances f r om t he wal l .  I n t he pr esent  

case W3  « w . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	( Consequences of  pr obe asymmet r y caused,  f or  i nst ance,  

by t he t emper at ur e pr obe bei ng mount ed on one s i de of  t he x- wi r e 

pr obe body wer e not  i nvest i gat ed) .  The negat i ve val ues of  v ar e 

possi bl y i ncor r ect  s i nce i n sever al  cases v3  i s  not  zer o wel l  i nt o t he 

f r ee st r eam,  al t hough,  i n as much as av/ey>o,  t he i mpl i ed i nwar d 

t r anspor t  of  v i s  consi st ent  wi t h t he f r equent  obser vat i on t hat  vq 

has t he opposi t e s i gn t o aq /ay. Unf or t unat el y,  Thomas & Hancock 

( 1977,  appendi x 1)  di d not  measur e any of  t he t r i pl e pr oduct s.  The 

measur ement s of  w3  i n t he same r egi on ar e much c l oser  t o zer o and so 

t end t o di scount  measur ement  er r or s;  i ncor r ect  x- wi r e ef f ect i ve- angl es 

shoul d not  have caused non- zer o val ues of  v or  w -  se' e appendi x 3.  
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Possi bl y,  t he ef f ect  of  v = 0 at  y = 0 ext ends f ur t her  f r om t he wal l  f or  

v t han f or  v.  Al t er nat i vel y,  t he f r ee st r eam t ur bul ence may not  have 

been per f ect l y  homogeneous i n t he y- di r ect i on.  A r i se i n v3 near  t he 

wal l  occur s at  most  st at i ons i mpl y i ng,  i f  i t  i s  t o be bel i eved,  an 

i ncr ease i n t he r at e of  out war d t r anspor t  of  v.  	 I n some cases uv2 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAū v al so exhi bi t  r i ses near  t he wal l .  Si mi l ar  r esul t s have been 

not ed by,  among ot her s,  Br adshaw ( 1967)  and Andr eopoul os ( 1978)  who 

have al so consi der ed t hem t o be physi cal l y  unr easonabl e.  Never t hel ess,  

t he measur ement s of  u ,  u v,  uv~ and v not  t oo c l ose t o t he wal l  and 

i n t he absence of  f r ee- st r eam t ur bul ence ar e i n good agr eement  wi t h 

ot her  r ecent  measur ement s,  f or  exampl e,  Andr eopoul os and Smi t s et  al .  

( 1979 a, b) .  

When u i s  negat i ve u2 i s l ar ger  on aver age f or  u < 0 t han 

f or  u > 0 and v i ce ver sa when u3 i s posi t i ve.  For  most  of  t he 

boundar y l ayer  u i s  negat i ve i mpl y i ng a net  t r anspor t  of  u i n t he 

x di r ect i on by negat i ve f l uct uat i ons.  Negat i ve u i s  t o be expect ed 

i f  t he f l ui d cont ai ni ng most  of  t he t ur bul ent  k i net i c ener gy moves at  

a vel oci t y l ess t han t he mean vel oci t y.  Near  t he wal l  u i s  posi t i ve 

i mpl y i ng a net  t r anspor t  of  u by posi t i ve f l uct uat i ons.  Despi t e 

t he r api d changes i n u3 near  t he wal l ,  t he skewness Su i s smal l ,  as 

can be seen i n f i gur e 4. 33 ( t o be di scussed i n subsect i on 4. 6. 4) .  

At  smal l  val ues of  t he f r ee- st r eam i nt ensi t y t he magni t ude 

of  t he negat i ve peak i n u i s  i ncr eased.  At  hi gher  val ues t he 

subsequent  decr ease i n t he s i ze of  t he peak i s accompani ed by an 

i ncr ease of  s i mi l ar  magni t ude i n t he f r ee- st r eam val ue of  u ( > 0) .  

The ef f ect  of  decr easi ng l engt h scal e r at i o i s  t o push t he negat i ve 

peak of  u3 t o smal l er  y/ 5995.  Wi t hi n t he boundar y l ayer  t he over al l  

l evel  of  v3 i s not  so st r ongl y af f ect ed by f r ee- st r eam i nt ensi t y but  

t he peak of  v ,  l i ke t hat  of  u ,  moves t o smal l er  y/ 6995 wi t h 

decr easi ng l engt h scal e r at i o.  Al t hough t he peak of  I  
appear s t o 

i ncr ease s i gni f i cant l y t he i ncr ease i s i n f act  l ess mar ked i f  u 
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V  _ v( u2  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv2)  and  ■  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+v UV 

V =  
UV 

T 
( 4. 4. 3,  4. 4. 4)  

S i s scal ed on uT  i nst ead of  U.  	 I t  i s  not i ceabl e t hat  f or  each case 

t he peaks of  u ,  v  ,  u v,  uv and uw'  occur  at  c l osel y equal  val ues of  

y/ 6995.  	 Si nce u and w ar e f l uct uat i ons t angent i al  t o t he wal l  u_w 

and u3  may be expect ed t o behave i n t he same way.  Al so,  i n t he out er  

par t  of  t he boundar y l ayer ,  wher e w :  w ,  uv z uw woul d be 

expect ed.  	 Bot h of  t hese asser t i ons ar e suppor t ed by t he measur ement s 

pr esent ed i n f i gur es 4. 11 and 4. 12.  

Tr anspor t  vel oci t i es def i ned by 

ar e pr esent ed i n f i gur es 4. 13a t o 4. 13e.  	 ( No cor r ect i on has been 

made t o Vq  and V f or  t he pr obabl y er r oneous measur ement s of  some 

t r i pl e pr oduct s obt ai ned near  t he wal l . )  	 Vq  i s  expect ed t o be c l ose 

t o vq / q ;  vw was not  measur ed.  Si nce t he shear  st r ess and t he 

t ur bul ent  k i net i c ener gy ar e mai nl y cont ai ned by t he l ar ge- scal e 

mot i on VT  and Vq  per t ai n t o t he l ar ge scal es of  t he mot i on.  

The t wo set s of  t r anspor t - vel oci t y measur ement s obt ai ned 

i n t he absence of  f r ee- st r eam t ur bul ence agr ee wel l ,  as shown i n 

f i gur e 4. 13a.  	 For  a non- t ur bul ent  f r ee- st r eam,  t he bal ance of  

t he t ur bul ent  k i net i c t r anspor t  ener gy equat i on,  di scussed f or mal l y 

i n sect i on 4. 7,  r educes t o " advect i on = di f f usi on"  near  t he boundar y 

l ayer  edge.  	 That  i s ,  at  y :  S, 

( āx + VazyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy )   2-  q āy ( + vzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq  ) 	 V 

Now,  f or  a sel f - pr eser vi ng f l ow a/ax = - d6/ dx. a/ ay,  so t hat  at  y z 6,  

(- ums + v)  a q 	 Vy 	 ā ( Zq q). 	 ( 4. 4. 6)  

When q goes r api dl y t o zer o t hi s equat i on can be i nt egr at ed t o gi ve,  

near  y = 6, 

(-451 ) 1 g 1 q V +V •  . .  	
q'  
	

( 4. 4. 7)  
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Si nce ( - UdS/ dx + V) y_a  = VE,  wher e VE  i s  t he ent r ai nment  vel oci t y al so 

gi ven by equat i on 4. 4. 2,  Vq  z VE.  	 VE  i s  i ndi cat ed i n f i gur e 4. 13a.  

Near  t he boundar y l ayer  edge,  t he pr essur e- st r ai n t er m i n t he shear  

st r ess t r anspor t  equat i on i s of  t he same or der  of  magni t ude as t he 

convect i on and t ur bul ent  t r anspor t  t er ms and pr ecl udes an equat i on 

anal ogous t o equat i on 4. 4. 5.  

The ef f ect  of  f r ee- st r eam t ur bul ence i s t o i ncr ease Vq  

and VT  f or  t he f l ow near  t he wal l  and t o decr ease Vq  f ur t her  out .  

As mi ght  be expect ed s i nce t he f r ee- st r eam cont ai ns no shear  st r ess 

VT  i s  l ess af f ect ed t han Vq  i n t he out er  f l ow.  	 Cl ear l y,  t he 

convect i on vel oci t i es do not  exhi bi t  a s i mpl e dependence upon t he 

f r ee- st r eam i nt ensi t y and l engt h scal e r at i o.  	 Near  t he boundar y 

l ayer  edge t he di ssi pat i on i s  no l onger  i nsi gni f i cant  so t hat  

" advect i on # di f f usi on"  and t her ef or e Vq  i s  no l onger  equal  t o t he 

ent r ai nment  vel oci t y,  VE.  	 ( For  f i gur e 4. 13e,  VE/ Vq( y = 6995)  z 3 

at  st at i on 6 and VE/ Vq( y = 6995)  z 2 at  st at i on 16. )  

4. 5 	 I NTERMI TTENCY MEASUREMENTS  

Pr i or  t o quant i t at i ve measur ement s t he ef f ect  of  f r ee- st r eam 

t ur bul ence on a smoke- f i l l ed boundar y l ayer  was i nvest i gat ed.  	 The 

obser vat i ons wer e made on t he f l oor  of  t he Depar t ment ' s 1. 2 m x 0. 6 m 

l ow speed f l ow vi sual i zat i on wi nd t unnel .  	 The " backgr ound"  

t ur bul ence i nt ensi t y i n t he wor ki ng sect i on ( measur ed by anot her  user )  

was about  0. 2%.  	 Fi gur e 4. 14 shows t wo i nst ances of  a smoke- f i l l ed 

boundar y l ayer  wi t h l ow f r ee- st r eam t ur bul ence,  and t wo i nst ances f or  

whi ch ( u' / U) e  z  0. 03 and L: / å z 0. 4.  	 I l l umi nat i on i s by a t hi n 

ver t i cal  pl ane of  l i ght .  	 The t ur bul ence gr i d was appr oxi mat el y 25 

mesh l engt hs upst r eam of  t he f i el d of  v i s i on shown i n f i gur e 4. 14b.  

Just  upst r eam of  t he gr i d t he boundar y l ayer  was l ami nar  and t hi n 

when compar ed wi t h t he gr i d mesh s i ze.  	 For  al l  t he phot ogr aphs 

Reg  z 700.  	 Appr oxi mat e boundar y l ayer  t hi cknesses ar e shown agai nst  
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t he phot ogr aphs.  	 I n t he absence of  gr i d- gener at ed f r ee- st r eam 

t ur bul ence t he i nt er f ace has f eat ur es s i mi l ar  t o t hose obser ved by 

Fi edl er  & Head ( 1966)  at  about  t he same Reynol ds number .  	 The 

ef f ect  of  f r ee- st r eam t ur bul ence on t he i nt er f ace i s c l ear l y qui t e 

dr amat i c.  The i nt er f ace def i ned by t he smoke has become r agged 

and wi spy,  ext endi ng wel l  beyond t he mean vel oci t y edge.  	 Fur t her ,  

t he r ol l i ng mot i on of  t he l ar ger  eddi es,  evi dent  f or  l ow f r ee- st r eam 

i nt ensi t y,  i s  f ar  l ess obvi ous at  t he hi gh f r ee- st r eam i nt ensi t y,  and 

t he st r eam di r ect i on i s  not  so easi l y  i nf er r ed.  	 The mor e hi ghl y 

cont or t ed i nt er f ace due t o f r ee- st r eam t ur bul ence pr ovi des a 

mechani sm f or  t he i ncr eased boundar y l ayer  gr owt h r at es obser ved f r om 

t he mean f l ow measur ement s.  	 I ncr eased mi xi ng i n t he nei ghbour hood 

of  t he boundar y l ayer  edge i s consi st ent  wi t h t he obser ved r educt i on 

i n t he mean vel oci t y gr adi ent .  

• 

	

	
The ef f ect  of  t he gr i d on t he boundar y l ayer  i mmedi at el y 

downst r eam of  i t  was t o pr oduce a r api d t hi ckeni ng associ at ed wi t h 

t he hi gh vel oci t y f l uct uat i on i nt ensi t y i n t hi s r egi on.  	 Thi s i s  

di scussed i n mor e det ai l  i n chapt er  2.  	 A t hi nner  smoke- f i l l ed boundar y 

l ayer  on a f l at  pl at e wi t h i t s  l eadi ng edge about  12 mesh l engt hs 

downst r eam of  t he same gr i d was al so i nvest i gat ed.  	 Qual i t at i vel y,  

t he ef f ect  of  t he f r ee- st r eam t ur bul ence on t he i nt er f ace was as 

obser ved of  t he f l oor  boundar y l ayer  shown i n f i gur e 4. 14.  	 Phot ogr aphs 

of  t he pl at e boundar y l ayer  wer e of  poor  qual i t y  mai nl y because of  

i t s  smal l er  s i ze;  t hey ar e not  pr esent ed her e.  

A t ur bul ent / t ur bul ent  i nt er f ace cannot  be a vor t i c i t y  

f r ont  or  " super l ayer "  pr eci sel y i n t he sense deduced by Cor r s i n & 

Ki st l er  ( 1955)  f or  a t ur bul ent / non- t ur bul ent  i nt er f ace unl ess t he 

scal es of  t he t ur bul ent  mot i on ei t her  s i de of  t he i nt er f ace ar e wi del y 

separ at ed,  whi ch i n t he pr  . ent  case t hey ar e not .  	 Measur ement s by 

Andr eopoul os ( 1978)  of  t he near  wake of  a t wo- di mensi onal  aer of oi l ,  
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wi t h one boundar y l ayer  heat ed,  showed si gni f i cant  f i ne- gr ai ned 

mi xi ng i n t he r egi on of  t he i nt er f ace separ at i ng t he t wo par t s of  

t he shear  l ayer .  	 The f i ne- gr ai ned mi xi ng i n hi s case was due 

mai nl y t o t he smal l - scal e hi gh i nt ensi t y t ur bul ence or i gi nat i ng i n 

t he f l ow cl ose t o t he aer of oi l  sur f ace.  	 Dean & Br adshaw' s ( 1976)  

i nvest i gat i on of  t wo mer gi ng boundar y l ayer s i n a t wo- di mensi onal  

duct  exhi bi t ed onl y a smal l  amount  of  f i ne- gr ai ned mi xi ng.  	 I n t he 

pr esent  case t he scal e of  t he mi x i ng wi l l  depend upon t he l engt h 

scal e r at i o,  Le/ d;  t he amount  of  f i ne- gr ai ned mi xi ng wi l l  be 

negl i gi bl e when Le/ S i s l ar ge and wi l l  i ncr ease wi t h decr easi ng Le/ S.  

Fi gur e 4. 15 shows some sampl es of  Cal comp pl ot s of  vel oci t y 

( u and v)  and t emper at ur e f l uct uat i ons and t he out put  of  t he i nt er mi t t ency 

al gor i t hm.  	 ( I D = +1 i f  f l ui d i s  decl ar ed ' hot '  and I D ;  0 i f  f l ui d 

i s  decl ar ed ' col d' .  	 Al l  hot  bur st s cont ai ni ng onl y one poi nt  ar e 

r ej ect ed and t hese ar e i ndi cat ed by set t i ng I D = - 1.  	 I D = - 2 i f  a 

poi nt  i s  cal l ed col d v i a t he s l ope and second l evel  t est s. )  	 The 

sampl es show t ypi cal  f eat ur es seen i n t he r emai nder  of  t he pl ot s ( not  

pr esent ed her e) .  	 Ther e i s a s i gni f i cant l y gr eat er  t endency f or  f ai r l y  

s l ow changes i n t emper at ur e at  one or  bot h ends of  some hot  bur st s when 

f r ee- st r eam t ur bul ence i s pr esent ,  and t he t emper at ur e wi t hi n a 

subst ant i al  par t  i f  not  t he whol e of  t hese bur st s somet i mes r emai ns 

near  t o,  t hough def i ni t el y above,  t he col d l evel .  	 These bur st s,  or  
r 

par t s of  bur st s,  ar e pr obabl y at  l east  par t  of  t he wi spy mot i on seen 

i n t he phot ogr aphs of  f i gur e 4. 14.  	 ( The absence of  a shar p t emper at ur e 

r i se at  t he begi nni ng of  a hot  bur st  enabl ed t he f i r st  l evel  t hr eshol d 

i n t he or i gi nal  ver s i on of  t he i nt er mi t t ency al gor i t hm t o c l i mb up t he 

hot  bur st .  	 The modi f i ed al gor i t hm used her e r educed t hi s pr obl em 

t o an accept abl e l evel  al t hough st i l l  bet t er  r esul t s mi ght  have been 

obt ai ned had t he l evel  t hr eshol d been r ef er r ed t o a mi ni mum t emper at ur e 

over  a f i xed t i me del ay r at her  t han t o t he l ast - but - one col d bur st . )  
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a995  
= 0. 13 ,  -  0. 90.  

5995 

•  Measur ement s of  t he i nt er mi t t ency f act or ,  y,  ar e shown i n /  

f i gur e 4. 16.  	 Fi gur es 4. 16a and 4. 16b show t he i nt er mi t t ency f act or  

i n t he absence of  gr i d- gener at ed f r ee- st r eam t ur bul ence.  	 The 

di f f er ence bet ween Andr eopoul os '  measur ement s ( obt ai ned i n t he same 

wi nd t unnel )  and t he pr esent  measur ement s i s  par t l y  at t r i but abl e t o 

a di f f er ence of  opi ni on of  t he most  appr opr i at e t hr eshol d l evel s.  

He al so used Wei r ' s  i nt er mi t t ency al gor i t hm but  wi t hout  t he mi nor  

changes t he pr esent  aut hor  f ound necessar y f or  t he al gor i t hm t o cope 

wi t h t emper at ur e s i gnal s af f ect ed by f r ee- st r eam t ur bul ence.  The no-  

gr i d i nt er mi t t ency f act or  measur ement s of  Char nay et  al .  ( 1976) ,  whi ch 

wer e obt ai ned wi t h an uncompensat ed t emper at ur e wi r e,  f al l  bel ow t he 

pr esent  r esul t s i n t he cent r e of  t he l ayer .  Low- pass f i l t er i ng 

ef f ect ed by an uncompensat ed t emper at ur e wi r e woul d,  al l  el se const ant ,  

t end t o i ndi cat e a hi gher  y i f  i gnor i ng t he f i ner  i ndent at i ons of  

t he i nt er f ace out wei ghed t he f ai l ur e t o r egi st er  t he f ul l  l engt h of  

shor t  hot  bur st s.  	 The i nt er mi t t ency f act or  measur ement s of .  

Kl ebanof f  ( 1955) ,  Kovasznay et  al .  ( 1970)  and Hedl ey & Kef f er  ( 1974,  b)  

ar e al so shown.  	 These,  as wi t h t hose of  Char nay et  al . ,  have been 

adj ust ed t o account  f or  t he di f f er ent  def i ni t i ons of  boundar y l ayer  

t hi ckness.  	 The pr esent  measur ement s of  y agr ee qui t e wel l  wi t h t hose 

of  Kl ebanof f .  	 Fol l owi ng t he l ast  named and ot her  wor ker s an er r or  

f unct i on cur ve,  

y  = 	 ( 1 -  er f  ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
if 6)  ) ,  

( 4. 5. 1)  

has been f i t t ed t o t he dat a of  f i gur e 4. 16a.  	 " Si  i s  t he posi t i on 

wher e y = 0. 5,  and a i s  t he st andar d devi at i on of  t he f i t t ed cur ve;  

Fi gur es 4. 16c t o 4. 16e show t he ef f ect  of  f r ee- st r eam 

i nt ensi t y and l engt h scal e r at i o on t he i nt er mi t t ency f act or .  	 The 
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pr esent  no- gr i d di st r i but i on i s  al so shown.  	 At  ( u' / U) e  = 0. 025 and 

Lē/ 5995 z 2 y i s  s i gni f i cant l y af f ect ed onl y i nsi de y/ 5995 z 1 wher e i t  

i s  r educed,  i mpl y i ng a deeper  r el at i ve penet r at i on of  t he f r ee- st r eam 

f l ui d.  	 At  t he same f r ee- st r eam i nt ensi t y but  wi t h Lē/ 5995 	 0. 7, t he 

penet r at i on by t he f r ee- st r eam f l ui d i s  f ur t her  i ncr eased and,  i n 

addi t i on,  a l ar ge amount  of  boundar y l ayer  f l ui d i s  pr esent  wel l  

out s i de t he boundar y l ayer  edge def i ned by 	 as as obser ved of  t he 

smoke- f i l l ed boundar y l ayer .  	 I ncr eased penet r at i on of  f r ee- st r eam 

f l ui d t owar ds t he wal l  i s  di f f i cul t  t o di scer n f r om t he phot ogr aphs.  

St i l l  wi t h Le/ 5995 0. 7,  t he i nt er mi t t ency f act or  pr of i l e,  t o t he 

l i kel y accur acy of  i t s  measur ement ,  changes ver y l i t t l e when ( u' / U) e  

i s  i ncr eased f r om 0. 025 t o 0. 040 but  t her e i s  a l ar ger  change at .  

Lu/ 5995  -  2 f or  t he same change i n i nt ensi t y.  	 I ncr easi ng ( u' / U) e  

f r om 0. 040 t o 0. 058 ' r esul t s i n onl y a f ur t her  smal l  change i n t he 

i nt er mi t t ency f act or  pr of i l es when Lē/ 5995  r .  2.  	 The seemi ngl y l ar ge 

l engt h- scal e ef f ect  at  ( u' / U) e  = 0. 058 i s due t o a poor  est i mat e of  

5995;  y i s  al so shown pl ot t ed agai nst  y/ S05  at  t hi s i nt ensi t y,  

showi ng a much smal l er  l engt h- scal e ef f ect .  	 Out si de y/ 5995  = 1,  

say,  t he i ncr ease i n y wi t h decr easi ng l engt h scal e r at i o i s  what  

woul d be expect ed i f  t he nor mal  component  of  f l uct uat i ng vel oci t y was 

pr i nci pal l y  r esponsi bl e f or  l ar ge- scal e mi x i ng of  t he boundar y l ayer  

and f r ee- st r eam f l ui d.  	 Near  t he wal l ,  i ncr eased mi xi ng of  boundar y 

l ayer  and f r ee- st r eam f l ui d must  r educe y.  	 I f  t he above s i mpl e 

expl anat i on f or  t he behavi our  out s i de y 5995 was al so . t r ue near  t he 

wal l ,  t he pr of i l es of  y woul d have t o cr oss over .  The i nt er mi t t ency 

f act or  pr of i l es f or  t he s i x consecut i ve st at i ons.  ( 6 t o 16 i ncl usi ve)  

ar e shown i n f i gur e 4. 16f  and ar e seen t o be al l  near l y t he same shape.  

The cor r espondi ng pr of i l es of  shear  st r ess and mean vel oci t y wer e not ed 

t o be c l osel y sel f  pr eser vi ng but  t he di r ect - st r ess pr of i l es wer e not .  

As wi l l  be seen,  t he cor r espondi ng pr of i l es of  aver age bur st  f r equency,  
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scal ed on Ue/ 5995,  and aver age bur st  l engt h,  scal ed on 	 al so al so 

do not  col l apse ont o s i ngl e cur ves.  	 The i nt er mi t t ency f act or  pr of i l es 

of  Char nay et  al .  show t he same qual i t at i ve t r end wi t h i ncr easi ng 

f r ee- st r eam i nt ensi t y as t he pr esent  r esul t s,  but  t he absol ut e val ues 

ar e di f f er ent  and t he change i s l ess mar ked.  	 Fi gur e 4. 17 t abul at es 

y/ 5995 and y/ 605 at  appr opr i at e val ues of  ( u' / U) e and,  r espect i vel y,  

Le/ 5995 and Le/ 605.  	 Si nce t he pr of i l es of  y ar e gener al l y  not  

ant i symnet r i cal  about  y = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy when f r ee- st r eam t ur bul ence i s pr esent ,  

cur ves of  t he f or m gi ven i n equat i on 4. 5. 1 cannot  be f i t t ed c l osel y 

except  over  a nar r ow r ange,  near  y = y say.  	 Fi gur e 4. 17 al so 

t abul at es ( i n br acket s)  val ues of  o' / 6995 and o' / 605 wher e a'  has 

been det er mi ned gr aphi cal l y  f r om 

1 	 dY - 1 	 ( 4. 5. 2)  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2~  [ dy l  = . 
Y- Y 

I n pr act i ce,  t he aver age bur st  f r equency,  and hence t he 

aver age bur st  l engt h,  i s  mor e di f f i cul t  t o det er mi ne r el i abl y t han t he 

i nt er mi t t ency f act or  because al l  t he bur st s have t o be cor r ect l y  

i nt er pr et ed.  	 For  i nst ance,  a spur i ous shor t  col d bur st  near  t he 

mi ddl e of  each hot  bur st  wi l l  hal ve t he aver age hot - bur st  l engt h.  

Ther e i s no s i mpl e answer  t o t hi s sor t  of  pr obl em and quant i t i es 

based on measur ement s of  t he i nt er f ace cr ossi ng r at e shoul d al ways be 

v i ewed caut i ousl y.  	 Not e,  however ,  t hat  t he i nt er f ace cr ossi ng r at e 

i s  r el at i vel y easi er  t o det er mi ne r el i abl y f r om t emper at ur e s i gnal s 

t han f r om vel oci t y s i gnal s i n so f ar  as t he l at t er  have t o be t r eat ed 

much mor e car ef ul l y  i n or der  t o avoi d spur i ous dr opout s i n t he i nt er -

mi t t ency f unct i on.  

Measur ement s of  t he aver age bur st  f r equency,  f ,  and 

aver age hot - bur st  l engt hs,  

L = Y U( Y)  
Y  

( 4. 5. 3)  
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ar e shown i n f i gur e 4, 18.  	 f Y  i s  equal  t o one hal f  of  t he i nt er f ace 

aver age cr ossi ng f r equency.  	 The aver age col d- bur st  l engt h,  

L( 1 - y)  	 (1 	
) U(X) 

 = 
0 

YY)  LY , 	 ( 4. 5. 4)  

i s  al so shown but  onl y as a f ai r ed cur ve.  	 ( For  t he aver age bur st  

l engt hs a convect i on vel oci t y equal  t o t he l ocal  mean vel oci t y has been 

assumed. )  	 f  was not  f ound t o be ver y sensi t i ve t o t hr eshol d set t i ngs,  

al t hough t hi s i n i t sel f  does not  ensur e r el i abi l i t y .  	 Never t hel ess,  

t he pr esent  no- gr i d measur ement s of  aver age bur st  f r equency,  shown i n 

f i gur e 4. 18a,  ar e i n r easonabl e agr eement  wi t h t hose of  Kovasznay et  al . ,  

whi ch wer e obt ai ned at  a s i mi l ar  Reynol ds number .  	 At  Reynol ds number s 

much bel ow Re0= 5000 t he i nt er f ace becomes pr ogr essi vel y l ess cont or t ed 

and hence t he i nt er f ace aver age cr ossi ng f r equency al so decr eases 

( Fi edl er  & Head;  Mur l i s  1975) .  	 The aver age bur st  f r equency 

measur ement s of  Char nay et  al .  show,  f or  t hei r  no- gr i d case,  a much 

br oader  di st r i but i on t han do t he pr esent  measur ement s or  t hose of  

Kovasznay et  al .  and ar e mor e easi l y  compar abl e wi t h t he measur ement s 

of  Hedl ey & Kef f er  ( see f i gur e 4. 18a) .  	 As woul d be expect ed f r om t he 

smoke pi ct ur es t he ef f ect  of  f r ee- st r eam t ur bul ence i s t o i ncr ease 

t he magni t ude and br eadt h of  t he aver age bur st  f r equency pr of i l e.  

The ef f ect  of  t he l engt h scal e r at i o i s  most  dr amat i c at  ( . u' / U) e m 0. 025.  

( At  ( u' / U) e = 0. 058 t he aver age bur st  f r equency i s al so shown pl ot t ed 

agai nst  y/ 505. )  	 I r r espect i ve of  t he magni t ude of  f r ee- st r eam i nt ensi t y 

or  t he l engt h scal e r at i o t he di st r i but i on of  t he aver age bur st  

f r equency r emai ns asymmet r i c about  t he aver age i nt er f ace posi t i on,  Y.  

Except  out s i de a posi t i on r oughl y coi nci dent  wi t h t he boundar y l ayer  

edge t he aver age hot - bur st  l engt h i s  consi der abl y r educed by f r ee-  

st r eam t ur bul ence,  and i s consi st ent  wi t h t he wi spy mot i on seen i n 

t he smoke pi ct ur es.  

I n t he absence of  f r ee- st r eam t ur bul ence,  l ow Reynol ds 
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number  ef f ect s ar e associ at ed wi t h t he super l ayer  becomi ng t hi cker  

and l ess cont or t ed ( Fi edl er  & Head;  Mur l i s) .  	 Fr ee- st r eam t ur bul ence 

on t he ot her  hand has t he opposi t e ef f ect  ( even at  l ow Reynol ds 

number s,  as evi denced i n t he f i r st  pl ace by t he phot ogr aphs i n 

f i gur e 4. 14) .  	 I t  i s ,  t her ef or e,  t ent at i vel y suggest ed t hat  t he l ow- -  

Reynol ds- number  ef f ect s on Cf / Cf o,   di scussed i n chapt er  3 ( subsect i on 

3. 3. 4)  ar i se because t he decr ease i n t he degr ee of  f ol di ng of  t he 

i nt er f ace at  l ow Reynol ds number s t ends t o be i nhi bi t ed by f r ee- st r eam 

t ur bul ence.  	 I t  f ol l ows t hat  t he l ow Reynol ds number  ef f ect s i n 

Cf / Cf o  woul d be mor e evi dent  when t he ef f ect  of  f r ee- st r eam t ur bul ence 

on t he i nt er f ace i s l ar ge.  

4. 6 	 CONDI TI ONALLY- AVERAGED MEASUREMENTS  

Aver ages i n t he hot  zone wi l l  be denot ed by a suf f i x  ' H'  

and aver ages i n t he col d zone by a suf f i x  ' C' .  	 Convent i onal  aver ages 

wi l l  be denot ed by no suf f i x .  	 Wher e bot h hot  and col d- zone quant i t i es 

ar e pr esent ed i n t he same f i gur e t he f ol l owi ng convent i on wi l l  be 

used:  t he hot - zone quant i t y  wi l l  be denot ed by '  p'  ( mnemoni c,  a 

pl ume) ;  t he col d- zone quant i t y  wi l l  be denot ed by '  p'  ( mnemoni c,  

an i ceber g) ;  and t he t ot al  wi l l  be denot ed by ' 0' .  	 When ei t her  hot  

or  col d- zone quant i t i es ar e pr esent ed separ at el y t he convent i on wi l l  

be t hat  used i n t he pr ecedi ng par t  of  t hi s chapt er .  Any depar t ur e 

f r om ei t her  of  t hese convent i ons shoul d be evi dent  f r om t he cont ext .  

4. 6. 1 	 Mean vel oci t i es  

Condi t i onal l y- aver aged mean vel oci t i es UH,  UC,  ( VH  - V) ,  and 

( VC  -  V) ,  not  wei ght ed by t he i nt er mi t t ency f act or ,  ar e shown i n 

f i gur es 4. 19a t o 4. 19g.  	 The convent i onal l y- aver aged mean vel oci t y,  

U,  as measur ed wi t h a Pi t ot  t ube,  i s  al so shown,  	 Al t hough t he x- wi r e 

measur ement s of  U ar e wi t hi n about  1% of  t he Pi t ot  t ube measur ement s 

t hey ar e mor e scat t er ed,  so t hat  UH  -  f or  i nst ance -  has been der i ved 

as t he sum of  U f r om t he Pi t ot  t ube and ( UH -  U)  f r om t he x- wi r e pr obe.  
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UzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC  has been s i mi l ar l y  der i ved.  The nor mal  component  of  mean vel oci t y,  

V,  i s  al so di f f i cul t  t o measur e accur at el y wi t h an x- wi r e pr obe.  	 Her e,  

V has been eval uat ed f r om t he st r eamwi se mean vel oci t y U and t he 

cont i nui t y equat i on.  	 V < 0. 004 Ue.  	 Ther e i s no r eason why VC  shoul d 

t end t o V i n r egi ons of  hi gh y ( ot her  t han t hat  VC,  VH  and V must  be 

zer o at  t he wal l ) .  	 Even t i ny er r or s i n det ect i ng col d bur st s i n 

t hese r egi ons wi l l  most  l i kel y cause VC  t o appr oach VH.  	 Pr of i l es 

of  V f or  y > 0. 95 ar e shown as br oken l i nes.  

Qual i t at i vel y,  t he condi t i onal l y- aver aged mean vel oci t i es 

ar e i n agr eement  wi t h t he wel l  est abl i shed r esul t s of  ot her  wor ker s,  

f or  exampl e,  t hose of  Kovasznay et  al .  ( 1970)  and Hedl ey & Kef f er  

( 1974,  b)  i n t he absence of  f r ee- st r eam t ur bul ence;  on aver age,  t he 

boundar y l ayer  f l ui d moves s l ower  t han t he l ocal  mean and moves 

out war ds whi l e t he f r ee- st r eam f l ui d moves f ast er  t han t he l ocal  mean 

and moves i nwar ds.  	 I n t he absence of  f r ee- st r eam t ur bul ence ( UC  -  U)  

and ( VC  -  V)  ar e c l ose t o t he measur ement s of  Kovasznay et  al .  

Char nay' s ( 1974)  no- gr i d measur ement s of  ( UC  -  U)  and ( VC  -  V)  ar e 

smal l er  t han t he pr esent  measur ement s by about  hal f .  	 ( U -  UH)  and 

( V -  VH)  ar e smal l er  t han measur ed by Kovasznay et  al .  but  ( U -  UH)  

i s  i n bet t er  agr eement  wi t h Hedl ey & Kef f er ' s  r esul t s.  	 Char nay' s 

measur ement s of  ( U -  UH)  ar e l ar ger  t han t hose of  Kovasznay et  al .  but  

hi s ( V VH)  ar e c l oser  t o t he pr esent  ones.  

The ef f ect  of  f r ee- st r eam t ur bul ence i s t o r educe ( UC  -  U)  

consi st ent  wi t h t he decr ease i n t he mean vel oci t y gr adi ent  8U/ ay 

i n t he out er  par t  of  t he boundar y l ayer .  	 Char nay' s measur ement s 

show an i ncr ease of  ( UG -  U)  wi t h f r ee- st r eam i nt ensi t y.  	 The pr esent  

r esul t s show t hat  CU -  UH)  woul d appear  t o be mor e consi st ent l y af f ect ed 

by,  and decr easi ng wi t h,  decr easi ng l engt h scal e r at i o,  t han by f r ee-  

st r eam i nt ensi t y.  	 ( VH-  V)  i s  i ncr eased acr oss t he whol e l ayer  wi t h 

i ncr eased f r ee- st r eam i nt ensi t y,  qual i t at i vel y consi st ent  wi t h Char nay' s 
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0 measur ement s.  	 I n t he pr oxi mi t y of  t he boundar y l ayer  edge ( VC  -  V)  

becomes mor e negat i ve wi t h i ncr easi ng f r ee- st r eam i nt ensi t y,  agai n as 

al so obser ved by Char nay.  

4. 6. 2 	 Reynol ds st r esses  

The wei ght ed condi t i onal l y- aver aged di r ect  st r esses y,  
H 

( 1 -  y) uC,  ywH,  ( 1 -  y)  c, y H, and ( 1 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy) H ar e gi ven i n f i gur es 

4. 20a t o 4. 20m,  and t he wei ght ed condi t i onal l y- aver aged shear  st r esses 

-yuvH  and - ( 1 -  y) uvC  i n f i gur es 4. 21a t o 4. 21i .  	 Not e agai n t hat  

t he wei ght ed aver ages ar e t he hot -  and col d- zone cont r i but i ons t o 

t he convent i onal  aver age;  see equat i on 4. 2. 1.  	 The convent i onal  

aver ages,  pr evi ousl y pr esent ed i n f i gur es 4. 6 and 4. 7,  ar e shown as 

f ai r ed cur ves.  	 I t  i s  mor e conveni ent  t o di scuss t he shear  st r esses 

f i r st .  

The ext ent  by whi ch t he hot - zone shear  st r ess,  yūvH,  

over l aps t he mean vel oci t y pr of i l e edge,  6995,  i ncr eases wi t h f r ee-  

st r eam t ur bul ence i nt ensi t y.  	 The over l ap i s l ess t han t hat  obser ved 

of  t he i nt er mi t t ency f act or  or  of  t he hot - zone cont r i but i ons t o t he 

di r ect  st r esses.  	 Thus,  t he boundar y l ayer  f l ui d t hat  i s  " t or n out  

by t he f r ee- st r eam t ur bul ence,  as shown qual i t at i vel y by t he smoke 

pi ct ur es i n f i gur e 4. 14 and quant i t at i vel y by t he i nt er mi t t ency f act or  

measur ement s,  i s  t or n out  i n such a way t hat  t he shear  st r ess i t  may 

have had i s smear ed out ,  pr esumabl y by t he act i on of  t he pr essur e-  

st r ai n " r edi st r i but i on"  t er m.  	 The same r esul t  mi ght  be deduced 

f r om t he smoke pi ct ur es s i nce t he smoke ent r ai ned i nt o t he f r ee-  

st r eam does not  appear  on aver age t o exhi bi t  a pat t er n t hat  can be 

associ at ed wi t h t he st r eam di r ect i on.  	 Cl oser  t o t he wal l ,  or  of  

cour se when f r ee- st r eam t ur bul ence i s absent ,  t he smoke pat t er n can 

be mor e st r ongl y associ at ed wi t h t he st r eam di r ect i on.  	 Had t he 

boundar y l ayer  f l ui d been t or n out  i n l ar ge r oughl y spher i cal  l umps 

r at her  t han i n wi sps,  i t  i s  l i kel y t hat  t he l umps woul d have r et ai ned 
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t hei r  shear  st r ess much l onger  t han t he wi sps,  f or c i ng i ncr eased 

over l ap.  	 The f act  t hat  t he wi spy mot i on out s i de t he boundar y l ayer  

does not  cont ai n ver y much shear  st r ess t ends t o suggest  t hat  t he 

-  wi spy mot i on i nsi de t he boundar y l ayer  may not  l ocal l y  cont ai n much 

mor e shear  st r ess t han occur s i n t he col d- zone.  

I n t he absence of  f r ee- st r eam t ur bul ence t he col d- zone 

shear  st r ess,  - (-1 - y) uvc,  has t he same si gn as t he t ot al  shear  st r ess,  

- uv,  but  i s  much smal l er  i n magni t ude.  	 ( The Navi er - St okes equat i ons 

do not  demand t hat  i r r ot at i onal  f l uct uat i ons shoul d have a zer o shear  

st r ess. )  	 Si nce t he i r r ot at i onal  f l uct uat i ons i n t he col d- zone ar e 

due t o t ur bul ent  f l uct uat i ons i n t he hot - zone i t  i s  r easonabl e t hat  

t he col d- zone f l uct uat i ons shoul d be cor r el at ed wi t h t he same si gn 

as t he hot - zone f l uct uat i ons.  	 When f r ee- st r eam t ur bul ence i s pr esent  

t he magni t ude of  t he shear  st r ess r at i o - ( 1 -  y) ūvc/ - 176/  i s  l ar ger .  

Qual i t at i vel y,  t he behavi our  of  t he col d- zone shear  st r ess i s  as 

expect ed i f  i t  wer e pr oduced by t he al r eady exi st i ng gr adi ent  of  

convent i onal l y- aver aged mean vel oci t y,  aU/ ay.  	 ( I t  i s  not  i nt ended i n 

t hi s t hesi s.  t o consi der  i n det ai l  t r anspor t  equat i ons f or  t he 

condi t i onal l y- aver aged Reynol ds st r esses. )  	 I t  f ol l ows t hat ,  because 

t he ef f ect  of  f r ee- st r eam t ur bul ence i s t o r educe aU/ ay,  gener at i on of  

t he col d- zone shear  st r ess,  - ( 1 -  y) ūvc,  wi l l  not  i ncr ease i n 

pr opor t i on t o t he t ur bul ent  k i net i c ener gy i n t he col d- zone.  	 Fur t her ,  

i n a r egi on r oughl y coi nci di ng wi t h t he out er  l ayer  t he decr ease i n 

t he magni t ude of  - ( 1 -  y) uvc  wi t h decr easi ng l engt h- scal e r at i o can,  

at  l east  i n par t ,  be associ at ed wi t h t he decr ease i n aU/ ay t hat  al so 

occur s i n t he same r egi on.  	 For  some of  t he pr of i l es,  some measur ement s 

of  ( 1 -  y) uvc  i n t he r egi on of  t he boundar y l ayer  edge and out s i de ar e 

posi t i ve.  	 They may be at t r i but ed t o scat t er  and smal l  er r or s ( of  

l ess t han 1°)  i n pr obe al  , i ment  f or  t hese pr of i l es.  	 I t  i s  di f f i cul t  

f r om t he pr esent  measur ement s t o f i nd subst ant i al  suppor t  f or  t he 
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l i near i zed r api d- di st or t i on pr edi ct i on of  Dur bi n ( 1976)  t hat  t her e 

shoul d be a r egi on of  posi t i ve u` v out s i de t he boundar y l ayer  edge.  

Out si de y/ 8995 r  1,  y H,  ( 1 y)  H,  ywH,  and ( 1 -  y)  c,  ar e 

seen i n most  of  t he f i gur es t o change mor e r api dl y wi t h y/ 5995  t han 

t he r espect i ve convent i onal  aver ages ū and w .  vzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 

 i s  di scussed 

l at er .  	 Now,  t he cont ami nat ed pr opor t i on,  y,  of  a r andoml y ( passi vel y)  

cont ami nat ed f i el d of  t ur bul ence has st at i s t i cal  char act er i st i cs no 

di f f er ent  f r om t he whol e.  	 I t  f ol l ows t hat  i n t hi s case t he net  

cont r i but i on f r om t he cont ami nat ed f l ui d t o any st at i s t i cal  aver age 

of  t he whol e i s  pr opor t i onal  t o y.  	 The quant i t i es y ē,  ( 1 - y )  e,   
ywe,  and ( 1 -  y)  ē ar e shown by br oken l i nes i n f i gur es 4. 20c,  d,  g,  

k,  t  and m.  	 Sur pr i s i ngl y,  out s i de y/ 5995 	 1,  ( 1 -  y)H i s  accur at el y 

descr i bed by ( 1 -  y)  e,  and ( 1 -  y)  c i s  accur at el y descr i bed by 

( 1 -  y)  a ever ywher e.  	 I nsi de y/ 5995  z 1,  ( 1 -  y)  c   i s l ar ger  t han 

( 1 -  y)  
ē and t he ext ent  over  whi ch t he di f f er ence occur s decr eases 

wi t h decr easi ng l engt h scal e r at i o.  	 Thi s l engt h- scal e dependence 

i s qual i t at i vel y consi st ent  wi t h t he ampl i f i cat i on of  ū measur ed by 

Thomas & Hancock ( 1977,  appendi x 1) .  	 v,  however ,  i s  r educed s l i ght l y  

mor e by t he pr esence of  t he wal l  t han measur ed by Thomas & Hancock or  

pr edi ct ed by Hunt  & Gr aham ( 1978) ,  pr event i ng a s i mi l ar  s i mpl e 

compar i son.  

The shear - st r ess cor r el at i on coef f i c i ent  - I NH/ A-2 	 and 

t he r at i o - ūvH/ qH  ar e shown i n f i gur e 4. 22.  -ūvC/ I( C C)  and 

- ūvc / q ar e shown i n f i gur e 4. 23.  	 I n t he absence of  f r ee- st r eam 

t ur bul ence =uvH/ ❑(  H'  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH)  and - uvH/ qH  di f f er  f r om t he anal ogous 

r at i o f or med f r om convent i onal  aver ages onl y f or  y/ 5995  ? 0. 8.  	 The 

ef f ect  of  f r ee- st r eam t ur bul ence i s t o r educe t he amount  of  shear -  

st r ess- cont ai ni ng mot i on i n t he hot  zone.  	 The r at i os - 1W' ( . )  

and - ūvc/ q f or  t he cases when f r ee- st r eam t ur bul ence i s absent  ar e 

i ncl uded pr i mar i l y  f or  consi st ency.  	 However ,  t hey ar e par t i cul ar l y 

i nt er est i ng i n t hat  t he peak val ues of  t hese r at i os ar e consi der abl y 

-  232 -  



l ar ger  t han nor mal l y measur ed f or  t ur bul ent  f l uct uat i ons.  	 The 

decr ease of  bot h - ūvc/ J( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.  c)  and - vC/ qc i nsi de y/ 6995  0. 4 coul d 

easi l y  be due t o i ncor r ect  di scr i mi nat i on s i mpl y because t he i nt er -  

mi t t ency f act or  i s  c l ose t o uni t y.  	 ( The f act  t hat  t he measur ement s 

show t he col d f l ui d,  on aver age,  t o move t owar ds t he wal l  ( f i gur e 4. 19)  

t ends t o di scount  a l ar ge amount  of  i ncor r ect  di scr i mi nat i on. )  	 A 

si mi l ar l y  l ar ge cor r el at i on coef f i c i ent  at  y/ 6995 z 0. 4 can be deduced 

f r om t he measur ement s of  Hedl ey & Kef f er  ( 1974,  b)  and Char nay ( 1974)  

af t er  r ef er r i ng t he ext er nal  f l uct uat i ons t o t he convent i onal l y-

aver aged mean vel oci t i es r at her  t han t he condi t i onal l y- aver aged mean 

vel oci t i es.  	 Fr ee- st r eam t ur bul ence has t he ef f ect  of  r educi ng 

uvC/ d( H c)  and - uvC/ qc,  but  t he r educt i on i s r at her  s l ow,  and 

t he t wo quant i t i es r each,  r espect i vel y,  about  0. 45 and 0. 15 near  t he 

wal l  onl y when ( u' / U) e  z 0. 058.  

4. 6. 3 	 Thi r d- or der  pr oduct s  

The condi t i onal l y- aver aged t r i pl e pr oduct s r epr esent  t he 

t r anspor t  of  t he condi t i onal l y- aver aged Reynol ds st r esses by t he 

vel oci t y f l uct uat i ons occur r i ng i n t he condi t i onal l y- aver aged zone.  

Resul t s f or  t he s i x cases emphasi s i ng t he separ at e ef f ect s of  f r ee-

st r eam i nt ensi t y and l engt h scal e r at i o ar e pr esent ed,  but  i n a 

di f f er ent  or der  f r om pr ecedi ng r esul t s.  	 Fi gur es 4. 25 t o 4. 28 show zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

respectively y H & (1 - y) H, Y H & (1 - y)vc , Y H & (1 - y)H,  

and yu H & ( 1 -  y) uv as wel l  as t he convent i onal  aver ages.  I n t he 

absence of  f r ee- st r eam t ur bul ence t he col d- zone t r i pl e pr oduct s,  shown 

i n f i gur e 4. 24,  ar e smal l ,  and so t he cor r espondi ng hot - zone pr oduct s 

ar e not  pr esent ed s i nce t hey ar e c l ose t o t he convent i onal  aver ages 

whi ch ar e di scussed i n subsect i on 4. 4. 2.  	 Al so,  onl y t he condi t i onal l y  

aver aged measur ement s of  ū obt ai ned wi t h t he x- wi r e pr obe sensi t i ve 

t o u and v ( 4)  = 0)  ar e pr ovi ded.  	 Onl y t he t r i pl e pr oduct s t hat  

cont ai n v appear  i n t he t hi n- shear - l ayer  appr oxi mat i on t o t he Reynol ds-

st r ess t r anspor t  equat i ons.  
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The measur ement s of  yuH and ( 1 -  y) 4 show t hat  i n t he 

boundar y l ayer  t he net  t r anspor t  of  H i s by negat i ve u- f l uct uat i ons 

and t he net  t r anspor t  of  uc i s  by posi t i ve u- f l uct uat i ons.  I ndeed,  

t hi s i s  suggest ed by t he mean vel oci t y measur ement s of  f i gur e 4. 19.  

y H and ( 1 -  y) uC i ncr ease i n magni t ude wi t h f r ee- st r eam i nt ensi t y,  

mor e so f or  t he hi gher  val ues of  t he l engt h scal e r at i o.  The l at t er  

behavi our  i s  pr esumabl y due t o t he ef f ect  t he wal l  has on t he f r ee-

st r eam t ur bul ence ( i . e.  t he ampl i f i cat i on of  uzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7)  al t hough i t  i s  not  

obvi ous t hat  t he hot -  and col d- zone cont r i but i ons shoul d bot h i ncr ease 

i n magni t ude due t o t hi s ef f ect .  

The measur ement s of  yu ,  	 and yu H show t hat  t her e i s  a 

net  out war d t r anspor t  of ,  r espect i vel y,  yuH,  y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH and yuvH t hr oughout  

t he boundar y l ayer .  Conver sel y,  t he measur ement s of  ( 1 -  y)u vC,  

( 1 -  y) vc and ( 1 -  y) u c show t hat  t her e i s  a net  i nwar d t r anspor t  of ,  

r espect i vel y,  ( 1 -  y) H,  ( 1 -  y)  H and ( 1 -  y) uvf i .  Compar ed wi t h t he 

convent i onal  aver ages t he r esponse of  al l  t hese zone cont r i but i ons 

i s  c l ear l y qui t e dr amat i c.  A st r i k i ng f eat ur e i s  t hat  t he pr of i l es 

of  t he hot - zone quant i t i es,  par t i cul ar l y yu H and y , over l ap wel l  

beyond t he boundar y l ayer  edge as def i ned by,  

f i nal l y  f al l i ng t o zer o.  Out si de y/ 5995 	 1,  

appr oxi mat el y equal  and opposi t e,  as ar e al so 

The magni t udes of  t hese f our  i ncr ease r oughl y 

behavi our  i s  pr obabl y a di r ect  r esul t  of  t he ' t ur nover - t i me'  of  t he 

f r ee- st r eam ener gy- cont ai ni ng eddi es,  Le/ uē,  bei ng of  t he or der  of  t he 

boundar y l ayer  l i f e t i me,  x/ u.  

The or der  of  i ncr easi ng over l ap of  t he hot - zone pr of i l es,  

i nc l udi ng t he hot - zone cont r i but i ons t o t he Reynol ds st r esses,  i s  

YuvH ,YH ,YuvH ,YuH 'Yu vH 'YH ,YH , 

Yw~  H 
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wher e t he char act er i st i c  over l ap di st ances have been t aken t o be t he 

posi t i ons at  whi ch each pr of i l e has f al l en t o 50% of  i t s  val ue at  

y = 5995.  	 ( The usual  def i ni t i on of  a pr of i l e edge,  t hat  i s ,  t he 

posi t i on at  whi ch a pr of i l e has f al l en t o some speci f i ed f r act i on of  

i t s  maxi mum,  i s  ar guabl y an i nappr opr i at e measur e f or  t he compar i son 

of  t he over l ap,  par t i cul ar l y wher e di f f er ent  t ur bul ence quant i t i es ar e 

concer ned) .  The over l ap of  yuy i s onl y mar gi nal l y  l ar ger  t han t hat  

of  Yūv,  and t he over l aps of  Y H and yH ar e c l osel y equal .  Except  

f or  u2 	 t hi s t hi s i s  t he same or der  as f or  boundar y l ayer s mer gi ng i n 

a t wo- di mensi onal  duct  ( Dean & Br adshaw,  1976) .  I n t hat  case t he 

over l ap of  yuH  was l ar ger  t han t he over l ap of  Y 
H 

 .  

Shear  st r ess and t ur bul ent  k i net i c ener gy t r anspor t  vel oci t i es,  

def i ned f or  t he hot - zone as 

v( u2  + v2) H  ,  	 ( 4. 6. 1,  4. 6. 2)  H  
VT,H 	 = = _ 	 and 	 Vq,H  -   

uvH 	 (zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAū 
+) H  

ar e pr esent ed i n f i gur es 4. 29a t o 4. 29d.  For  t he t wo no- gr i d cases,  

VT, H and Vq, H  ar e c l ose t o t he t r anspor t  vel oci t i es f or med f r om 

convent i onal  aver ages,  r espect i vel y VT  and Vq,  except  near  t he boundar y 

l ayer  edge wher e t he l at t er  ar e smal l er .  Bot h VT, H and Vq, H  ar e 

af f ect ed by f r ee- st r eam t ur bul ence but  not  as much as VT  and Vq.  

Not e t hat  Vq, H  i s  i n f act  f ar  l ess af f ect ed t han Vq  whi ch,  as was 

seen i n subsect i on 4. 4. 2,  i s  subst ant i al l y  r educed f or  a consi der abl e 

par t  of  t he out er  l ayer  pr i nci pal l y  because q i s  i ncr eased.  VT, H  

and Vq, H  ar e s i gni f i cant l y i ncr eased i nsi de y/ 5995  of  r oughl y 0. 5 

except  f or  t he case i n whi ch t he i nt er act i on i s  weakest  ( f i gur e 4. 29b)  

when t hey ar e f ai r l y  c l ose t o t hose i n t he no- gr i d cases.  The r at i o 

of  t r anspor t  vel oci t i es 
VT, H

/ Vq, H  i s  shown i n f i gur e 4. 30,  and i s seen 

t o be at  most  onl y weakl y dependent  on t he i nt er act i on.  The r at i o i s  

al so appr oxi mat el y const ant  at  about  2. 3 f or  most  of  t he boundar y l ayer .  

t Dean & Br adshaw do not  quot e t he over l ap of  w2.  
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Smi t s et  al .  ( 1979)  obt ai ned f or  VT/ Vq  a val ue of  about  2. 5 i n a 

const ant - pr essur e l ayer .  	 Fi gur e 4. 31 shows t he pr of i l es of  Vq, H  f or  

t he cases gi ven i n f i gur e 4. 29 but  scal ed on t he aver age posi t i on of  

t he i nt er f ace,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy', r at her  t han 5995.  	 Out si de zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy/ y M 0. 8 Vq, H( y/ y)  i s  

unal t er ed f or  ( u' / U) e  0. 025,  and at  hi gher  val ues t her e appear s 

t o be onl y a weak l engt h- scal e dependence.  

Shear  st r ess and t ur bul ent  k i net i c ener gy t r anspor t  

vel oci t i es,  def i ned f or  t he col d- zone as 

	

uv C 	 v( u2  + v2)
C  

	

VT, C -  uvC 	 and Vq, C  =  	 ( 4. 6. 3,  4. 6. 4)  
( u + v ) C  

ar e shown i n f i gur es 4. 32a t o 4. 32d.  	 Cl ear l y,  bot h V 	 and Vq, C  

ar e af f ect ed by f r ee- st r eam t ur bul ence,  al t hough i t  i s  not  sur pr i s i ng 

t hat  t r anspor t  vel oci t i es f or  i r r ot at i onal  mot i on shoul d be di f f er ent  

f r om t hose f or  r ot at i onal  mot i on,  i . e.  ext er nal  t ur bul ence.  	 Not e t hat  

VT, C and Vq, C,  l i ke VT, H and Vq, H  ar e shown nor mal i sed by u whi ch 

obvi ousl y cannot  be a gener al l y  sui t abl e vel oci t y scal e of  t he col d-

zone except  per haps i n t he near - wal l  r egi on,  or  of  cour se when t her e 

i s  no appr eci abl e f r ee- st r eam t ur bul ence.  	 I n f act , VT, C/ ut   and 

Vq, C/ uT  do appear  t o be appr oxi mat el y const ant  near  t he wal l  when 

f r ee- st r eam t ur bul ence i s pr esent .  	 Al t hough quant i t i es eval uat ed 

i n t he col d- zone ar e not  par t i cul ar l y r el i abl e wher e y i s  c l ose t o 

uni t y,  near  t he wal l  t he col d- zone t r anspor t  vel oci t i es ar e st i l l  

subst ant i al l y  di f f er ent  f r om t he hot - zone t r anspor t  vel oci t i es,  

i mpl y i ng t hat  any er r or  i n t he di scr i mi nat i on i s not  over whel mi ngl y 

l ar ge.  	 Ver y r oughl y t he col d- zone t r anspor t  vel oci t i es near  t he 

boundar y l ayer  edge i ncr ease as 1/ 0/ ) .  

4. 6. 4 	 Skewness and f l at ness f act or s  

Skewness and f l at ness f act or s of  u and v,  f or med f r om 

convent i onal  and condi t i onal  aver ages,  are presented in figures 4.33 

t o 4. 36 f or  one no- gr i d case and t he s i x cases showi ng t he separ at e 
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a ef f ect s of  f r ee- st r eam i nt ensi t y and l engt h scal e r at i o.  Wher e 

condi t i onal  aver ages have been used t hey have not  been mul t i pl i ed by 

y or  ( 1 -  y) .  	 I n any . case t he skewness and f l at ness f act or s woul d 

not ,  of  cour se,  conf or m t o t he addi t i on l aw of  equat i on 4. 1. 1.  	 I t  	 i s  

wor t h not i ng at  t he out set  t hat  unl ess t he t hi r d-  and f our t h- or der  

pr oduct s change suf f i c i ent l y  r api dl y t he ef f ect  of  f r ee- st r eam 

t ur bul ence wi l l  r educe t he skewness and t he f l at ness f act or s s i mpl y 

because ū and vzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E 

 i ncr ease.  

Except  at  ( u' / U) e  w 0. 025,  t he skewness of  t he uncondi t i onal  

u- f l uct uat i ons,  Su,   shows negl i gi bl e dependence on t he l engt h scal e 

r at i o.  	 On t he ot her  hand,  t he skewness of  t he uncondi t i oned 

v- f l uct uat i ons,  Sv,  shows a smal l  but  per cept i bl e dependence on t he 

l engt h scal e r at i o at  al l  t hr ee nomi nal  val ues of  ( u` / U) e,  but  ot her wi se 

behaves much as S.  The magni t udes of  Su  and Sv  decr ease as t he f r ee-

st r eam i nt ensi t y i s  i ncr eased,  and at  ( u' / U) e  r  0. 058 t hey ar e al most  

zer o.  The decr ease i s mor e r api d i n t he out er  par t  of  t he boundar y 

l ayer .  	 Su, H,  t he skewness of  t he hot - zone u- f l uct uat i ons,  f ol l ows 

t he same t r end as Su  but  does not  decr ease as r api dl y.  	 Su, C'  Sv, H 	 and 

Sv, C exhi bi t  pl at eau r egi ons i n near l y al l  t hei r  pr of i l es,  and t he 

magni t udes of  t he skewnesses wi t hi n t hem ar e not  changed ver y gr eat l y 

by f r ee- st r eam t ur bul ence.  Al t hough t he s i gni f i cance of  t he pl at eaux 

i s not  al t oget her  c l ear ,  t hei r  exi st ence i s par t l y  due t o t he use of  

convent i onal l y- aver aged base l i nes.  	 I f  t he hot - zone vel oci t y,  say,  

was const ant  but  di f f er ent  f r om t he convent i onal - aver age vel oci t y 

t he skewness as eval uat ed her e woul d be ±1.  	 A f l uct uat i on t hat  f i r s t  

i ncr eases l i near l y f r om zer o and t hen decr eases l i near l y t o zer o -  

i . e. ,  a t r i angul ar - shaped f l uct uat i on -  has a skewness of  31/ 3/ 4 = 1. 30;  

t he pr esent  pl at eau r egi ons have magni t udes of  about  1. 2 t o 1. 4.  

Smal l  val ues of  Su  and Su, H  near  t he boundar y l ayer  edge and out s i de 

concur  wi t h t he obser vat i on of  t he smoke- f i l l ed boundar y l ayer  t hat  
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t he st r eam di r ect i on cannot  be i nf er r ed f r om t he wi spy mot i on.  	 I n 

cont r ast ,  t he st r ong i nhomogenei t y i n t he y- di r ect i on i s  evi dent  f r om 

t he non- zer o val ues of  
Sv, H and S

v, C'  

Fl at ness f act or s of  bot h u-  and v- f l uct uat i ons ar e al so 

s i gni f i cant l y af f ect ed by f r ee- st r eam t ur bul ence.  As t he ef f ect  of  

t he f r ee- st r eam t ur bul ence i ncr eases t he l ar ge f l at ness f act or s i n 

t he r egi on of  y/ 5995 z 1 ar e pr ogr essi vel y r educed t o t he c l osel y 

Gaussi an val ues measur ed i n t he f r ee- st r eam.  	 ( See,  f or  exampl e,  

Bat chel or ,  1953,  chapt er  8,  f or  a di scussi on on t he vel oci t y 

pr obabi l i t y  di st r i but i on i n gr i d- gener at ed t ur bul ence. )  The f l at ness 

of  t he v- f l uct uat i ons do not  appr oach t he Gaussi an val ue of  3 as 

qui ckl y as t he f l at nesses of  t he u- f l uct uat i ons,  agai n pr obabl y because .  

of  t he obvi ousl y much st r onger  i nhomogenei t y i n t he y- di r ect i on.  

I nsi de t he boundar y l ayer  t he col d- zone f l at ness f act or s Fu,c and 

Fv, C exhi bi t  par t i cul ar l y l ow val ues when f r ee- st r eam t ur bul ence i s 

absent  or  not  t oo st r ong,  bei ng wel l  bel ow t he Gaussi an val ue and 

wel l  bel ow t he ot her  f l at ness f act or s.  	 The t r i angul ar - shaped 

vel oci t y f l uct uat i on di scussed above has a f l at ness f act or  of  

9/ 5 = 1. 8 whi ch i s c l ose t o t hese l ow val ues.  	 The r i se i n Fu, c and 

Fv
, C as t he wal l  i s  appr oached coul d easi l y  be due t o poor  di scr i mi nat i on 

of  t he col d- zone pr oper ,  s i nce t he i nt er mi t t ency f act or  i s  c l ose t o 

uni t y.  	 The same i s t r ue of  t he skewnesses Sux and Sv, c.  	 The l ow 

val ues of  
Fu, C ar e,  however ,  undoubt edl y genui ne and most  l i kel y exi st  

f or  t he same r eason t hat  - C/ ❑(  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~  uv 	 )  i s l ar ge.  As t he f r ee- st r eam 

i nt ensi t y i ncr eases t he mi ni ma i n Fu, C and Fv, C move t owar ds t he wal l  

and become l ess pr omi nent ,  pr esumabl y as a r esul t  of  t he i ncr eased 

penet r at i on by f r ee- st r eam f l ui d.  

4. 7 	 BALANCES OF THE TURBULENT KI NETI C ENERGY AND TURBULENT  

SHEAR STRESS TRANSPORT EQUATI ONS  

The equat i ons of  mot i on f or  a const ant - pr oper t y,  Newt oni an 

f l ui d ar e gi ven i n appendi x 7.  
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The f or ms commonl y quot ed f or  t he t ur bul ent  k i net i c ener gy 

and t ur bul ent  shear  st r ess t r anspor t  equat i ons f or  a t hi n,  c l osel y 

t wo- di mensi onal  shear  l ayer  ar e,  r espect i vel y,  

-  ūv ay~ ay i.q +p' v) - c ( 4. 7. 1)  

Advect i on = Pr oduct i on -  Di f f usi on 	 Di ssi pat i on 

( or  Mean 
Tr anspor t )  

and 

6t  (ū)  	 _ -  āy -  ay 
( uq + p 'u ) 

— P ( a y + ax) '  
(4.7.2)  

Convect i on = Gener at i on -  Tur bul ent  -  Dest r uct i on 

( or  Mean 	 Tr anspor t  

Tr anspor t )  

wher e 	 D _a +U a +V a 
5E - āt 	ax 	 ay ( 4. 7. 3)  

These equat i ons al so assume t hat  t he Reynol ds number  i s  l ar ge enough 

so t hat  t he v i scous t r anspor t  of  t ur bul ent  k i net i c ener gy i s negl i gi bl e 

by compar i son wi t h t he di ssi pat i on and.  t hat  t he v i scous t er ms i n t he 

shear  st r ess t r anspor t  equat i on ar e negl i gi bl e by compar i son wi t h t he 

dest r uct i on t er m.  A necessar y condi t i on f or  a shear  l ayer  t o be t hi n 

i s  t hat  t he Reynol ds number  must  be l ar ge.  

For  t he pr esent  f l ow t he t hi n shear  l ayer  appr oxi mat i on can 

be expect ed t o be val i d i n so f ar  as 0. 014 $ dS995/ dx 5 0. 05.  	 The 

pr oduct i on of  t ur bul ent  k i net i c ener gy by di r ect  st r esses,  whi ch i n 

a t wo- di mensi onal  f l ow i s gi ven by - ( u 	 v2-  ) 311/ 9x,  was f ound t o be 

negl i gi bl e by compar i son wi t h - ūvaU/ ay.  	 Si mi l ar l y,  t he gener at i on 

of  shear  st r ess by t he shear  st r ess i t sel f ,  - uv( aU/ ax + aV/ ay)  i s  

c l ear l y negl i gi bl e by compar i son wi t h - v aU/ ay.  	 Eval uat i on of  t he 

t er ms r epr esent i ng t he t ur bul ent  t r anspor t  of  k i net i c ener gy and shear  

st r ess by st r eamwi se vel oci t y f l uct uat i ons,  r espect i vel y a( uq ) / ax and 

3( u v
2-  

	 woul d show t hem t o be smal l  by compar i son wi t h t he cr oss-  
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st r eam t r anspor t  t er ms.  	 vq2  has been appr oxi mat ed by 3/ 2 v( u2  + v2) .  

( Measur ement s of  vzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw wer e obt ai ned at  st at i on 8 but  ar e not  ent i r el y 

sat i s f act or y,  par t l y  because w i s er r oneousl y non- zer o near  t he wal l -

and par t l y  because of  scat t er .  The measur ement s of  vw
7 

 ar e not  

pr esent ed. )  	 At  wor st ,  t he appr oxi mat ed di f f usi on,  3/ 4 8( v( u2  + v2) / ay,  

can onl y be l ocal l y  i n er r or  s i nce t he net  cont r i but i on over  t he whol e 

f l ow shoul d be zer o;  i n t he absence of  er r or s ar i s i ng f r om gr aphi cal  

di f f er ent i at i on of  vue  and v i t  woul d be exact l y zer o.  	 Fur t her ,  i f  

t he ( pr obabl y er r oneous)  hi gh val ues c l ose t o t he wal l  ar e i gnor ed,  

t he cur ves of  vue  and v do not  di f f er  gr eat l y i n shape,  onl y i n 

magni t ude,  suggest i ng t hat  vw i s pr obabl y al so s i mi l ar  i n shape.  

Tur bul ent  di f f usi on and t ur bul ent  t r anspor t  by pr essur e f l uct uat i ons 

have been negl ect ed.  	 These t er ms ar e di scussed l at er .  	 The mean 

t r anspor t  t er ms have been measur ed di r ect l y .  	 The mean vel oci t y V 

was det er mi ned i n t he i nner  l ayer  by use of  t he l aw of  t he wal l  and 

t he measur ed duT/ dx,  and i n t he out er  l ayer  by numer i cal  i nt egr at i on 

of  t he mean vel oci t y pr of i l es.  	 Al t hough i nsi gni f i cant  her e,  t he 

ef f ect s of - t he sub- l ayer  and buf f er  l ayer  wer e i ncl uded,  usi ng t he 

descr i pt i on gi ven by Col es ( 1968) .  	 Di ssi pat i on and dest r uct i on have 

been det er mi ned by di f f er ence.  	 No adj ust ment  has been appl i ed t o 

t he shear  st r ess t o f or ce bet t er  agr eement  wi t h t he mean f l ow measur e-  

ment s of  wal l  shear  st r ess.  	 Wher e per mi t t ed by t he measur ement s,  use 

has been made of  s i mi l ar i t y  assumpt i ons t o obt ai n V,  eq / 3x and euv/ ex.  

Bal ances of  t he t ur bul ent  k i net i c ener gy and shear  st r ess 

t r anspor t  equat i ons ar e shown i n f i gur es 4. 37 and 4. 38 f or  t hr ee cases.  

Not e,  t he poi nt s pr esent ed i n each f i gur e cor r espond t o f ai r ed 

i nt er pol at i ons of  t he measur ement s and not  t o t he measur ement s pr oper .  

The var i ous cont r i but i ons +o t he bal ances have been pr esent ed so t hat  

t hei r  sum i s zer o ( i . e.  t  	 t er ms on t he r . h.  s i des of  equat i ons 4. 7. 1 

and 4. 7. 2 have been t r ansf er r ed t o t he l . h.  s i des) .  
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When f r ee- st r eam t ur bul ence i s absent  t he bal ance of  t he 

t ur bul ent  k i net i c ener gy equat i on i n t he r egi on y/ S995 ? 1 r educes t o 

" advect i on z di f f usi on by vel oci t y f l uct uat i ons" ,  as shown i n f i gur e 

4. 37a.  	 The appr oxi mat e equal i t y  i mpl i es t hat  t he di f f usi on by pr essur e 

f l uct uat i ons i s not  a l ar ge par t  of  t he whol e di f f usi on i n t hat  r egi on.  

Fr om f i gur es 4. 37b and 4. 37c i t  i s  seen t hat  t he ef f ect  of  f r ee- st r eam 

t ur bul ence i s t o change t he s i gn of  t he advect i on,  at  l east  i n t he 

out er  par t  of  t he boundar y l ayer ,  and t o adj ust  t he di st r i but i on of  

t he di f f usi on.  	 The sl i ght  r i se ( gai n)  i n advect i on near  t he wal l  i s  

consi st ent  i n bot h f i gur es 4. 37b and 4. 37c.  	 The exi st ence of  a 

mi ni mum i n t he advect i on i mpl i es t hat  t he gai n near  t he wal l  i s  not  a 

di r ect  r esul t  of  t he negat i ve advect i on i n t he f r ee- st r eam but  r at her  

an i ndi r ect  ef f ect  t hat  must  be associ at ed wi t h t he pr esence of  t he 

wal l .  	 That  i s ,  t he gai n by advect i on near  t he wal l  i s  an i ncr ease i n 

' i nact i ve'  mot i on br ought  about  by t he f r ee- st r eam t ur bul ence.  

I ncr eased l oss by di f f usi on near  t he wal l  f ol l ows f r om t he peaks of  

vu and v 
 bei ng pushed c l oser  t o t he wal l .  	 A smal l  gai n by di f f usi on 

wel l  out s i de t he boundar y l ayer  edge i s i ndi cat ed by some measur ement s 

of  v.  	 These smal l  cont r i but i ons have not  been i ncl uded i n f i gur es 

4. 37b and 4. 37c.  	 When f r ee- st r eam t ur bul ence.  i s  pr esent  t her e i s  no 

r egi on wher e " advect i on z di f f usi on" .  	 Pr oduct i on i s r educed i n t he 

whol e of  t he out er  l ayer .  

The convect i on of  shear  st r ess,  i n cont r ast  t o t he advect i on 

of  t ur bul ent  k i net i c ener gy,  i s  not  gr eat l y af f ect ed by f r ee- st r eam 

t ur bul ence,  whi ch i s par t l y  t o be expect ed because Dūv/ Dt  i s  zer o i n 

t he f r ee- st r eam.  	 On t he ot her  hand,  t he t ur bul ent  t r anspor t  of  shear  

st r ess,  auv / ay,  i s  qual i t at i vel y af f ect ed by f r ee- st r eam t ur bul ence 

much as t he di f f usi on of  t ur bul ent  k i net i c ener gy,  avq / ay,  i s  af f ect ed.  

The gener at i on of  shear  st r ess,  - vaU/ ay,  i s  i ncr eased near  t he boundar y 

l ayer  edge,  but  f ur t her  i n i t  i s  r educed.  	 I r r espect i ve of  t he pr esence 

or  absence of  f r ee- st r eam t ur bul ence t her e i s  no r egi on wher e t he 
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gener at i on and dest r uct i on of  shear  st r ess ar e smal l  enough t o per mi t  

" convect i on 21 t ur bul ent  t r anspor t " .  

The di ssi pat i on l engt h scal e LT,  def i ned as 

( 4. 7. 3)  

i s  pr esent ed i n f i gur e 4. 39 f or  t he t hr ee cases.  	 Di scr epancy 

bet ween t he t hr ee pr of i l es i s  smal l  and t he pr of i l es t hemsel ves ar e 

c l ose t o t he ' t heor et i cal '  al gebr ai c di st r i but i on used by Br adshaw et  al .  

( 1967) .  	 Al t hough t he al gebr ai c l engt h scal e wor ks wel l  i n sever al  

f l ows i t  i s  di f f i cul t  t o accept  t he pr esent  adher ence on t he basi s 

of  t hat  success.  	 For ,  near  t he boundar y l ayer  edge / ( - ūv)  cannot  by 

i t sel f  be an adequat e vel oci t y scal e of  t he ener gy di ssi pat i on when 

appr eci abl e f r ee- st r eam t ur bul ence i s pr esent .  	 I n t he i nner  l ayer ,  

uni ver sal i t y  of  LT  i s  mor e or  l ess guar ant eed i f  bot h t he l ogar i t hmi c 

l aw and " pr oduct i on z di ssi pat i on"  ar e obeyed.  	 Cl ear l y t hough,  t he 

f act  t hat  t he di st r i but i on of  t he di ssi pat i on l engt h scal e,  LT,  

appear s t o be unaf f ect ed by f r ee- st r eam t ur bul ence has usef ul  

i mpl i cat i ons f or  cal cul at i on met hods.  	 The di ssi pat i on l engt h scal e 

_ 	 3/ 2 Lq  = ( q )  	 / c,  used i n sever al  cal cul at i on met hods,  cannot  be 

i ndependent  of  f r ee- st r eam t ur bul ence because,  of  cour se,  i n t he out er  

l ayer  i t  must  depend upon t he f r ee- st r eam l engt h scal e.  	 Lq  i s  

pr esent ed i n f i gur e 4. 40 f or  t he t hr ee cases.  

4. 9 	 SOME I MPLI CATI ONS FOR CALCULATI ON METHODS  

The measur ement s pr esent ed i n chapt er  3 c l ear l y show t hat  

t he pr esence of  f r ee- st r eam t ur bul ence af f ect s t he mean f l ow and t hat  

t he ef f ect  i s  dependent  upon bot h t he f r ee- st r eam i nt ensi t y and t he 

l engt h scal e r at i o Le/ d.  	 The condi t i onal l y- aver aged measur ement s 

have shown t hat  t he i nt er act i on af f ect s t he t ur bul ence st r uct ur e i n 

bot h t he hot  and col d zones.  	 Consequent l y,  t he f i r st - or der - accur at e 

super posi t i on or  t i me- shar i ng appr oach,  per mi t t ed when t he i nt er act i on 

has negl i gi bl e or  onl y a smal l  ef f ect  on t he t ur bul ence st r uct ur e,  
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cannot  be empl oyed i n t he pr esent  case.  	 Super posi t i on has been 

shown by Dean & Br adshaw ( 1976)  t o be appl i cabl e t o t he mer gi ng 

boundar y l ayer s i n a devel opi ng duct  f l ow,  and has been pr oposed by 

Andr eopoul os f or  cal cul at i ng t he near  wake of  a t hi n aer of oi l .  	 ( When 

t he i nt er act i on af f ect s t he t ur bul ence st r uct ur e of  ei t her  or  bot h 

t ur bul ence f i el ds,  i t  i s  not  possi bl e t o wr i t e separ at e t r anspor t  

equat i ons f or  each zone wi t hout  i ncl udi ng some sor t  of  t r ansf er  t er m 

i n each equat i on r epr esent i ng t he i nt er act i on.  	 The nat ur e of  t hese 

t r ansf er  t er ms i s not  consi der ed i n t he pr esent  t hesi s. )  

Many s i mpl e cal cul at i on met hods use an eddy v i scosi t y or  

a mi x i ng l engt h hypot hesi s.  	 These t wo quant i t i es,  def i ned by 

vT = -ūv/ ( 3U/ ay)  	 and 	 Q,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- l / ( -uv)/(aU/ay) ,  	 ( 4. 8. 1,  4. 8. 2)  

ar e shown i n f i gur es 4. 41 and 4. 42,  r espect i vel y.  	 The f i gur es al so show 

eddy v i scosi t i es and mi xi ng l engt hs,  def i ned by 

vT, H = - yūvH/  DU/ ay)  ,  t H = V( - YuvH) / ( aU/ ay) ,  	 ( 4. 8. 3,  4. 8. 4)  

vT, C = - ( 1 -  Y) uvC/ ( aU/ ay)  and ZC = ❑( - ( 1 -  Y) uvC) / ( aU/ ay)  
( 4. 8. 5,  4. 8. 6)  

Any change i n t he mean- vel oci t y or  shear - st r ess pr of i l es necessar i l y  

i mpl i es a change i n ei t her  t he eddy v i scosi t y or  t he mi x i ng l engt h,  or  

bot h.  	 Fi gur es 4. 41 and 4. 42 show t hat  t hey ar e bot h af f ect ed but  

t hat  t he mi x i ng l engt h i s  af f ect ed t he most .  	 Not abl y,  t he eddy 

v i scosi t y vT, C shows a consi st ent  i ncr ease wi t h f r ee- st r eam i nt ensi t y 

but  no consi st ent  t r end wi t h l engt h scal e r at i o.  	 Var i at i on of  bot h 

vT and t  wi t h f r ee- st r eam t ur bul ence can be seen t o be necessar y f r om 

t he mean f l ow measur ement s and t he t hi n- shear - l ayer  moment um equat i on 

el  + VaU = 1 d~ _ auv auf  	 ( 4. 8. 7)  
3x 	 ay 	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp āe 	ay ax 

i f  3u / 3x i s  negl ect ed and dp/ dx assumed unaf f ect ed.  	 Near  t he 

boundar y l ayer  edge eu/ / ax z due/ dx = (  ē) 3/ 2/ ( UeLu) ,  and over  most  
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of  t he boundar y l ayer  auv/ ay = at - 4/ 6995  1 .  Ther ef or e 

d  ē/ dx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	ē 3/ 2  Ue 2
Le 

aūv/ ay 	 ē (;)zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ Ç95] 
( 4. 8. 8)  

and f or  t he pr esent  measur ement s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(ē/ Uē)3/ 2
( Ue/ ut ) 2  -  0. 009 at  

( u' / U) e  = 0. 025,  0. 036 at  ( u' / U) e  = 0. 04,  and 0. 097 at  ( u' / U) e  = 0. 058.  

Cal cul at i on met hods usi ng al gebr ai c eddy v i scosi t y or  

mi x i ng l engt h ar e known t o gi ve poor  r esul t s i n st r ongl y non-  

equi l i br i um f l ows.  	 Mor e sophi st i cat ed met hods r el at e t he eddy 

v i scosi t y or  mi x i ng l engt h t o t ur bul ence quant i t i es or  abandon t hese 

hypot heses al t oget her .  	 The r emai ni ng di scussi on per t ai ns mai nl y t o 

t he cal cul at i on met hod of  Br adshaw et  al .  ( 1967) .  	 These aut hor s 

empl oyed t hr ee c l osur e equat i ons,  namel y 

al  = - uv/ q ,  	 ( 4. 8. 9)  

G = ( T + vq) / ( ( - uvMAX) 1/ 2 ( . Ruv) )  	 ( 4. 8. 10)  

and 	 L 	 = ( - v) 3/ 2/ c ,  	 ( 4. 9. 11)  

per mi t t i ng t he t hi n- shear - l ayer  t ur bul ent  k i net i c ener gy t r anspor t  

equat i on t o be t r ansf or med i nt o a t hi n- shear - l ayer  shear - st r ess t r anspor t  

equat i on.  	 -uvMAX i s t he maxi mum shear  st r ess i n t he r egi on 

0. 25 y/ 6995 :  1,  and a1 i s t aken t o be const ant  at  0. 15.  	 I n t he 

pr evi ous sect i on LT( y/ 6995)  was f ound not  t o be s i gni f i cant l y af f ect ed 

by f r ee- st r eam t ur bul ence.  Thi s bei ng so,  f r ee- st r eam t ur bul ence 

ef f ect s ar e conf i ned t o ef f ect s on a l   and G.  Measur ement s of  

- uv/ q have al r eady been pr esent ed i n f i gur e 4. 10 and di scussed i n 

subsect i on 4. 4. 1.  	 The di f f usi on f unct i on,  G,  has been appr oxi mat ed 

as 

= 13, 7 v( u2  + v2) / ( ( - uvMAX) 1/ 2( - uv) )  
	

( 4. 8. 12)  

I n t he absence of  f r ee- st r eam t ur bul ence t he empi r i cal  r esul t  t hat  

t he ent r ai nment  vel oci t y VE  = 10Ue( - uvMAX/ Ue) 1. 0  i mpl i es t hat  
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G « ( -  5MAX) 0' 5/ Ue•  	 Fi gur e 4, 43 shows t he separ at e f r ee- st r eam 

i nt ensi t y and l engt h- scal e ef f ect s on G' / ( - ūvMAX/ Ue) ( 1' 5.  	 At  

( u' / Ue )  z 0. 025 t he di f f usi on f unct i on i s  qui t e di f f er ent  f or  t he 

t wo val ues of  Lu/ 5995'  	 At  t he l ar ger  val ue of  Lu/ ō995  i n f i gur e 

4. 43b t he i nt er act i on i s  f ai r l y  weak and t he di f f usi on f unct i on i s  

not  ver y di f f er ent  f r om t hat  whi ch exi st s i n t he absence of  f r ee-  

st r eam t ur bul ence.  	 At  t he smal l er  val ue of  Le/ 5995 i n f i gur e 4. 43b 

t he di f f usi on f unct i on pr of i l e has est abl i shed a shape t hat  per si st s 

at  hi gher  f r ee- st r eam i nt ensi t y;  t he di f f usi on f unct i on i ncr eases 

r api dl y near  t he wal l  and t hen out s i de y/ 5995  z  0. 4 r emai ns l evel .  

Cr edi bl e er r or s i n t he measur ement  of  - uv woul d expl ai n,  at  l east  i n 

par t ,  t he scat t er  of  t he di f f usi on f unct i on near  t he boundar y l ayer  

edge,  most  evi dent  i n f i gur e 4. 43d.  	 The l evel  of  t he di f f usi on f unct i on 

out s i de y/ 6995 x 0. 4 decr eases s l owl y wi t h i ncr easi ng f r ee- st r eam 

i nt ensi t y.  	 Fi gur e 4. 43e shows pr of i l es of  G' /  ( _v x/ Ue) 0. 5  at  t he 

s i x consecut i ve st at i ons ( 15. 2 cm gr i d,  XLE  = 2. 06 m) .  

4. 9 	 CONCLUSI ON TO THE CHAPTER  

Despi t e what  was bel i eved t o be f ai r l y  car ef ul  at t ent i on t o 

exper i ment al  det ai l  t he accur acy of  t he pr esent  set  of  measur ement s 

i s  not  ent i r el y sat i s f act or y.  	 I n par t i cul ar ,  t he shear  st r ess,  - uv,  

i s  r oughl y 16% t oo smal l  when compar ed wi t h t he mean f l ow ski n- f r i c t i on 

measur ement s and w i s embar r assi ngl y l ar ge near  t he wal l .  	 Never t hel ess,  

i n t he absence of  f r ee- st r eam t ur bul ence,  t he r at i os of  t ur bul ence 

quant i t i es ( except  t hose i nvol v i ng w)  agr ee sat i sf act or i l y  wi t h t hose 

of  ot her  wor ker s.  	 Over al l ,  t he pr esent  measur ement s ot her wi se show 

t hemsel ves t o be sel f - consi st ent .  	 Fur t her mor e,  t he di scr epanci es 

ar e unl i kel y t o be ser i ous when t he ef f ect s of  f r ee- st r eam t ur bul ence 

ar e consi der ed compar at i vel y.  

The ef f ect  of  f r ee- st r eam t ur bul ence on t he t ur bul ence 

st r uct ur e,  as i nf er r ed f r om t he convent i onal l y- aver aged Reynol ds 
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st r esses,  i s  gr eat est  i n t he out er  l ayer .  	 I n t he i nner  l ayer  t he 

ef f ect  i s  mani f est ed as " i nact i ve"  mot i on;  t he i nact i ve cont r i but i ons 

t o ū / uT and w / uT ar e r oughl y 0. 3 ē/ uT f or  t he pr esent  cases 

( f i gur e 4. 9) .  	 The appar ent l y weak dependence on l engt h scal e r at i o 

i n t he i nner  l ayer  i s  consi st ent  wi t h t he i nact i ve mot i on dr i ven by 

t he f r ee- st r eam t ur bul ence t endi ng t o cancel  t he l engt h- scal e ef f ect  

seen i n t he out er  l ayer .  	 The ef f ect  of  t he pr esence of  t he wal l  on 

t he f r ee- st r eam t ur bul ence i s c l ear l y evi dent  i n t he pr of i l es of  w,  

and much of  t he dependence of  t he boundar y l ayer  on t he l engt h scal e 

r at i o,  Le/ S,  can be qual i t at i vel y r econci l ed wi t h t he dependence of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw 

on t he f r ee- st r eam l engt h scal e,  Le.  	 The shear - st r ess pr of i l e edge 

605  does not  move ver y f ar  f r om t he mean vel oci t y pr of i l e edge 6995 

( wi t h one except i on wher e 5995  i s  of  poor  accur acy anyway) .  	 Near  t he 

boundar y l ayer  edge t he shear  st r ess measur ement s ar e consi st ent  wi t h 

t hose i nf er r ed f r om mean f l ow measur ement s t hr ough - uv = VE( UE  -  U) ,  

wher e VE,   t he ent r ai nment  vel oci t y,  i s  gi ven by equat i on 4. 4. 2.  

I l l umi nat i on of  a smoke- f i l l ed boundar y l ayer  by a t hi n 

( per pendi cul ar )  pl ane of  l i ght  ( f i gur e 4. 14)  shows t he t ur bul ent /  

t ur bul ent  i nt er f ace- t o be much mor e hi ghl y cont or t ed,  wi t h wi sps of  

smoke ext endi ng wel l  out s i de t he mean- vel oci t y pr of i l e edge.  	 The 

" r ol l i ng mot i on" ,  c l ear l y evi dent  f or  a t ur bul ent / bi on- t ur bul ent  

i nt er f ace,  i s  st i l l  di scer ni bl e wi t hi n t he boundar y l ayer  pr oper .  

The wi spy mot i on i s r andoml y or i ent at ed wi t h r espect  t o t he st r eam 

di r ect i on,  a f act  f ur t her  suppor t ed by measur ement .  

Vi sual  obser vat i ons of  t he i nt er f ace ar e suppor t ed 

quant i t at i vel y by t he t emper at ur e- i nt er mi t t ency measur ement s of  a 

passi vel y- heat ed boundar y l ayer .  	 The i nt er mi t t ency- f act or  pr of i l e i s  

br oadened by f r ee- st r eam t ur bul ence,  t he aver age bur st  f r equency 

pr of i l e i s  i ncr eased i n magni t ude and br eadt h,  and t he aver age hot -  

bur st  l engt h i s  consi der abl y r educed i nsi de y 	 5995.  	 Compar ed wi t h,  
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say 	 t he t he l engt h scal e of  t he boundar y l ayer  eddy mot i on as 

i nf er r ed f r om t he aver age posi t i on of  t he i nt er f ace,  y,  var i es wi t h 

f r ee- st r eam i nt ensi t y and l engt h scal e r at i o,  L/ S05  say,  but  not  

by a l ar ge amount  ( f i gur e 4. 17) ;  bot h 605  and 5995  r emai n per t i nent  

scal es of  t he boundar y l ayer  t ur bul ence pr oper .  	 I t  i s  suggest ed 

t hat  t he ef f ect  of  f r ee- st r eam t ur bul ence i n mai nt ai ni ng a hi ghl y 

cont or t ed i nt er f ace at  l ow Reynol ds number s,  as shown by f i gur e 4. 14,  

t ends t o r educe l ow- Reynol ds- number  ef f ect s,  and i s r esponsi bl e f or  

t he l ow- Reynol ds- number  dependence of  Cf / Cf o di scussed i n chapt er  3.  

Condi t i onal l y- aver aged Reynol ds st r ess measur ement s show 

t he col d- zone shear  st r ess,  - ( 1 -  y) uvc,  ( f i gur e 4. 21)  t o be 

s i gni f i cant l y non- zer o onl y wi t hi n t he boundar y l ayer .  	 Ther e,  

- ( 1 -  y) uvC  i ncr eases wi t h f r ee- st r eam i nt ensi t y but ,  over  t he pr esent  

r ange of  measur ement s,  decr eases wi t h decr easi ng l engt h scal e r at i o.  

The l at t er  behavi our  i s  r oughl y commensur at e wi t h t he r educt i on of  

aU/ ay t hat  al so occur s i n so f ar  as t he pr oduct i on of  t ur bul ent  k i net i c 

ener gy i s al so r educed.  	 The wi spy mot i on of  t he t ur bul ent / t ur bul ent  

i nt er f ace out s i de t he boundar y l ayer  edge,  5995  say,  cont ai ns ver y 

l i t t l e shear  st r ess.  	 Al so,  i t  i s  t ent at i vel y suggest ed t hat  t he 

wi spy mot i on i nsi de t he boundar y l ayer  may not  cont ai n much mor e shear  

st r ess t han t he col d- zone.  	 An al most  cer t ai nl y genui ne and i nt er est i ng 

i nci dent al  r esul t  i s  t hat  i n t he absence of  f r ee- st r eam t ur bul ence t he 

r at i os - ūC/ qc and - ūvC/ ❑( uc.  c)  ( f i gur e 4. 23)  ar e consi der abl y l ar ger  

t han nor mal l y measur ed f or  t ur bul ent  mot i on f or  a subst ant i al  par t  of  

t he boundar y l ayer .  	 Fur t her mor e,  t hese r at i os decr ease onl y s l owl y as 

t he f r ee- st r eam i nt ensi t y i s  i ncr eased.  	 Si mi l ar l y l ar ge r at i os can be 

deduced f r om t he measur ement s of  Hedl ey & Kef f er  ( 1974)  and Char nay 

( 1974)  once t hei r  use of  condi t i onal l y- aver aged base l i nes has been 

r emoved.  	 The col d- zone f l at ness f act or s Fu, C  and Fv, C  ( f i gur es 4. 35 

and 4. 36)  exhi bi t  par t i cul ar l y l ow val ues i n t he par t  of  t he boundar y 
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i 
l ayer  wher e - uvc/ qc and - uvC/  ❑( uc. vc)  ar e l ar ge,  qui t e l i kel y f or  

t he same r eason.  -ūvH/ qH and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-ūvH/  ❑( uN. v2)  ar e af f ect ed by f r ee-

st r eam t ur bul ence but  not  as much as - 1717/ q2 and - uv/ V0
- 2-  

. v
2 

) .  

The pr of i l es of  t he hot - zone cont r i but i ons t o t he var i ous 

doubl e and t r i pl e pr oduct s over l ap t he edge of  t he boundar y l ayer  by 

di f f er i ng amount s;  t he or der  of  i ncr easi ng over l ap i s 

yuvH ,YH ,YuV ' YH 9Y H,YH'YH 

YwH 

Except  f or  u2 f ,  t hi s i s  t he same or der  as f or  mer gi ng boundar y l ayer s 

i n a t wo- di mensi onal  duct  ( Dean & Br adshaw,  1976) ,  f or  whi ch t he over l ap 

of  u i s  l ar ger  t han t hat  of  v .  The t ur bul ent  shear  st r ess and 

t ur bul ent  k i net i c ener gy hot - zone t r anspor t  vel oci t i es 
VT, H and Vq, H 

ar e af f ect ed by f r ee- st r eam t ur bul ence ( f i gur e 4. 29)  but  not  as much as 

VT and Vq ( f i gur e 4. 13) .  A cer t ai n amount  of  st r uct ur al  s i mi l ar i t y  

exi st s wi t hi n t he hot - zone i n t hat ,  wi t hi n t he scat t er ,  t he r at i o 

VT, H/ Vq, H i s at  most  onl y weakl y dependent  upon t he i nt er act i on 

( f i gur e 4. 30) .  	 VT, C and Vq, c ( f i gur e 4. 32)  ar e al so af f ect ed by 

f r ee- st r eam t ur bul ence,  but  t hi s i s  t o be expect ed i f  onl y because 

t her e i s  no r eason t o suppose t hat  t r anspor t  vel oci t i es f or  i r r ot at i onal .  

f l uct uat i ons ( i . e.  t he col d- zone f l uct uat i ons i n t he absence of  f r ee-

st r eam t ur bul ence)  shoul d be t he same as t hose f or  r ot at i onal  f l uct -  

uat i ons ( i . e.  ext er nal  t ur bul ence) .  	 Near  t he wal l  VT ~~ and Vq, c -   
whi ch ar e subst ant i al l y  di f f er ent  f r om 

VT, H and Vq, H,  i mpl y i ng t hat  any 

er r or s i n di scr i mi nat i on ar e not  over whel mi ngl y l ar ge even t hough y i s  

c l ose t o uni t y -  appear  t o scal e f ai r l y  wel l  on uT when f r ee- st r eam 

t ur bul ence i s pr esent .  Near  t he boundar y l ayer  edge VT, C and Vq, C 

var y r oughl y as ❑( v2) .  

t See f oot not e on page 235.  
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•  Bal ances of  t he t ur bul ent  k i net i c ener gy and t ur bul ent  

shear - st r ess t r anspor t  equat i ons ar e pr esent ed f or  t hr ee cases i ncl udi ng 

one no- gr i d case ( f i gur es 4. 37 and 4. 38) .  	 The advect i on changes s i gn 

i n at  l east  t he out er - most  par t  of  t he l ayer ,  and i ncr eased ' i nact i ve'  

mot i on i s evi dent  by a smal l  r i se ( gai n)  near  t he wal l .  	 Loss by 

di f f usi on i n t he i nner  l ayer  i s  al so i ncr eased and t he gai n i n t he out er  

par t  of  t he l ayer  ext ends over  a l ar ger  r ange of  y/ 6.  	 Pr oduct i on i n 

t he out er  l ayer  i s  r educed.  	 The di ssi pat i on l engt h scal e base on 

- ūv ( equat i on 4. 7. 3)  i s  appar ent l y i nsensi t i ve t o f r ee- st r eam t ur bul ence 

whi l e t he di ssi pat i on l engt h scal e based on q behaves r at her  oddl y 

( f i gur es 4. 39 and 4. 40) .  	 However ,  compl et e i nsensi t i v i t y  of  LT  near  

t he boundar y l ayer  edge i s di f f i cul t  t o bel i eve.  

Si nce t he i nt er act i on as i nf er r ed f r om t he condi t i onal l y-

sampl ed t ur bul ence measur ement s i s  gener al l y  not  weak separ at e 

t r anspor t  equat i ons cannot  be wr i t t en f or  t he hot  and col d zones 

wi t hout  i ncl udi ng some sor t  of  t r ansf er  t er m i n each.  	 Thi s compl exi t y 

i s  not  consi der ed i n det ai l  i n t hi s t hesi s;  onl y t he t r anspor t  

equat i ons f or  t he convent i onal l y- aver aged Reynol ds st r esses ar e 

di scussed.  	 Br i ef  consi der at i on i s  gi ven t o t he cal cul at i on met hods 

of  Br adshaw et  al .  ( 1967) .  Al t hough t he st r ess r at i o - v/ q ( f i gur e 

4. 10)  and t he di f f usi on f unct i on G ( appr oxi mat ed by equat i on 4. 9. 9 and 

gi ven i n f i gur e 4. 43)  ar e f ai r l y  compl i cat ed f unct i ons of  ue/ uT  and 

Le/ 6 and wi l l  pr obabl y need car ef ul  t r eat ment  t hey ar e r easonabl y 

wel l  behaved.  
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GRI D XLE( m)   

NONE 0. 30 

7. 6cm 2. 06 

15. 2cm 2. 06 

'  
N 
CTI  

°  1 

7. 6cm 0. 30 

15. 2cm 1. 37 

15. 2cm 0. 76 

STATI ON x( m)   Ree  ( u' / U) e  Le/ 6995 ACf / Cf  0 

6 . 91 2870 z0. 0003 -  -  

14 2. 13 4680 z0. 0003 -  -  

6 . 91 2980 0. 0240 1. 88 0. 078 

6 . 91 3030 0. 0468 2. 72 0. 146 

8 1. 22 3750 0. 0442 2. 23 0. 151 

10 1. 52 4320 0. 0410 1. 90 0. 136 

12 1. 83 4790 0. 0387 1. 70 0. 140 

14 2. 13 5240 0. 0362 1. 69 0. 130 

16 2. 44 5850 0. 0345 1. 55 0. 128 

8 1. 22 3710 0. 0399 0. 71 0. 203 

16 2. 44 5760 0. 0255 0. 67 0. 148 

6 . 91 3100 0. 0575 1. 83 0. 209 

10 1. 52 3860 0. 0575 1. 34 0. 237 

DI GI TI ZED 	 x- WI RE 	 ANALOGUE 	 PROFI LE 
MEASUREMENTS PROBE MEASUREMENTS NUMBER 

u,  v 8;  u,  w,  0 	 E 	 U,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 ' 	 39 

u,  v,  8;  u,  w,  0 	 E 	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU, T 	 40 

u,  v,  0;  u,  w,  0 	 C 	 u,  U,  1 	 33 

u,  v,  8;  u,  w,  0 	 A 	 u,  U,  T 	 27 

u,  v,  8;  u,  w,  0 	 B 	 u,  U,  1  	 28 

u,  v,  0;  u,  w,  0 	 B 	 u,  U,  T 	 29 

u,  v,  8;  u,  w,  8 	 B 	 u,  U,  f i  	 30 

u,  v,  8;  u,  w,  8 	 B 	 u,  U,  1  	 31 

u,  v,  8;  u,  w,  e 	 C 	 u,  U,  fi 	 32 

u,  v,  0;  u,  w,  0 	 D 	 U, 1  	 35 

u,  v,  8 	 D 	 U, T 	 36 

u,  v,  8;  u,  w,  8 	 D, E 	 u,  U,  1  	 37 

u,  v,  8;  u,  w,  0 	 E 	 U,  1  	 38 

TABLE 4. 1 Di r ect or y of  Tur bul ence Measur ement s,  Mean Fl ow and Fr ee- St r eam Tur bul ence Par amet er s.  



5 

6995  
4 

3 

2 0 (33) <3 (37) 

D (38) 

o (28) 

o (29) 
A AA (30)  

(31) 
(32) 

a 

A (27) 

(36) 	
O 

(35)  

1 	! 	I  

0 	 0.01 	 0.02 	 0.03 	 0.04 	 0.05 

(U'/ U)e 

0.06 &07 

Fi g.  4. 1 Fr ee- st r eam i nt ensi t y,  ( u' / U) e,  and l engt h scal e r at i o,  

Lue/ 5995,  f or  t he boundar y l ayer  t ur bul ence measur ement s.  

Number s i n br acket s ar e pr of i l e number s l i s t ed i n 

t abl e 4. 1 ( and al so t abl e 3. 3) .  
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100) =1;   

NTH2 = NTH2+1. 

.ID(J)=1 ;   

NTH4= NTH4+1. 

'Start' 

a) Flow diagram (continued on next page) 
Fig. 4.2 Flow diagram for intermittency algorithm LAGTHR. 
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Yes 

12=12 +1 
TMINO= TO) 

TMIN 

TMIN 

Yes 

TMIN1= TMINO 

Long Cold 
NTH2C = 

NTH2C+1 ;   
N2=1;   

ID(J) =0;   
TMIN2 = TMIN1 

TMINO=T(J);   
0A=TMIN2+e2  

TMINO= 
MIN(T(J),TMINO) Long Hot 

NTH2H= 
NTH2H 1 ;   
N1=1;   
OQ= T ;   

TMIN2= TMIN1 
=TMINO=T- 02 

ID(J) =1 

'End' 

Fi g.  4. 2 a)  cont ' d.  
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FLOW 	 APPENDI X 	 VARI ABLE FUNCTI ON 
DI AGRAM 	 6 

02 	 TH2 	 Temper at ur e l evel - t hr eshol d above col d l evel  TMI N2 	 .  

0A 	 THA 	 Temper at ur e l evel - t hr eshol d = 02  + TMI N2 

	

( 04)  	 TH4 	 Temper at ur e l evel - t hr eshol d above col d l evel  TBOT5 

OB 	 Temper at ur e l evel - t hr eshol d of  f al l - t o- col d s l ope 

t est  = 04  + TBOT5 

	

03D 	 TH3D 	 t Sl ope- check t hr eshol d t emper at ur e dr op 

	

NLAG 	 NLAG 	 Sl ope- check t hr eshol d t i me del ay ( NLAG ;  19)  

	

T( J)  	 I ZJ 	 Temper at ur e of  Jt h  poi nt  i n cur r ent  r ecor d 

	

TLAG 	 TLAG = T( J- NLAG)  Temper at ur e of  ( J- NLAG) t h  poi nt  i n 

cur r ent  r ecor d 

	

TMI NO 	 TMI NO 	 Mi ni mum t emper at ur e of  t he cur r ent  col d bur st  

	

TMI N1 	 TMI N1 	 Mi ni mum t emper at ur e of  t he l ast  col d bur st  

	

TMI N2 	 TMI N2 	 Mi ni mum t emper at ur e of  t he l ast  but  one col d bur st  

	

I D( J)  	 I D( J)  	 Val ue of  t he i nt er mi t t ency f unct i on at  t he j t h  poi nt  

I D( J) =1 	 Jt h  poi nt  decl ar ed hot  by l evel  t est  or  

s l ope t est  

I D( J ) =0 Jt h  poi nt  decl ar ed col d by l evel  t est  

I D( J) =- 2 Jt h  poi nt  decl ar ed col d by s l ope t est  

I D( J- 1) =- 1 pr evi ous poi nt  decl ar ed col d by s i ngl e-

hot - poi nt  r ej ect i on t est  

N1 	 Ni  	 Number  of  poi nt s i n cur r ent  hot  bur st  

N2 	 N2 	 Number  of  poi nt s i n cur r ent  col d bur st  

I 1 	 I l  	 Tot al  number  of  hot  poi nt s 

I 2 	 I 2 	 Tot al  number  of  col d poi nt s 

Fi g.  4. 2b)  Al gor i t hm var i abl es 
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FLOW 	 APPENDI X 	
VARI ABLE FUNCTI ON DI AGRAM 	 6 

NTH2 	 NTH2 	 Tot al  number  of  poi nt s decl ar ed hot  by l evel  t est  

al one 

NTH4 	 NTH4 	 Tot al  number  of  poi nt s decl ar ed hot  by s l ope t est  

NP2 	 NP2 	 Tot al  number  of  poi nt s decl ar ed col d by l evel  t est  

al one 

NP3 	 NP3 	 Tot al  number  of  poi nt s decl ar ed col d by s l ope t est  

NU 	 NU 	 .Maxi mum per mi t t ed number  of  poi nt s i n any s i ngl e 

hot  bur st  

NL 	 NL 	 t Maxi mum per mi t t ed number  of  poi nt s i n any s i ngl e 

col d bur st  

NTH2H 	 NTH2H 	 Number  of  l ong hot  bur st s 

NTH2C 	 NTH2C 	 Number  of  l ong col d bur st s 

NTH2S 	 NTH2S 	 Number  of  poi nt s decl ar ed col d by s i ngl e hot  poi nt  

r ej ect i on t est  

TBOTO 	 Mi ni mum t emper at ur e of  cur r ent  r ecor d 

TBOT5 	 Mi ni mum t emper at ur e of  l ast  NB5 r ecor ds 

N85 	 NB5 	 Number  of  pr evi ous r ecor ds used f or  s l ope- t est  

r ef er ence mi ni mum t emper at ur e 

t I nput  par amet er s 

Fi g.  4. 2b)  cont ' d.  
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1~ 

Temper at ur e 
s i gnal .  

Fi g.  4. 3 I l l ust r at i on of  i nt er mi t t ency al gor i t hm t hr eshol ds.  

0 
27 

d 
37 

p A28  
p 29 

33 

~36, 38 0 
40 

a 31 30 
32 

0
35 	 039 

0 	 I nt er mi t t ency f unct i on 

0.5 

0.4 
0 

02,C 

0.3 

0.2 

0.1 

1 
	

2 
	

3 	4 
	

5 
	

6 
(TSA,— TA ) ,°C.  

	

Fi g.  4. 4 Thr eshol d A val ues.  	 Pr of i l e number s adj acent  t o symbol s.  
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4 

Y/ 6995  

a)  No gr i d 

0 
	

0.5 1.0 
	

1.5 

2 

1 

0 	 0.5 
Y/ 6995  

1.0 1.5 

b)  7. 6 cm gr i d,  XLE = 2. 06 m,  st n 6 

Fi g.  4. 5 	 Mean t emper at ur e pr of i l es:  
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1.0 
0 	 0.5 	Y/6995  

Fi g.  4. 5c,  15. 2 cm gr i d,  XLE = 2. 06 m,  st ns 6,  8,  10,  12,  14,  16 

2 

1 

1.5 1.0 

1.5 

Y/ 6995  

Fi g.  4. 5d,  7. 6 cm gr i d,  XLE  = 0. 30 m,  st ns 8,  16 
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0 	 0.5 

0 

0 

0 

0 

0 

Stn 

7 6 
x 8 
O 10 
0 12 

+ 14 
A 16 



2 
oV 

0.; 

1-5 1.0 0 	 0.5 
Y/ 6995  

Fi g.  4. 5f ,  15. 2 cm gr i d,  XLE = 0. 76 m,  st n 10 

1.5 1.0 
Y/ 

8995 
0 	 0.5 

4 

3 

1 

Fi g.  4. 5e,  15. 2 cm gr i d,  XLE  = 1. 37 m,  st n 6 
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2.0 
0 	 

1.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-  
5  

1 t  

WI NN 



5 

4 

3 

N cm O 
2 

1 

0 Ors Y/  6995  
1.0 0 0.5 

Y/ 6995  
1.0 

a)  No grid, stn 6 

Fig. 4.6 	Direct -st ress profiles. c ,  	 0;  	 ,(1)= r/2) 

b)  No grid, stn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 4 . Symbols as in a)  



i •  

0,0 7/ 4; 003 103 
o 	 v~ 

u 	U- Probe 

4 	 -  

3 

2 

0 	 0.5 	 1.0 	Y/  6995 	
1.5 

Fi g.  4. 6c,  7. 6 cm gr i d,  XLE = 2. 06 m,  st n 6.  ( u' / U) e = 0. 0240,  Le/ 5995 = 1. 88 

2.0 
	~L 
2.5 4.4 

7 

6 

5 



i 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ī/  Uex 103 

o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv~ 

I   

2.0 	 2.5 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	 0.5 	 1.0 	y/ 6995 

	1.5 

Fig. 4.6d, 7.6 cm grid, XLE =  0.30 m, stn 16. 	(u'/U) e =  0.0255, Lē/d995 =  0.67 



1.5 0.5 	 1'0 	Y/6 
995 

Fi g.  4. 6e,  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 6.  	 ( u' / U) e  = 0. 0468,  L; / 5995  = 2. 72 

2.0 2.5 3'4 

t 

8 

7 

6 

5 

3 

2 

1 

4 N 
0)  
W 



1 
	

I 	 I 

0 	 0.5 	 1.0 Y/ 6995 	1.5  
Fig. 4.6f, 15.2 cm grid, XLE  =  2.06 m, stn 8. 	(u'/U)e  =  0.0442, Le/ 5995  =  2.23 

I  

2.0 	 2.5 



8 

6 

2 

1 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	 0.5 	 1.0 	Y/ 6
995 	

1.5 
	

2.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
	

2.5 
Fi g.  4. 6g,  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 10.  	 ( u' / U) e  = 0. 0410,  Lue/ S995  = 1. 90 



0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	 0.5 	 1.0 	Y/ō 	1.5 
995  

Fig. 4.6h, 15.2 cm grid, XLE =  2.06 m, stn 12. 	(u' /U) e  =  0.0387, Lē/5995  =  1.70 

2.0 2.5 



0 0.5 10 Y/ s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	1.5 
995  

Fi g.  4. 6i ,  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 14.  	 ( U' / U) e  = 0. 0362,  Le/ 6995 = 1. 69 

2.0 	 2.5 

•  



1 1 

1.0 0.5 Y/6995 
	1.5 

Fig. 4.6j, 15.2 cm grid, XLE  = 2.06 m, stn 16. 	(u'/U) e  = 0.0345, Lē/5995  = 1.55 

8 

7 

5 

4 

2 

2.0 	 2.5 

1 

0 
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Fig. 4.7 	Shear-stress profiles 
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1.0 	° ò̀ 	v.+. 1.5 

y 995 

15. 2 cm gr i d,  XLE = 2. 06 m,  st ns 6,  8,  10,  12,  14,  16.  

-  317 -  



a)  No gr i d.  ( u' / U) e '  0. 002.  

b)  ( u' / U) e 	 0. 03,  Lue/ S "  0. 4.  

Fi g.  4. 14 	 Smoke- f i l l ed boundar y l ayer .  Ree  z 700.  Fl ow r i ght  t o l ef t .  I l l umi nat i on by t hi n pl ane of  l i ght .  



2702 7WnF 	 :7.716 ?UN RE[ ROS 205 TO 	 209 

r

711-171---11 	 --(--TJ 	 

NINAikk,tivkAk. "„01\4\, 

f 

3' ;  	 1 ,73. j C I 3 . JC 	 193 . 3C 	 ' ~3 ' SC 	 `.3 : 3G 	 :L3 .3C 	 73j  .  3C 	 . .  <3 . ' 3C  
TIME 	 <, 

\ i'v)  

\iltigkiviNiNvvr 

I 43.'3 	 -  153. 3C 

a 

STN 	 Fi—_ 17 ,.OMM 
	

XTE=12' 	 1 ' '❑  .~ '3702 

1 	 6.f:1 D: 	 3R 3.1;L4I .KUF?Lr . 
	

I HOP! 	 N1.11= 	 5.75 	 rest 

a) No Grid, stn 6 

Fig. 4.15 Calcomp-plot samples 



XLE=SI "  	 ( UV. 0570311 STN 14 Y=32. DMM 	 NO GRI D 

1 hORI Z I NCH= 	 5. 75 	 MSEC 1 VERT I NCH= 3. 306 DEG OR 2. 3796 	 * UREF 

TAPE 	 3052RUN 3050 	 RECORDS 205 TO 	 209 

Z '13.90 	ZZ3.90 I33.90 	193.90 	Z03.90 Z33.30 	Z43.30 	Z33.90 
TI ME * 10`  

Z63.30 	Z7 

V 

TEMP 

Fig. 4.15b, No Grid, stn 14 

•  



98 t =
566V

/al `Ol7ZO.Ō=a(R/,n) r59L•47 •su 

,OI* 	JW11 
i  

	
1 

  	00.1 E6     	E~ 	OCi' EO l 	fi 	 OE9Z 	Of'Et 	OfEEZ 	Of"EZZ 	Jf'EZ 	OfEOZ  	Of'EL1 	OG"91 	-Cf' 	1  

6OZ 	01 SOZ 	SQ?i0J l l 9bOZ 	NnzociE 	jddl 

7ASW 	SL" S 	=I-IQNI ZI i00I-I I 	•Lmfl* 	t, q6' 2 J0 	3Q 	OgI'9 =NJNI n1JA: I 

990 g7' Al l IO=J1K 	WWO" tiZ=,l 	9 	N1S 

• 



•  
4 	 A 

311zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL5 " GRI D XLE= 1 Z '  '  	 ( UV .  5 6005 )  STN 16 	 Y- 49 - 0MF1 

I  HOR I  Z I NCH= 	 5. 75 	 MSEC 1 VERT I NCH= 2. 665 DEG DR 2. 7556 	 t UREF 

•  4045 TAPE 	 2712RUN RECORDS 105 TO 	 109 

C7 
L7 

L]  

CD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v 

133- 90 173. 90 163. 90 191 .90 163- . 90 221. 90 143. 90 	 153. 90 203. 90 	 Z13. 90 Z33. 90 	 243. 90 	 253. 90 	 263. 90 	 273 

TI ME * 10`  

Fig, 4.15d (uVU)e  = 0.0255, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALe/ 6995=  0.67 

V 

C7 
C7 

C,   
N 

TEMP 

L7 
CJ 

U 

C7 
C7 

LA,/  



9035 TAPE 	 2711 RUN RECORDS 200 TO 	 204.   

C)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 

I J  

CD 

C.3 

10 

STN 10 	 Y=41- 5MM 	 5/ 1 . 5'  	 XLE=01' :  	 ( UV. 6300111 

1 VERT I NCH= 4- 957 DEC OR 4- 0543 	 UREF 
	

1 HORI Z I NCH= 	 5- 75 	 MSEC 

1 
10. 00 	 20. 00 	 30. 00 	 40. 00 	 50. 00 	 6: 0. 00 	 710. 00 	 80. 00 	 90. 00 	 C00. 00 	 1 '10. 00 	 120. 00 	 130. 00 	 140. 0 

TI ME * 10'  

Fig. 4.15e, (u'/ U)e  = 0.0410, Leu/ 6995=  1.90 

00 



r 	 • 

STN Y- 31- 5MM 310 .  5 "  GR I  D XLE= 12 "  	 ( UV .  E3602 I  1 

1 HORI Z I NCH= 	 5- 75 	 MSEC 1 VERT I NCH-  4- 4E3 	 DECzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,  OR 3. 10565 	 UREF 

7049 	 RECOROS 205 TO 	 209 TREE 	 2717 RUN 

r  
Z13. 50 	 ZZ3. 0C Z3' 3 . 00 	 Z41. 50 	 75" 3 MC 	 ?. . &3 .  50 	 Z7 

TI ME * 1O'  
191. 00 203.130 153. 50 151. 50 	 173. 130 

C)  

I )

133. 30 	 143. 90 	 53.t30 

Fig. 4.15f , (u'/ U)e  = 0.0399, L14/ 5995= 0.71 

I D 

U 



1 VERT I NCH= 5. 250 	 DEG OR 5- 0304 	 MUREF I  HORI Z I NCH= 	 5. 75 	 MSEC 

TAPE 	 3002 RUN 12045 	 RECORDS - 1. 05 TO 	 109 

I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	 I  
143.0C 	153.t30 	163.t30 	173.00 	63.130 	193.t50 	2O3.tī0 	213.00 	Z23.t30 	733.00 	Z45 ,OC 	259.t3O 

TI ME * 10'  

i 

STN 6 Y=39- 0MM 	 6/ I - 5' ' GRI D XLE=54 1 '  	 ( UV_636063)  

Fig. 4.15g, (u'/U)e  = 0.0575, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALe/ 6995=   1.83 



STN 10 Y=40 - 5MM 6/ 1. 5 "  GRI D 	 XLE=30' - `  	 ( UV. 1324090)  

1.  HūR I  Z I .  NCH= 	 5_75 	 ( 1SE: C 1 VERT I NCH= 3. 296 DEC-  OR 5. 1320 	 ' UREF 

140413 TARE 	 2716 RUN RECORDS 205 TG 	 209 

195.90 213.90 203.90 ZZ3-90 763.90 	Z73. 163.30 ' 173.90 233.90 	 249.90 	 253.'30 
TI ME x10'  

•  

Fig. 4.15h, (u'/U)e  = 0.0575, Le / zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6995=   F34 



1.0 

0-2 

0 

a)  No gr i d‹.  

Fi g.  4. 16 I nt er mi t t ency f act or  pr of i l es;  

1.0 

0.8 

Y 

0.6 

0.4 

YW 6995  
0.5 

[1-erf 
2 

Y/6995 . 0.90 

013442 

Stn 
o 6 
+ 14 

Yi69

95 

0.5 1.0 

v 

Present (curve fit ) 
- - Andreopoutos 

Charnay 
--- Klebanoff 

37/6995 
O/ 6

995 
0.90 0.13 

0.79 0.21 
0.85 0.15 

v Kovasznay et al. (example) 0.76 0.14 
x Hedle & Kef f er (1974 b) 0-71 0-23 

b)  Compar i son of  no- gr i d measur ement s wi t h t hose of  

ot her  wor ker s.  



• 

1.0 

0.8 

0.6 . 

N 
00 

0.4 

0.2 

2: 0 

Fi g.  4. 16c„ t   ( u' / U} e  ” '  0. 025.  



1.0 

0.8 

0.6 

0.4 

0.2 

0 

S 

Fig. 4.16d, (u'/U)e  z  0.040. 



Fi g.  4. 16e,  ( u' / U)  = 0. 0575.  

0.5 
Y/6995 Y/605 1.° 

1.0 

0.8 

0.6 

0.4 

0.2 

2.0 1.5 



I 
I I 

-c
. 

0L: 
<.!) 

.5 
C

D
 

C
O

 
0 

N
 

-..:t 
to

 ZO 
(f) 

~~..-..-

[>
X

O
O

+
<

I: 

<l 
0 

Y
-[> . 

~O 
<J~ 

I> 

~ 
~ 

/ 

/ 

<J<X [:). ./ 
;l:-Er 

" 
--(J~ 

[> 
" 

+
 

0 
" 

" 
."

"
, 

t~ 
.",. 

.
/
 

"
, 

/ 
~l' 

* 
@r:> 

'(i.~. 

~ 

• <tit 

9 
lO

 
~ 

co 
N

 
..-

6 
6 

6 
6 

(>0 

-
331 

-

<J 

L
O

 
~ 

· \.0 ~ tit 
-=:t' 
~ 

/ 
... 

N
 
~ .. 0 

9 
~ .. 

..-
co .. \.0

 

en 
C

 
L

n
 

.f.,) 

0
>

 
en 

UJO> 
.. e 

~ 
\.0

 
0 · 
N

 II L.IJ 

LO
 

....I 
.x

 
6 

.. 
"'C

 
or-$... 
en 
e u 

N
 · 

L
O

 
~ .. Co4-
\
0

 
~ · lid" · 

0 
en 
.,.. 
LJ.. 



,  (0.42)  
0.94 

(0.42)  
00.97 

u 3 
Le 

605 2 

0.05 0.06 	 0.07 

0.05 0.06 0 	 0.01 	 0.02 	 0-03 	 0.04 

(u'/ U)e 

b)  Values of 37/ 505 displayed at  appropriate (u'/ U) e and Lue/ 605 

Fig. 4.17 Average posit ion y of the interface 

6995 2 

0.01 	 0.02 	 0.03 	 0.04 
( t . '/ We 

Values of -y-/ d995 displayed at  appropriate (u'/ U) e and Le/ 5995 

0.07 

-  332 -  

ONO 

0(0.24)  
0.87 	 a(0.42)  	 (0.42)  

0.73 	 4
0-68 

0(0.57)  

	

(0.46)  	 (0.44)  	 0.82 

	

0 1.03 	 0 1-01 

(0.43)  o(0.23)  0.81 	 0.76 	 d(0.71)  

~(0.83)  
1.19 

INOM 



0.5 Y/6995  

o,+ Present (Stn 6,14) 
O Charnay 
v Kovasznay et at. 
x Hedley & Keff er (1974,b) 

f  Y6995 

Ue  

y/ 6995  
0 0.5 1.0 1.0 

6995 

L(1 -r  
6995  

-  -  L( 1 _ 7 )  

a)  No gr i d.  

Fi g.  4. 18 Aver age bur st  f r equency and aver age bur st  l engt hs 



0.5 
/ 6995 

5 

4 
6995  

L(1 / )  
3 6995  

Fi g.  4. 18b,  ( u' / U) e  '  0. 025.  

•  



5 

4 6
995  

L(1-7)   

3  5  995  

Y/ 5x95 
0.5 1.0 

Fi g.  4. 18c,  ( u' / U) e  '4  0. 040.  

•  



1.5 1.0 2.0 0.5 Y/ s Y/ 8 
995 ,05 

Fig. 4.18d, (u'/ U)e = >  0.0575. 

r-  	 i 

5 
L~ . 

4 
6995 

L(1-1)   

36
995 



1.0 2.0 1.5 . 

Y/6995 
0.5 

f
dY  6995 

Ue  

Fig. 4.18e, Average burst frequency, 15.2 cm grid, XLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
 = 2.06 m.  



3 

6995  

Y/6995  
Fig. 4.18f, Average burst length, 15.2 cm grid, XLzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 2.06 m. Symbols as in e 

0.5 1.0 1.5 2.0 



V/Ue 

a (Vc- V)/Ue 

S7  (VW V)/Ue 

Kovasznay et al. 

0.04 

0.02 

-G02 

0 13'5 	Y/6995 
1.0 	 1-5 

MI N 

00°5 	Y/6995 	
1-0 	 1.5 

a)  No gr i d,  st n 14.  

Fi g.  4. 19 Condi t i onal l y- aver aged mean vel oci t i es 

-  339 -  



1.5 1.0 0.5 Y/ 6995  
•  0 

-G02 

-0.04 

0.5 Y/ 6995 
1.0 	 1.5 

Fi g.  4. 19b,  7. 6 cm gr i d,  XLE  = 2. 06 m,  st n 6.  ( u' / U) e  = 0. 0240,  Le1 / 5995  = 1. 88 

-  340 -  

0.04-  

0.02 



•  

s 

0 
	

0.5 	Y/6 

0.04 
( Vc- V)/Ue 

v (VH- V)/Ue  

995 
1.0 1.5 

0.02 

-0.02 

-0.04 MINIM 

0 5 	Y/6 	1.0 	 1.5 
995 

Fig. 4.19c, 7.6 cm grid, XLE  =  0.30 m, stn 16. (u'/U) e  =  0.0255, Lue/S995  =  0.67 

-  341 - 



0 0.5 Y/ 6995  
1.0 	 1.5 

U / Ue  

Uc / Ue 

UH / Ue  

A 

1 

—0-04 

0 	 0.5 	 Y/ 6 	 1. 0 
995  

Fi g.  4. 19d,  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 10. -  ( u' / U) e  = 0. 0410,  Lue/ 5995  = 1. 90 

-  342 -  

1.5 



-  343 -  

1.0 

0.9 

0.8 

0.5 0 

Y/6995  
1.0 	 1.5 0 	 0.5 

Y/s995  

0.04 

0-02 

-0-02 

-0.04 

Fi g.  4. 19e,  7. 6 cm gr i d,  XLE  = 0. 30 m,  st n 8.  ( u' / U) e  = 0. 0399,  Lē/ 6995  = 0. 71 

1.5 1.0 

• _  



• 

0.06 

0.04 

0.02 

0 

-0.02 

-0.04 

0.5 y/5995  

Fi g.  4. 19f ,  15. 2 cm gr i d,  X = 1. 37 m,  st n 6.  ( U' / U) e  = 0. 0575,  Lē/ 6995  = 1. 83 

-  344 -  

1.0 1.5 

Y/6
995 

0.5 1.5 1.0 



-0.04_ 

J  

0 	 0.5 	Y/6 	1.0 
995  

Fig. 4.19g, 15.2 cm grid, XLE  =  0.76 m, stn 10. (u'/U) e  =  0.0575, Lē/6995  =  1.34 

= 345- 

1.5 

1.5 1.0 0.5 Y/6
995 

0.02 

-0.02 

0.04 

ī►  



6~"--------------~------------~--------------~ 

5 

4 

3 

2 

. 1 

0 

3 

2 

1 

l::l (1-4')u~ I U~ ~)94 
- 2 3 

\l D'uA/UeX10 

{L:::. J\7 ¢ ~O ; 4;:1 ¢ = 1r 12 

1·2 

1{) 

o·a 
0·6 

0·4 

0·2 

~~-----------+--------------~~~~~----~O 

~ 

'\J 

E 

-'- . 2 4 
(1-o)WEI Uex 10 

- 2 3 
ow~1 Uex10 

> 

,·0 

o·a 
0·6 

0·4 

0·2 

o~------~~--+---------~--~~~----~--~o 

·2 

1 

o 

- 2 - 4 
~(1-7) v~ I Ue x10 0·8 

06 

0·4 

0·2 

~~~=--L-------------~~~~------~O 
(}S '-0 1·5 

a) No grid,stn 6. (Note different scales for hot and cold zones). 

Fig. 4.20 Conditionally-averaged direct-stress profiles 

- 346 -



A (1-n)w,/  Uex104 

1wH/ Uēx103 - 1-0 
- 0-8 

- 0=6 

- 0.4 

- 0.2 

0 

Owl 

- 1.2 

- 1.0 

0.8 

- 0.6 

- 04 

0.2 

0 

0 

2 L 
2'vH /i4x103 

0.5 Y/6995 

_ 	I : :~ 1- ~ /Ux104  

- D.4 

- 0.2 

	 0 
1.0 	 15 

Fi g.  4. 20b,  No gr i d,  st n 14.  ( Not e di f f er ent  scal es f or  hot  and col d zones) .  

- 347-  



Fi g.  4. 20c,  7. 6 cm gr i d,  XLE = 2006 m,  st n 6.  ( u' / U) e  = 0. 0240,  e/ 6995 = 1. 88.  Cont i nued next  page.  

	 1 	  
1.5 	 2.0 0.5 	Y/6 	1'0 

995  

1 

o (1-214 /Uēx103  

- - (1-W)(7)e ,. 

If 

as 

W 

03 



(1-3)q/Uēx103  
p 	

/  a,  VFi •  
	„ 

•  V 2  

	I  
1.5 	 2.0 0.5 1.0 Y/ 6995  

Fi g.  4. 20c,  compl et ed.  



1.5 2.0 

v 2 / Uēx103  

0 	 0.5 	 Y/ 6 	 1.0  995  

Fi g.  4. 20d,  7. 6 cm gr i d,  XL E . = 0. 30 m,  st n 16.  ( u' / U) e  = 0. 0255,  Le/ d995  = 0. 67.  Br oken l i nes as i n c) .  

•  



1.5 2.0 

0 

0~ 5 	 1.0 Y/ 6995 

Fi g.  4. 20e,  15. 2 cm gr i d,  XLE = 2. 06 m,  st n 6.  ( u' / U) e = 0. 0468,  Le/ s995 = 2. 72.  Cont i nued next  page.  



V2  I J 

1.5 1.0 2.0 

w U, 
N 

Y/ 6995 
0.5 

Fi g.  4. 20e,  compl et ed.  

(1-ō)vVUēx103  
v 2 
H 



1.5 2.0 
° -5 	yi6995 	

1.0 

Fi g.  4. 20f ,  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 8.  ( u' / U) e = 0. 0442,  Le/ 5995 = 2. 23.  Cont i nued next  page.  



1.0 v/6995 
1.5 	 2.0 0 	 0.5 

s 

w 
cn 

Fi g.  4. 20f ,  compl et ed.  

LI  (1- 1) wq/ Uēx103 

p 	 ~ VVH 

w2 

o (1-1)vc/Uēx103 

vH 

V2 



0.5 	 1.0 
Y/ 6995 

Fi g.  4. 20g,  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 10.  ( u' / U) e  = 0. 0410,  L/ 6995  = 1. 90.  	 Br oken l i nes as i n c) .  

Cont i nued next  page.  

1.5 2.0 



1 

A (1-ā)wpUx103 

If 

0 	 0.5 
y/   6zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA995 

1.0 

A (1-1)v1/U2010zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3  

V 	1 vH 

Fig. 4.20g, completed. 



•  •  

1.5 Z0 0.5y/s 	 140 
995 

Fig. 4.20h, 15.2 cm grid, XLE  =  2.06 m, stn 12. (u'/U) e  =  0.0387, Lue/8995  =  1.70. Continued next page. 



1.5 1.0 2.0 

V2  

0 	 0.5 y/ 6995  

•  

1 

w 
CTI  
OD 

A (1-31)q/ Uēx103  

'a 

Fi g,  4. 20h,  compl et ed.  



0.5 W6995 
	1.0 
	

1.5 

Fi g.  4. 20i ,  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 14.  ( u' / U) e  = 0. 0362,  Le / 6995 = 1. 69.  Cont i nued next  page.  

0 



A (1 -1)w /Uēx103  

11 ♦H  

W2  

1.5 . 2.0 

V2
.  

0.5 	v/ b 	1.0 
995  

i 

(1-)') v 2  / U2  x103  

0 	2'vH 

Fi g.  4. 20i ,  compl et ed.  



d995  = 1. 55.  Cont i nued next  page.  Fi g.  4. 20j ,  15. 2 cm gr i d,  XLE  = 2. 06 m,  st n 16.  ( u' / U) e  = 0. 0345,  

1.5 1.0 W5995  
0.5 2.0 



0.5 1.0zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Y/699  1.5 	 2.0 

Ī  

o (1-ō)w, /Uēx103  

ry, w2 	„ 

wzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2  

A (1-2')vē /Uēx103  

„ 

• 

Fi g.  4. 20j ,  compl et ed.  



y/6995  

Fi g.  4. 20k,  7. 6 cm gr i d,  XLE = 0. 30 m,  st n 8.  ( u' / U) e  = 0. 0399,  Lē/ S995  = 0. 71.  Br oken l i nes as i n c) .  

Cont i nued next  page.  

0.5 1.0 1.5 20 



•  

r 

o (1-1)w/  Uēx103  

wH 	, S 

W2
' 

CA) 
01 

o (1-2')q/Uēx103 

V 	vH 

V 2 
' I  

J  

0.5Y/ 6995 
	1.0 	 1.5 	 2,0  

i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

Fi g.  4. 20k,  compl et ed.  



5 

2 

1 

0 Y/6 995 

Fi g.  4. 20 Q,  15. 2 cm gr i d,  XLE  = 1. 37 m,  st n 6.  ( ū' / U) e  = 0. 0575,  Lē/ 5995  = 1. 83.  Br oken l i nes as i n c) .  

Cont i nued next  page.  

0.5 1.0 1.5 2.0 



0.5 1.0 Y/6995 1.5 	 2.0 

0 

3 

0 ( 1 — ) v~/ Uēx103 -- 
o 	ā VH 

~2 

Fi g.  4. 201, ,  compl et ed.  



4 

•  

0 	 0.5 
Y/ 5995 

FO 1.5 2.0 

Fi g.  4. 20m,  15. 2 cm gr i d,  XLE = 0. 76 m,  st n 10.  	 ' / U)  = 0. 0575,  Lue/ 5995 = 1. 34.  Br oken l i nes as i n c) .  

Cont i nued next  page.  



Y/6995 0.5 1~ 0 1.5 2.0 

Fi g.  4. 20m,  compl et ed.  



15 

10 

No gr i d,  st n 6.  

15 

10 

0 
	

0.5 	
y/ 6995 

	 1.0 

b)  No gr i d,  st n 14.  Symbol s as i n a) .  

Fi g.  4. 21 Condi t i onal l y  -  aver aged shear - st r ess pr of i l es.  

-  369 -  



15 

10 

5 

o 
Y/S99.5 

'-0 
Fig. 4.21e, Zone ~hear stresses; 7.6 em grid, XLE = 2.06 m, stn 6. 
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Fi g.  4. 21f ,  Zone shear  st r esses;  15. 2 cm gr i d,  XLE = 2. 06 m,  st n 8.  

( u' / U) e  = 0. 0442,  Lue/ S995  = 2. 23.  Symbol s as i n a) .  
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( u` / U) e  = 0. 0399,  Lē/ 5995  = 0. 71.  Symbol s as i n a) .  
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( u' / U) e  = 0. 0575,  Lē/ 6995 = 1. 83.  Symbol s as i n a) .  
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( u' / U) e  = 0. 0575,  Lē/ ( 5995  = 1. 34.  Symbol s as i n a) .  
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Fi g.  4. 25c,  Cont r i but i ons t o u ;  ( u' / U) e  = 0. 0410,  Le/ 6995  = 1. 90.  
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Fig. 4.26c, Cont r ibut ions to v ;  (u'/ U)e  =  0.0410, Le/ 8995  =  1.90. Symbols as in a) .. 
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Fig. 4.26f, Cont r ibut ions to ?;  (u'/ U) e  =  0.0575, LzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe/ S995 =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.34. Symbols as i n a). Note new scale. 
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Fig. 4.27 	 Zonal cont r ibut ions to u v. 
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 = 1. 90.  Symbol s as i n a ) .  
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CHAPTER 5 

CONCLUSI ON 

Resul t s of  an exper i ment al  i nvest i gat i on i nt o t he ef f ect s 

of  appr oxi mat el y homogeneous,  near l y i sot r opi c f r ee- st r eam t ur bul ence 

on a c l osel y t wo- di mensi onal ,  near l y const ant - pr essur e i ncompr essi bl e 

t ur bul ent  boundar y l ayer  have been pr esent ed,  f or  t he Reynol ds number  

r ange 1600 RezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 	 5900.  	 Fr ee- st r eam t ur bul ence was sat i sf act or i l y  

gener at ed usi ng squar e- mesh squar e- bar  bi pl ane gr i ds.  	 Some ot her  

conf i gur at i ons,  not abl y squar e- mesh squar e- bar  monopl ane gr i ds and 

squar e- mesh r ect angul ar - bar  bi pl ane gr i ds,  wer e f ound t o gi ve non-

uni f or m and unst eady ( i . e.  l ow f r equency f l uct uat i ons of  t he " mean" )  

f l ow wel l  downst r eam.  	 As a consequence of  t he l ar ge f l uct uat i ons 

t hat  exi st  c l ose behi nd t ur bul ence gr i ds t he pr esent  measur ement s 

wer e made on a f l at  pl at e mount ed downst r eam oFt he gr i d i n pr ef er ence 

t o,  say,  a wor ki ng- sect i on s i de wal l .  	 A usef ul  cont r i but i on t o t he 

pr esent  t hesi s has been pr ovi ded by a col l abor at i ve exper i ment al  

i nvest i gat i on i nt o t he ef f ect  of  boundar y i mper meabi l i t y  on ( unshear ed)  

appr oxi mat el y homogeneous near l y i sot r opi c t ur bul ence,  separ at el y 

r epor t ed by Thomas & Hancock ( 1977)  and i ncl uded as appendi x 1.  

That  i nvest i gat i on has been di scussed as par t  of  t he l i t er at ur e 

r evi ew of  chapt er  1.  

I n quant i f y i ng t he obser ved ef f ect s of  f r ee- st r eam 

t ur bul ence,  a s i ngl e vel oci t y scal e and a s i ngl e ( di ssi pat i on)  

l engt h scal e of  t he f r ee- st r eam ener gy- cont ai ni ng eddi es have 

been used.  	 Thus t he r esul t s can be expect ed t o be quant i t at i vel y 

r el i abl e el sewher e onl y when t he f r ee- st r eam t ur bul ence has ener gy-  

cont ai ni ng spect r a t ypi cal  of  appr oxi mat el y homogeneous,  appr oxi mat el y 

i sot r opi c t ur bul ence.  	 Gr ossl y di f f er ent  f r ee- st r eam spect r a woul d 

al most  cer t ai nl y have a di f f er ent  quant i t at i ve ef f ect  on t he boundar y 

l ayer .  	 The pr esent  mean f l ow and t ur bul ence i nvest i gat i ons have 

cover ed r anges of  f r ee- st r eam i nt ensi t y,  ( u' / U) e,  and l engt h scal e 
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r at i o,  Lē/ 6995,  shown i n f i gur es 3. 28 and 4. 1.  	 I n par t i cul ar ,  

t he l at t er  par amet er ,  whi ch was pr evi ousl y consi der ed t o be f ar  l ess 

i mpor t ant  t han t he f or mer ,  has been shown t o al so have a l ar ge ef f ect  

on bot h t he mean f l ow,  and t he t ur bul ence st r uct ur e.  	 St r ongl y 

ani sot r opi c f r ee- st r eam t ur bul ence woul d i n pr i nci pl e need t o be 

descr i bed by at  l east  one addi t i onal  vel oci t y scal e and pr obabl y 

by an addi t i onal  l engt h scal e.  

Rest r i c t i ons i mposed by wi nd t unnel  di mensi ons and f an 

power  have been shown t o l i mi t  t he r ange of  f r ee- st r eam i nt ensi t y 

and l engt h- scal e r at i o obt ai nabl e i n hi gh Reynol ds number  l abor at or y 

f l ows.  Such r est r i c t i ons wer e par t l y  r esponsi bl e f or  t he f ai r l y  

c l ose r el at i onshi p bet ween t hese t wo par amet er s i n pr evi ous measur e-  

ment s,  as shown i n f i gur e 3. 2.  	 By car ef ul  choi ce of  gr i d s i ze and 

pl at e posi t i on downst r eam of  t he gr i d t he r ange of  t he l engt h scal e 

r at i o was near l y t he l ar gest  obt ai nabl e wi t h t he wi nd t unnel  used 

and s i gni f i cant l y l ar ger  t han obt ai ned hi t her t o.  

Ef f ect s on mean f l ow par amet er s have been deduced by 

compar i sons at  const ant  l ocal  Reynol ds number  based upon moment um 

t hi ckness.  	 Fr ee- st r eam t ur bul ence i ncr eased t he ski n- f r i c t i on 

r at i o Cf / Cf   and t he gr owt h r at e d6995/ dx,   and decr eased t he shape 
0 

par amet er  r at i os H/ Ho  and G/ Go and t he st r engt h of  Col es ( 1956)  wake 

component .  	 ( The ski n- f r i c t i on measur ement s wer e obt ai ned by f i t t i ng 

a por t i on of  t he mean vel oci t y pr of i l es t o t he l ogar i t hmi c l aw of  

t he wal l  and f r om Pr est on t ubes whi ch assume t he exi st ence of  an 

i nner  l ayer  l aw.  	 Physi cal  ar gument s wer e empl oyed t o asser t  

i nsensi t i v i t y  of  t he i nner  l ayer  mean f l ow t o at  l east  moder at e 

f r ee- st r eam t ur bul ence ef f ect s. )  Cf / Cf   has been cor r el at ed i n t er ms 
0 

of  a s i ngl e,  st r ongl y non- l i near  f unct i on of  an empi r i cal l y  der i ved 

par amet er ,  ( u' / U) e/ ( Lue/ 6995  + 2. 0) ,  as shown i n f i gur e 3. 49.  	 Low-  

Reynol ds- number  ( Ree  2000)  ef f ect s on Cf / Cf   at  l ar ge val ues of  
0 

( u' / U) e/ ( 4/ 6995  + 2. 0) ,  t ent at i vel y based on a s i ngl e but  appar ent l y 
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t r ust wor t hy case,  has been qui t e pl ausi bl y at t r i but ed ent i r el y t o t he 

l ow- Reynol ds- number  dependence of  t he wake component  t hat  exi st s i n 

t he absence of  f r ee- st r eam t ur bul ence -  t hat  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis, l ow- Reynol ds- number  

ef f ect s on Cf  .  	 Over al l ,  t he i ncr ease i n Cf / Cf  was f ound t o be 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA	 0  

sl i ght l y  l ar ger  t han t he consensus of  pr evi ous dat a but  bot h pr evi ous 

and pr esent  dat a have been shown t o be consi st ent  wi t h t he l i near  

dependence on 
a 

obser ved exper i ment al l y  by Mei er  ( 1976,  1977)  f or  

( u' / U) e 	 0. 01.  

An i nt er mi t t ency f unct i on was sat i sf act or i l y  gener at ed f r om 

t emper at ur e f l uct uat i ons by t he al gor i t hm LAGTHR.  	 Thi s used a 

f r equent l y up- dat ed l evel  t hr eshol d backed- up by a ( bul k)  s l ope t est  

whi ch l ooked f or  f ai r l y  r api d f al l s  f r om a cur r ent  ' hot '  bur st  t o a 

l i kel y ' col d'  l evel .  	 The bandwi dt h of  t he compensat ed t emper at ur e 

wi r e was compat i bl e wi t h t he pr obe r esol ut i on vol ume and l ar ge 

enough t o be sensi t i ve t o t he f i ne- scal e st r uct ur e of  t he i nt er f ace.  

Condi t i onal l y- aver aged vel oci t y f l uct uat i ons wer e measur ed wi t h r espect  

t o convent i onal l y- aver aged mean vel oci t i es r at her  t han condi t i onal l y-  

aver aged mean vel oci t i es,  pr ovi di ng t wo di st i nct  advant ages.  	 The 

l at t er  met hod i gnor es t he low-f r equency par t  of  t he t ur bul ence,  and 

t he f or mer  per mi t s t he use of  t he s i mpl e addi t i on l aw gi ven i n 

equat i on 4. 2. 1.  

Vi sual i zat i on of  a smoke- f i l l ed t ur bul ent  boundar y l ayer  

has shown t hat  f r ee- st r eam t ur bul ence causes t he i nt er f ace t o be 

even mor e r agged,  wi t h wi sps of  smoke ext endi ng wel l  beyond t he edge 

of  t he mean vel oci t y pr of i l e.  The t emper at ur e i nt er mi t t ency 

measur ement s al so showed gr eat er  and mor e f r equent  penet r at i on of  

t he f r ee- st r eam f l ui d i nt o t he boundar y l ayer .  	 Consi st ent  wi t h t hi s,  

t he aver age l engt h of  t he er upt i ons of  boundar y l ayer  f l ui d ( ' hot  

bur st s ' )  was f ound t o be subst ant i al l y  r educed over  most  of  t he l ayer  

but  st i l l  of  or der  t he boundar y l ayer  t hi ckness.  The aver age posi t i on 
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C7)  of  t he i nt er f ace,  whi ch i s a scal e of  t he out er  l ayer  eddi es,  

r emai ned of  t he or der  of  t he t hi ckness ( 6995)  of  t he mean vel oci t y 

pr of i l e.  	 The exi st ence of  a hi ghl y cont or t ed i nt er f ace at  l ow 

Reynol ds number ,  as was shown i n t he f i r st  pl ace by t he f l ow 

vi zual i zat i on phot ogr aphs,  expl ai ned t he l ow- Reynol ds- number  ef f ect s 

on Cf / Cf  i n so f ar  as such ef f ect s ar e usual l y  associ at ed wi t h t he 
0  

i nt er f ace becomi ng l ess cont or t ed.  

The i nt egr i t y  of  t he boundar y l ayer  t ur bul ence measur ement s 

has unf or t unat el y been mar r ed by undesi r abl y l ar ge er r or s i n - uv,  

w and a f ew pr of i l es of  ū ( whi ch showed sensi t i v i t y  t o pr obe 

r ot at i on) .  	 However ,  al t hough no cause was f i r ml y est abl i shed,  t he 

avai l abl e evi dence suppor t s t he bel i ef  t hat  ot her  t ur bul ence quant i t i es,  

par t i cul ar l y t he hi gher - or der  pr oduct s,  ar e not  ser i ousl y i n er r or  

and t hat  t he concl usi ons of  t he pr esent  t hesi s,  namel y t hose of  

chapt er  4,  have not  been ser i ousl y i mpai r ed.  

Convent i onal l y-  and condi t i onal l y- aver aged t ur bul ence 

measur ement s conf i r med t hat  t he i nt er act i on i s  l ar gest  i n t he out er  

l ayer .  	 Gener al l y ,  t he boundar y l ayer  f l ui d ( i . e.  t he ' hot '  zone)  

exhi bi t ed a st r uct ur e t hat  was dependent  on bot h t he f r ee- st r eam 

i nt ensi t y and t he l engt h scal e r at i o,  al t hough t he hot - zone st r uct ur al  

par amet er s wer e f ound t o be bet t er  behaved t han s i mi l ar  par amet er s 

f or med f r om convent i onal  aver ages.  	 For  i nst ance,  t he r at i o of  

t r anspor t  vel oci t i es Vz, H/ Vq,H  was f ound t o be at  most  onl y weakl y 

dependent  upon f r ee- st r eam t ur bul ence whi l e VzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT/ Vq  was not ed t o be 

st r ongl y dependent .  	 Consi st ent  wi t h t he smal l  var i at i on of  605/ 6995 

t he wi spy mot i on of  t he boundar y l ayer  f l ui d was f ound t o cont r i but e 

negl i gi bl e shear  st r ess f or  y '  	 and and i t  was t ent at i vel y suggest ed 

t hat  t he wi spy mot i on beneat h y Z 6995  may not  l ocal l y  cont ai n much 

mor e shear  st r ess t han t he ext er nal  f l ui d ( i . e.  t he ' col d' zone) .  	 I n 

t he absence of  f r ee- st r eam t ur bul ence - uvC/ ❑( Cu. )  and - uv / q 
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exhi bi t ed val ues t hat  wer e genui nel y and,  i ndeed,  unexpect edl y 

s i gni f i cant l y l ar ger  t han f or  t ur bul ent  mot i on f or  a subst ant i al  par t  

of  t he boundar y l ayer .  	 Mor eover ,  t he peak val ues of  t hese quant i t i es 

wer e f ound t o decr ease onl y s l owl y,  r eachi ng,  r espect i vel y,  about  

0. 45 and 0. 15 when ( . u' / U) e  z 0. 058.  	 The col d- zone t r anspor t  vel oci t i es 

VT, C and Vq, O  wer e obser ved t o scal e r oughl y on u and ❑( v)  measur ed 

at  t he boundar y l ayer  edge.  

I ncr eased ' i nact i ve'  mot i on was obser ved,  but  was f ound t o 

be onl y weakl y dependent  upon l engt h scal e r at i o.  Thi s was not ed 

t o be consi st ent  wi t h t he i nact i ve mot i on due t o t he f r ee- st r eam 

t ur bul ence t endi ng t o cancel  t he l engt h- scal e ef f ect  seen i n t he 

out er  l ayer .  

Ver y br i ef  . consi der at i on has been gi ven t o adapt i ng t he 

cal cul at i on met hod of  Br adshaw et  al .  ( 1967) .  	 The di ssi pat i on l engt h 

scal e based upon t he shear  st r ess,  	 was was f ound,  t o t he l i kel y 

accur acy of  i t s  measur ement ,  t o be i ndependent  of  f r ee- st r eam t ur bul ence.  

Al t hough obvi ousl y conveni ent ,  t he r esul t  was sur pr i s i ng,  s i nce near  

t he out er  edge of  t he boundar y l ayer ,  at  l east ,  t he shear  st r ess cannot  

be t he onl y scal e r el evant  t o di ssi pat i on when f r ee- st r eam t ur bul ence 

( of  scal es of  or der  t he boundar y l ayer  scal es)  i s  pr esent .  	 Bot h 

- uv/ q and G/ ❑C- uvr / Ue)  ( equat i on 4. 8. 10 appr oxi mat ed by equat i on 

4. 8. 12)  gener al l y  showed st r ong and f ai r l y  compl i cat ed dependence upon 

t he f r ee- st r eam i nt ensi t y and t he l engt h scal e r at i o,  but  wer e never t he-

l ess r easonabl y wel l  behaved.  
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Grid turbulence near a moving wall 
By N. H. THOMASt AND P. E. HANCOCK 
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(Received 3 November 1976) 

Decaying grid turbulence was passed over a wall moving at the stream speed. For the 

high Reynolds number of the experiment, the field due to the wall constraint on the 

normal component of the velocity fluctuations is found to extend further into the flow 

than the influence of the viscous boundary condition on the tangential-component 

fluctuations. Measurements of the variances, Iength scales and spectra of the three 

velocity components of the turbulence are compared with the results of a previous 
experiment and with the theoretical predictions for an idealization of the flow. 

A simple model for some departures from the theory is proposed. 

1. Introduction 
The experiment described below, in which decaying grid turbulence was passed 

over a wall moving at the stream speed, serves as a realization of the simplest bounded 

turbulence field: `turbulence in a box '. For, invoking Taylor's frozen-flow hypothesis 

and supposing the grid turbulence to be essentially isotropic, we have an analogue 

of the boundary region established when an infinite flat plate is suddenly inserted, 

without relative mean motion, into a pre-existing field of homogeneous isotropic 

turbulence. Hunt & Graham (1978) have described the linearized asymptotic solution 

valid at large Reynolds number. Physically, this exhibits an outer kinematic region 

characterized by the length scale Le  of the external turbulence, in which the normal 

component of the velocity fluctuations is inhibited by the wall constraint, and an 

	

inner viscous region of typical thickness S 	(vt)t, where v is the kinematic viscosity 

and t the elapsed time. The theory is valid for small S„/Le. 
. The experiment, in which t = x'lū, where x'  is measured from the leading edge of the 

boundary region and īc is the uniform mean velocity, affords a substantial test of the 

Hunt & Graham solution. We describe measurements of the time-averaged variances 

(u'2, v'2, w12) of the fluctuation velocity components (u', v', w'), the one-dimensional 

frequency spectra .(Ou, O, Ou,) of these components and the longitudinal integral 

scales defined by 

 =  o , Lv  = u ®v (n = C), Lw = 

• 

Ow (n = 0), 
4u'2 	 4v- '2 	 4w'2  

where n is the frequency. The subscript e will denote the values in the external stream. 

It is shown in § 3 that the normal (0) component is in quantitative agreement with the 

theory but the transverse (w'2) component is essentially uninfluenced by the wall, in 

f Present address: Department of Applied Mathematics and Theoretical Physics, University 
of Cambridge. 
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FIGURE i. Schematic diagram of ' the wind .t~el, turbulence grid and endless bel~ arrangement, 
and definition sketch (the transverse co-ordinate z, not shown, has the centre-plane as origin). 

contrast to the theoretically predicted amplification. The loc~l amplification of the 

longitudinal (U'2) component, which is greater than that predicted, grows with in~ 
creasing downstream distance. A simple explanation, in terms of the streamwise 
inhomogeneity of the decaying grid turbulence, is proposed in § 4. 

The present studies, in which the grid Reynolds number R,"lI was approximately 105, 

where RJ.l[ = lJlufv and .Jl is the mesh width, are complementary to those conducted by 
Uzkan & Reynolds (1967), in which R~u was about 5000. Essentially the same methods 
of producing a shear-free mean flow were employed (see § 2). Uzkan & Reynolds 
measured the variance and spectrum of the u' -component fluctuation and found 
a viscous layer with 0" ~ l'8(vx' fiii)!, but no explicit evidence for an outer kinematic 
region. Now, for large xfM, typically Lue ~ O'l(Mx)!, where x is 'measured from the 
grid, so if x ~ x', then o"ILue ~ (300fRlII)! and is therefore approximately 0·25 for 
Uzkan & Reynolds' experiment and 0·05 for ours. Further discussion of Uzkan & 
Reynold's' results is presented in §4. . 

Hunt & Graham have compared their solution with the results of these moving-wall 
experiments and with measurements in a decaying turbulent stream by Graham (1975) 
and Petty (unpublished; see HUI?-t & Graham) near a flat plate and by Cooke (1971; 
see Hunt & Graham) near a wind-tunnel wall. Each study showed that outside the 
conventional mean-flow boundary layer, the v' variance decreased towards the wall 
as predicted by the theory. Graham's results, obtained near a mean-flow boundary 
layer of thickness small compared with Luc, compare well with those currently obtained 
(see §3). This supports the view that, for a sufficiently high Reynolds number, the 
structure of the outer wall region is independent of the inner region even if the latter 
is a fully turbulent mean-flow boundary layer. 

A practical application of the results i~ to the effects of free-stream turbulence on 
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FIGURE 2. Apparatus for the collection and measurement of the turbulence data. 

boundary layers when the free-stream length scale, as is usual, exceeds the boundary-
layer thickness. In these cases, an outer kinematic region exists and the effective values 
of the turbulence parameters are not the external-stream values. Recent reviews of 
the problem of turbulent boundary layers with free-stream turbulence have been 
given by Green (1972) and Bradshaw (1974). 

2. Procedure 
The experiments were performed in a low-speed wind tunnel with a 5 x 4 ft 

(1.5 x 1.2 m) working section 7 ft (2.1 m) long, with corner fillets. The floor of the work-
ing section was replaced by an endless belt on rollers, with a suction-box assembly 
upstream (figure 1). The turbulence was generated by biplanar grids of rectangular-
section bars with solidifies of 0.4. The mesh widths were 3 in. (7-6 cm) and 6 in. (15.2 cm) 
respectively for the grids hereinafter referred to as grids A and B. The flow was studied 
at distances 168 cm and 193 cm downstream of grid A and 193 cm downstream of 
grid B. These stations are referred to below by their nominal downstream distances 
in grid mesh widths: 22M, 25M and 13M respectively. A schematic diagram and defini-
tion sketch are shown in figure 1. 

The belt, which was smooth except for a diagonal lap joint approximately 0.003 cm 
thick, was driven by a constant-speed motor at approximately 13 m s-1. The belt 
speed was measured by a tachometer and also by a stroboscope focused on each roller; 
no slip rids observed. A distribution of suction was applied through the backing 
plate to hold the belt flat. Frictional heating at this boundary generated a temperature 
rise of 8° C. 

A bleed duct 30 cm downstream of the grid absorbed the tunnel boundary layer. 
The flow onto the moving belt was controlled by a leading-edge plate with suction 
through the porous surface and through the gap near the upstream roller (see figure 1). 
Using a tuft probe for visualization, the camber and incidence of the plate were 
adjusted to give smooth flow conditions. The size of the suction gap was set to minimize 
the mean shear at the downstream measurement station. This procedure may have 
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FIGURE 3. Transverse distributions of mean velocity normalized by values on z = 0. (a) x/M = 25, 
grid A (M = 3 in.). (b) xf M = 13, grid B (M = 6 in.). (c) x/M = 22, grid A. 0, y = 0.5 cm; 
+, y = 7.6 cm. 

resulted in small differences in the configurations for the grid A study and the grid B 

study; the latter was performed ata later date. 
The turbulence was measured by hot-wire anemometers. A diagram of the com-

ponents is presented in figure 2. The probes were calibrated in the flow remote from 
the tunnel boundaries and `best fit'' King's law relations were used to derive the 
fluctuation velocities. The mean voltages of the two wires on a given cross-wire probe 
were matched over the calibration range and a sum-and-difference unit was employed 
to obtain fluctuating voltages proportional to the longitudinal and lateral components 
'f the turbulence velocity fluctuations, assuming the wires angles to be ± 45°. This 
assumption proved to be inadequate and corrections were later incorporated into 
the data reduction procedure; for details see Hancock & Thomas (1977). 

The variances of the voltage fluctuations were measured by a commercial r.m.s. 
meter (figure 2). The recorded signals were later digitally sampled for 20 s at a rate 
of 2000 s-land Fourier transformed, using a fast algorithm described by Davies (1974), 
in blocks of 1024 samples. The effective `filter' bandwidth was therefore 2 Hz and the 
total record length was 40 000 data points. No corrections for variations of the hot-wire 
sensitivities with spatial variations of air temperature were considered, but it was 
deduced from a comparison of the results of a Pitot-tube traverse and the mean voltage 
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FIGURE 4. Transverse distributions of r.m.s. fluctuation velocities normalized by values on z = 0. 
(a) x/M = 25, y = 0.5 cm. (b) xIM = 25, y = 7.6 cm. (c) x jM = 22, y = 7.6 cm. 0, (u'E)1; A, (v'$)1. 

outputs of the anemometers that any thermal boundary layer created by the tempera-
ture difference between the belt and the stream was essentially confined to a region 
closer to the wall than the data presented here. 

3. Results 
Any effects of the streamwise mean velocity variation, estimated as 0.1 % between 

the measuring stations, are assumed to be negligible. Transverse distributions of mean 
velocity at heights of 0.2 in. (0.5 cm) and 3 in. (7.6 cm) are shown in figure 3. Variations 
of less than ± 2 % over + 10 cm are exhibited. Note that the necessary uniformity of 
speed at the wall does not suppress variations, presumably caused by the grid, at 
a height of 0.5 cm. 

Figure 4 presents some transverse distributions of the r.m.s. values (u'2)1 and (v'2)1 
of the u' and v' fluctuations for grid A only. Variations are typically less than 5 % over 
distances of ± 10 cm from the centre-plane. The differences between the distributions 
at heights of 0.5 cm and 7.6 cm at the 25M station may be due to a small inclination of 
the traverse relative to the wall. 

Figure 5 shows mean velocity profiles obtained in the central plane at the 13M and 
25M stations with minimized mean shear and with a nominal difference of + 5 % 
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FIGURE 5. Mean velocity profiles at x = 193 cm showing the effects of a mismatch between the 
wall and stream speeds. Grid A experiment (x1111 = 25): (a) without grid; (b) with grid. Grid B 
experiment (x /M = 13): (c) without grid; (d) with grid. 

between the wall and stream speeds. For the experiment with grid A, the velocity is 
uniform to within 1 % for 0 < y < 7.5 cm with the grid present and uniform to 
within z % for 0 < y < 10 cm with the grid removed. For the grid B study, there is no 
significant gradient up to y = 5 cm but a 3 % change between y = 5 em. and y = 10 cm. 
Here the measurement station is at only 13M and the gradient may well be due to 
grid-generated shear. With either grid in the tunnel, the wall shear field produced by 
deliberately mismatching the speed does not extend beyond y 0.5 cm, which is in 
agreement with our earlier observation on the transverse non-uniformities. 

Values of the r.m.s. velocity fluctuations obtained at the 25M station with the wall 
and stream speeds nominally equal and with a ± 5 % mismatch between them are 
shown in figure 6. No significant differences between the three cases can be discerned 
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FIGURE 6. Turbulence intensities (u'a)1'1-tic and (v'2)t/ū at x = 193 cm. Grid A: O, ū„  = tire; Q, 
= 0.95ū1; V, ū„ = 1.0514; i-, single-wire probe. No grid: 0, (u'2)iju; D, (v'2)4/i. 

and we conclude that any influence on the turbulence is confined to the region of 
significant mean shear. Values of (u'2)1 obtained from a single wire agree to better 

" than 5% with the cross-wire measurements. Figure 6 also shows the r.m.s.profiles 
obtained in the absence of the grid. This turbulence, probably generated near the 
leading edge, is presumably uncorrelated with the grid turbulence and contributes an 
error of less than. about 5 %. 	_ 

Figure 7 presents the variances (ū 2, v' 2, w'2) normalized on their external-stream 
values (ūe2, v42, west) as functions of y/Lee, where Lee  is the external longitudinal integral 

scale. The results for the normal (0) component correlate well and are supported by 
Graham's results for large-scale turbulence streaming past a flat-plate turbulent 
boundary layer. Figure 7 also shows the theoretical solution of Hunt & Graham. We 
observe that very good agreement is obtained if the reduced distance is based on the 
normal-component longitudinal integral scale L1e, which was measured as 0.4L7e  for 
the present grid turbulence rather than the value 0.5L1e  for the isotropic field assumed 
in the analysis. Over the range of heights used in the present study, the transverse 

(w'2) component varies only slightly towards the wall, the variation decreasing with 
downstream distance. Hunt & Graham's solution for homogeneous isotropic external 

turbulence considerably overpredicts the values near the wall. The longitudinal (u12 ) 
component increases towards the wall, the amplification growing significantly with 
downstream distance. The results at 13M are in reasonable agreement with the theory 
but local scaling is clearly inadequate for a description of the downstream evolution. 
Further discussion of this behaviour will be given in § 4. 
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Length-scale profiles derived from the frequency spectra are shown in figure 8. The 
scatter hides any trends with downstream distance. The normal-component length 
scale L„ decreases monotonically towards the wall and appears to extrapolate to zero 
at the wall, in agreement with the theoretical solution. The transverse-component 
length scale L,,, increases to a measured maximum amplification of 1.6 times the 
external value at the measurement position nearest the wall. This is consistent with the 
theory, which predicts a wall scale of twice the external-stream value. The longitudinal-
component length scale L„ appears to rise slightly (5 %), then decreases monotonically 
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to a measured minimum of 0.5 L,ue. The theoretical result is shown to be in reasonable 
agreement for y/LGe > 0.1 but the theoretical value at the wall is 3LiLe. 

One-dimensional frequency spectra are displayed in figure 9. In agreement with 
the theory, the high frequency ranges are relatively unaffected by the presence of the 
wall, with the exception of the longitudinal component within an inner region of 
thickness approximately 0.25Lue, where the energy density grows towards the wall and 
increases with downstream distance. The dominant characteristic of the low frequency 
range is the decrease in the normal-component energy towards the wall, which is in 
good agreement with the theoretical solution. The gain in low frequency energy density 
of the transverse component also conforms with the theory, but the reduction found in 
the intermediate frequency range is not predicted. The low frequency energy density 
of the longitudinal component increases towards the wall and then decreases within 
the inner region referred to above, while the theoretical solution predicts the low 
frequency asymptote to be independent of the normal distance y. The results at 13M 
generally support the theory. 
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10° 

Ficrunz 9. Normalized frequency spectra 

Ou = u0„I4nurL„„, Oā = uzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA® 1,,I81fw?Lm e , Ov = ūO9 I8rr ē9 LOe  
as functions of the normalized frequencies 

nu = 27rfLUe  u, nit = 47rnLae2, nn = 47rnL9e11i respectively. 
(a) xIM = 13. (b) xIM = 22. (c) xIM = 25. —, theory of Hunt & Graham (1978). 

0 0 A .  O 0 4 	•D 0 ® A 	♦ •  ■  
(a)  0.166 0.255 0.340 0.851 1.28 	1.63 0.111 0.170 0.251 1.28 

y/L„a (b)  0.057 0.2.56 0.674 1.34 2 16 2.84 0.057 0.297 0.506 1.09 2.14 
(c)  0.047 0.107 0.283 0647 0.802 1.20 2.78 0.080 0.102 - 	0.497 1.05 2.73 

4. Discussion 
The present configuration, in contrast to that used by Uzkan & Reynolds, has 

a bleed duct upstream of the moving wall and this ensures removal of any `horseshoe' 
trailing vortex structures arising where the tunnel boundary layer flows between the 
bars of the grid. Uzkan & Reynolds' measurements do not establish.  the degree of 
uniformity of the mean flow close to the surface at the downstream study stations. 
Cooke's measurements near a wind-tunnel wall may also have been influenced by the 
presence of horseshoe vortices. On the other hand, the present arrangement may have 
introduced some small streamline curvature in the:entry zone and an associated turbu-
lence distortion field. No flow measurements were taken in this region but the short 
entry length, the tuft-probe observations and the low turbulence levels obtained at the 
measuring stations in the absence of the grids suggest that any downstream influence 

-4b2- 



N. H. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThomas and P. E. Hancock 

0.0004zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

0.0003: 

0.0002 

0.0001 

   

0.02 

0.01 

 

0 0.1 02 0.3 
y (in.) 

(b) , 

0.1 0.2 0.3 04 0.5 0.6 
y (in.) 

(a) 

FIGURE 10. Turbulence measurements by Uzkan & Reynolds (1967). (a) u'2  (from Uzkan & 
Reynolds 1967, figure 13). ū = 0.315 ft s-1: Q, xJM = 7.5; V, 12.5; x , 15.0; 4-, 17.5. ū = 0.330 
ft s-1: ❑, xjM = 11.5. (b) L„ (from Uzkan & Reynolds 1967, figure 18): A, x/M = 7.5. 

is negligible. Graham's and Petty's measurements near a flat plate are subject to 
similar uncertainties about the downstream effects of distortion near the leading edge. 

Uzkan & Reynolds presented variances, scales and spectra of the longitudinal 
component obtained in a nominally shear-free water flow at a mesh Reynolds number 
RM _- 5000. Figure 10 reproduces their figure 13 (with the abscissa scale corrected for 

misprints) and their figure 18. In contrast to the present results, the u'2-component 
profiles decline monotonically towards the wall,  Uzkan & Reynolds took this as 
confirmation of a satisfactory matching of the wall and stream speeds and inferred 
a viscous scaling for the wall layer, with thickness S„ = 1.8(x'v/ū)t, where x' is 
measured from the start of the layer. Their integral-scale profile is comparable with 
those currently obtained but the absolute values appear to be small, giving 

Lue/M 0.12. An expected value obtained from the survey of Naudascher & Farrell 
(1970) and giving L1eJM = 0.4 at x/M = 16 indicates that for Uzkan & Reynolds' 
study S„iL,le  = 0.25: The current results have shown that the total wall-layer thickness 
is approximately 24,e, so it appears that for Uzkan & Reynolds' experiment there was, 
as they suggested, a substantial outer kinematic field. Using the above expression for 
ō,,, we find that in the present experiment, in which RM  was approximately 20 times 
Uzkan & Reynolds' value, 8  ILue ^ 0.05. This implies that all our measurements were 
taken outside the viscous layer, which is consistent with the results obtained. Hunt & 
Graham discussed a generally successful reconciliation of the two sets of results with 
arguments stemming from their two-layer analysis. However, their solution does not 
adequately describe the evolution of the u' component observed in the present experi-
ment, and we now consider this development., 
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In the absence of gradients of mean velocity, the Reynolds mean momentum 
equations are 

ax 	ay 
21.v' =0

, ayzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ p+v'2)+ ā u'v' =0, 

where p is the `kinematic' pressure. Noting that the spatial derivatives a/ax and a/ay 

operating on the time-averaged variables are of orders E(u'2)4/ū] L; and Lw and 

neglecting terms O(u'2/9-42 ), these equations may be combined to give 

a (u,2 — v,2)  + Ō u,v, = Ō (ue2 _ ve2). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ōx  Dy 	ax 

It is easily demonstrated that this equation holds for any irrotational mean velocity 
field. However, without additional information it merely relates three components zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

of the Reynolds-stress tensor. Values of ū v' calculated from the current experimental 
data were found to be too small to be reliable. We adopt the strategy of assuming a 
sufficiently large Reynolds number Re = (ue' 2 )1 Lye/v for validity of Hunt & Graham's 
solution for the v' component, which is supported by the present results, and then 

consider the implied limiting responses of u'2  and v. v'. This essentially heuristic 

procedure indicates a plausible closure equation for u'v' in terms of the known v'2 field, 
with magnitude dependent on Re; the latter is presumably the dominant parameter 
distinguishing Uzkan & Reynolds' experiment from the present one. We can then 

calculate the implied evolution of the 91'2 field. 

The continuity equation suggests that (9/2)1 (y = 8„) 8„(ue2 )1/4,, so for a substan-
tial outer region it is necessary that S„/Lie <1 and for the v' field to be essentially 

kinematic everywhere, (242)4 02/v4e > 1 , or Re (8/L,Ue )2 > 1 . Uzkan & Reynolds' 
experimental results show 8„/4e 0.25 at Re 100, while the present experiment 
with grid A gives 8„/Lae 0.05 at'Re = 2000 and that with grid B gives S„/Lue 0.04 
at  Re - 4000. It appears that for all the experiments S„/L,, fe (6/Re)1. 

If lee is sufficiently small for the approximation 

a (u' 2 —u'2) = a (v'2 —v'2 ) 
ax ` 0x ` 

to be valid then the decay rate of u'2 is reduced near the wall, which is consistent with 
the present results. On the other hand, Uzkan & Reynolds' results for the outer region 

show u'2  =  ue2, in which case the equation approximates to 

'  
`  	

v'= 0x(v'2 — ve2) 

Taking both these limits into consideration, we propose as a closure equation 

frY 
where f(Re -* co) --> 0 and f(Re 100) 1 . For an estimation of the form of f(Re), we 

assume a viscous scale for u'v' given by (u'2v'2)1(y = S,) - 1426„/Lae, which is pro-

portional to Re-4942. This suggests that the magnitude of u'v' is an order smaller than 
in a fully turbulent shear layer and so accounts for the unreliability of the present 
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Fxounx 1 1 . (a) Turbulence intensity (u'2)11i2: A, calculated from the model equation; — —, 
experimental values; c = 1 for grid A, c = (L„e/M)A (L„e/M)B' for grid B. (b) Energy decay and 
length-scale growth for the turbulence generated by grid A compared with the Kolmogorov 
`}; ' decay law: 0, u'21172; A, ~2/97z2; a = (u'2/ e'2)1 = 1.11. 

experimental values. The assumed scaling indicates that an appropriate choice is 
f oc Re-1 and substitution in the closure proposal yields 

ā
y uv N 10Re-i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

x 
(v'2 — 42 ).

• 

Figure 11(a) shows the calculated values of (u12)i f i at x f M = 25 for Re = 2000 
obtained using the faired experimental profile at x f M = 22 as the initial curve. 
Excellent agreement with the experimental results is demonstrated. Figure 11(b) shows 
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that, in the external stream, the variances and the length scales of the turbulence 
generated by grid A are described near the test stations by the Kolmogorov` 7°-' energy 
decay law (Comte-Bellot & Corrsin 1966) with a single virtual origin at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx/M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc' 12. 
Extrapolation suggests that the external-stream variances found at x/M =.13 with 
grid B would be obtained at x/M = 18 with grid A and that the length scale would 
be 0.5M. As a further test of the model, figure 11(a) shows the inferred profile at 
x/M = 18 calculated from the data at 4111 M = 22, and the experimental results obtained 
with grid B. The normal co-ordinate y has been stretched in an effort to accommodate 
the different length scales. Although a comparison is not strictly admissible, the model 
follows the experimental trends: the amplification and the boundary-region thickness 
of the u' component are reduced. 

The u'-component spectra demonstrated that the transferred energy resides in the 
intermediate and high frequency ranges. A reduction of this energy with decreasing Re, 
as supposed in the model, is consistent with these spectral observations. The model 
does not explain the departures from the theory of the w' component, but the spectra 
showed that these occur mainly in the intermediate and high frequency ranges, so 
they may be related to the development of the u' component. 

5. Conclusions 
At high Reynolds numbers, the outer region of a turbulent boundary region with 

zero mean shear scales on the external turbulence parameters. The normal fluctuating 
component is inhibited within a layer of characteristic thickness about twice the 
external longitudinal integral length scale. The profiles of this component are in good 
agreement with the theoretical solution given by Hunt & Graham. The amplification 
of the longitudinal component is also in accordance with the theory and in marked 
contrast to the essentially viscous response observed by Uzkan & Reynolds at about 
one-tenth of the present mesh Reynolds number. In terms of the microscale Reynolds 

number RA  = (7Ge'2)l A/v, the present experiment, with RA  120, as opposed to Uzkan & 
Reynolds' experiment, with RA  nt 25, should be typical of all high Reynolds number 
flows, with RA  > 100, say. The longitudinal component shows a downstream develop-
ment not predicted by the theory but plausibly described by a model of the dynamical 
equation incorporating Uzkan & Reynolds' experimental results. The lateral com-
ponent appears to be only weakly influenced by the wall and its behaviour remains to 
be explained. 

The integral length scales of the three fluctuating components are generally in 
agreement with the theoretical solution, with the exception of the longitudinal com-
ponent near the wall. The latter is smaller than is predicted. 

The spectra tend to confirm the prima facie expectation that the smaller eddies will 
be less influenced by the wall than the larger ones. The normal-component spectra are 
in good agreement with the theory. The increase in the longitudinal-component 
variance is associated with the intermediate and higher frequency ranges, as is the 
reduced variance of the lateral component. The generally reasonable agreement in the 
low frequency ranges is satisfying since the premises of the theory, such as second-order 
weak interactions, are more adequately met. 
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APPENDI X 2 

HODOGRAPHS FOR LEADI NG EDGE SHAPES 

A2. 1 	 Shar p l eadi ng edge  

Fi gur e A2. l a i l l ust r at es t he st agnat i on st r eaml i ne AB,  

t he st r eaml i ne BCD def i ni ng t he l eadi ng edge shape i t sel f ,  and t he 

f l at  pl at e DE.  	 a i s t he apex hal f  angl e.  	 Fi gur e A2. l b shows 

t he st r eaml i ne ABCDE i n t he compl ex vel oci t y pl ane,  q.  	 Appl y i ng 

t he t r ansf or mat i on 

p = q
w/ 2a 

( A2. 1. 1)  

gi ves t he st r eaml i ne pat t er n shown i n f i gur e A2. l c. wher e t he st r eam-  

l i ne bi f ur cat i on angl es at  B ar e ±n/ 2.  	 The si mpl i f i cat i on t hat  

' l engt h AB = l engt h DE'  and BCD be semi - c i r cul ar  was made t o t he 

p- pl ane st r eaml i ne pat t er n.  	 Put t i ng Ue = 1 and t r ansf or mi ng as 

f ol l ows 

t  = 1 / ( p -  1 )  
	

( A2. 1. 2)  

s = t  + l / t  
	

( A2. 1. 3)  

gi ves t he pat t er n shown i n f i gur e A2. l e.  	 Thus,  

q _ 	 s + 2 + + 1 ) 
Js 	+2 

2a/ 7 
( A2. 1. 4)  

Now q*  = dW/ dz wher e W = *  + i i i  i s  t he compl ex pot ent i al .  	 ( q*  i s  

t he compl ex conj ugat e of  q. )  	 Repl aci ng s by W and put t i ng i p = 0 

gi ves 

dz = 2-  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(cp + 2 -  i Jcp + 	_ 	2)  2a/ 1r  dco,  	 ( A2. 1. 5 )  

and on usi ng 4cos28 = *  + 2 y i el ds 

and 

dx = ( cose) ( 1- 2a/ r r )
cos( 2—.) s i ne de,  

dy = ( cose) ( ~ - 2a/ ~) s i n( .2—.)s i ne de.  

( A2. 1. 6)  

( A2. 1. 7)  

8 = 0 and 7/ 2 cor r espond t o t he poi nt s B and D r espect i vel y.  

Equat i ons A2. 1. 6 and A2. 1. 7 wer e i nt egr at ed numer i cal l y  

usi ng t he t r apesoi dal  r ul e wi t h suf f i c i ent l y  smal l  i ncr ement  
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( most  i mpor t ant  near  poi nt  B)  f or  a = 10°  ( l eadi ng edge A)  and 

a = 25zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA° ( l eadi ng edge B) .  	 The pr of i l e shapes and coor di nat es 

ar e gi ven i n f i gur e A2. 3.  	 The maxi mum vel oci t y occur s at  D and i s 

gi ven by UD = Ue x 22a/ ~;  f or  a = 10° UD/ Ue = 1. 08 and f or  

a = 25°  UD/ Ue = 1. 21.  

A2. 2.  	 Rounded l eadi ng edge  

Fi gur e A2. 2a i l l ust r at es t he st agnat i on st r eaml i ne AB,  

t he st r eaml i ne BCD def i ni ng t he l eadi ng edge shape i t sel f ,  and t he 

f l at e pl at e DE.  	 Fi gur e A2. 2b shows t he st r eaml i ne ABCDE i n t he 

compl ex vel oci t y pl ane,  q.  	 The par amet er  n i s  def i ned by n = UD/ Ue 

wher e UD i s t he vel oci t y at  D.  	 Put t i ng Ue = 1 and t r ansf or mi ng as 

f ol l ows 

p = q - 1 

t = 1/ p 

gi ves t he st r eaml i ne pat t er n shown i n f i gur e A2. 2C.  	 Tr ansf or mi ng by 

t =t+ (1 - n—1 

and,  assumi ng BCD t o be semi - c i r cul ar ,  t r ansf or mi ng agai n usi ng 

a 

gi ves t he st r eaml i ne pat t er n shown i n f i gur e A2. 2d,  wher e 

2 
a = 2-  (1 + - - -1 

( n _ 1)  ❑s+2a- I s- 2a  

❑s +2a+( n- . 1) ❑s- 2a 

Put t i ng s = W = 4 + i V and consi der i ng onl y = 0 gi ves,  af t er  some 

mani pul at i on 

and 

dx 	 dq,  
T1 

dy=( n n 1 ) JM dv 

f or  whi ch an expl i c i t  sol ut i on exi st s,  

y = ( n -  1)  	 x{  -  x)  + n t an-1 (  

s =t' + 

Hence 	 q = 1 
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wher e 0 x 4/ n.  	 The Rounded l eadi ng edge ( l eadi ng edge C)  

was desi gned t o ' mat ch'  l eadi ng edge A by speci f y i ng zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn = 1. 08.  	 The 

pr of i l e shape and coor di nat es ar e gi ven i n f i gur e A2. 3.  
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C 	

D ( y = const ant )   j  E 

a)  St agnat i on ( AB)  and l eadi ng edge ( BCD) .  st r eaml i nes ( z- pl ane)  

b)  Vel oci t y pl ane ( q- pl ane)  

Up 

d)  t - pl ane 
-Vs  

A 	 B 
> - -  

e)  s- pl ane 

E 

 

Fi g.  A2. 1 	 Hodogr aph f or  shar p l eadi ng edge.  
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( y = const ant L 	 E 

> x 

a)  St agnat i on ( AB)  and l eadi ng edge ( BCD)  st r eaml i nes ( z- pl ane)  

b)  Vel oci t y pl ane ( q- pl ane)  
- Vt   

A 

c)  t - pl ane 

V s 

A 	 B C 
	

D 	 E 

+2a - 2a 

d)  s- pl ane 

Fi g.  A2. 2 Hodogr aph f or  r ounded l eadi ng edge 
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a)' a = 10 °  

b) a = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25°  

c )  Rounded 

Leading edge a): 

x(mm) 0 2.90 7.09 15.9 24.9 34.1 43.5 53.0 

y(mm) 0 0.46 1.07 2.22 3.28 4.24 5.12 5.89 

62.6 72.2 82.0 91.4 

6.57 7.13 7.56 7.77 

Leadi ng edge b) :  

x(mm) 0 3.07 4.93 7.24 9.73 12.4 15.1 17.9 

Ann)  0 1.27 1.80 2.74 3.51 4.27 4.98 5.64 

20.6 23.2 25.6 29.6 32.2 33.1 76.2 

6.20. 6.68 7.06 7.54 7.75 7.77 7.77 

Leadi ng edge c) :  

x(mm) 0 0.25 1.27 2.54 5.08 7.62 12.7 17.8 

Y(mm) 0 0.64 1.42 1.98 2.79 3.40 4.32 5.05 

25.4 . 38.1 50.8 66. 0 

5.87 6.88 7.52 7.77 

Fi g.  A2. 3 	 Leadi ng- edge pr of i l es.  
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APPENDI X 3 

EFFECT OF HOT- WI RE ANGLE ERRORS ON MEAN VELOCI TY AND 

MOMENTS OF FLUCTUATI NG VELOCI TY 

Gener al l y ,  an er r or  i n one or  bot h wi r e angl es i mpl i es 

an er r or  i n U and V ( or  U and W) .  	 Her e,  U and V ar e used t o 

denot e t ot al  i nst ant aneous vel oci t i es.  	 I n t he pr esent  case t he 

equat i on 

E2, 2 = t0, 1, 2 + B132 ( U ± V t an * ef f 1 2
) O. 45 	 ( A3. 1)  

was used t o eval uat e U and V.  Thus t he cor r ect ed and uncor r ect ed 

vel oci t i es ar e r el at ed by 

U"  ± V"  t an * 7, 2 = U'  ± V'  t an * i , 2 ,  	 ( A3. 2)  

wher e doubl e and s i ngl e pr i mes denot e cor r ect ed and uncor r ect ed 

quant i t i es r espect i vel y.  	 Ef f ect i ve wi r e angl esar e assumed t hr ough-  

out .  	 I t  f ol l ows f r om equat i on A3. 2 t hat  

u"  ± v"  t an I p1 2 = u'  ± v '  t an * i  2 	 ( A3. 3)  

Fr om equat i ons A3. 2 and A3. 3 

U"  = U'  + V'  x C1 	 V"  = V'  x C2 ,  	 ( A3. 4a, b)  

and 	 u"  = u'  + v '  x C1 	 v"  = v'  x C2 ,  	 ( A3. 5a, b)  

wher e C1 = ( t an* 2t an 1 -  t an Tt ani pp ( t an* 7 + t ani p2) ,  	 ( A3. 6)  

( A3. 7)  

So,  f or  exampl e 

u = u + C1 '  + 2C1 uv'  

( A3. 8)  

and 

ūv 	 C2 I N'  + C1 C2 v 

u = u + 3C1 	' + 3C~ u ' + C1 v ' 
1 

u2v = C2 uv' + 2C1C2 uv + C1 C2 v

- 71 uv 
= 

C2 uv + C
1

C2 v 

V. ~ " _ C3 7' 2 

et c.  

( A3. 9)  

and 	 C2 = ( t ani p + t an p ) /  ( t an1p + t anf i 2)  .  

-  474 -  



Not e t hat  8
1, 2 ar e dependent  upon pr obe al i gnment  and wer e al ways 

eval uat ed ( i n t he f r ee- st r eam)  f or  each set t i ng of  t he pr obe 

r ot at i on ( ( p)  wher eas ' pef f  	
wer e not .  	 When B1, 2 ar e not  

1, 2  
eval uat ed i n t he measur i ng posi t i on t he above anal ysi s shoul d be 

r epeat ed usi ng U" cost , '  2  ± V" si  n p!  2  = U'  cosi j  2  ± V' s i  n* 1 2.  
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APPENDI X 4 

MEASUREMENT OF MOMENTS OF FLUCTUATI NG VELOCI TY CONTAI NI NG NORMAL 

AND TRANSVERSE COMPONENTS :  a met hod of  measur i ng pr obe r ot at i on 0.  

A X- wi r e pr obe wi t h i t s  body al i gned par al l el  wi t h t he 

x- axi s i s  sensi t i ve t o t he vel oci t y f l uct uat i ons 

u,  and ( v cos4 + w s i no) .  

0 i s  t he angl e of  r ot at i on of  t he pr obe about  i t s  body axi s.  	 Thus,  

t he second- or der  pr oduct s become 

u`  ,  ( uv  cosh + uw si n4) ) ,  

and ( v cos20 + 2vw cos0 s i no + w si n20) ,  

and t he t hi r d- or der  pr oduct s become 

u 	 ,  ( u2v cos0 + u w si no) ,  

( uv2  cos24 + 2uv
-
w cos4 s i no + uw si n20) , -   

and ( v cos3 	 v`w 0 + 3 	 cos20 si ng)  + 3w cos4 si n 20 + w si n30) ,  

and so on f or  st i l l  hi gher  pr oduct s.  Assumi ng t hat  w  and w ar e 

al r eady known ( 0 = 0 and = Tr / 2 r espect i vel y)  t he eval uat i on of  vw 

r equi r es onl y one addi t i onal  val ue of  0.  When u v,  v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, u w and w 

ar e known, vzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2w and v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw r equi r e t wo addi t i onal  but  di f f er ent  val ues of  0.  

I t  i s  usual  t o choose 0  c l ose t o ±7/ 4.  	 I n t he case of  a t wo- di mensi onal  

f l ow or  f l ow on a pl ane of  symmet r y uw,  vw,  u w,  uvw and v w woul d be 

expect ed t o be zer o.  

A smal l  number  of  measur ement s of  	 wer e made but  as t he 

dat a was r at her  scat t er ed and conf used' by er r oneous measur ement s of  w 

( di scussed i n chapt er  4)  t hey ar e not  pr esent ed.  	 However ,  i t  seems 

wor t h r ecor di ng t he met hod by whi ch 0  was measur ed.  

Rat her  t han measur e 0  geomet r i cal l y ,  i t  havi ng been set  

appr oxi mat el y t o +45°   or  - 45°,  0 was measur ed usi ng a met hod s i mi l ar  

t o t hat  used t o measur e t he ef f ect i ve wi r e angl es,  4) ef f  	 ( wi t h 0 = 7r / 2) .  
1, 2 

I n t he pr esent  sense 4)   i s  not  an ef f ect i ve angl e f or  t he same r easons 

t hat  4' ef f   i s  an ef f ect i ve angl e al t hough such a met hod does aver age-  
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out  any s l i ght  cur vat ur e of  t he hot - wi r es.  	 Fur t her mor e,  i n t he 

anal ysi s of  t he measur ement s pr esent ed i n t he mai n body of  t he t hesi s,  

i t  has been assumed t hat  t he hot - wi r es wer e par al l el  i n t he sense t hat  

4)  was assumed equal  f or  bot h.  	 Obvi ousl y i t  i s  unl i kel y t hat  4)   wi l l  be 

exact l y t he same f or  each wi r e.  	 I n t he exampl e gi ven l at er  t he er r or  

i n assumi ng 4)   t o be equal  f or  bot h wi r es i s  negl i gi bl e.  

Consi der  t he pr obe t o be al i gned par al l el  wi t h t he x- axi s,  

r ot at ed about  i t s  own axi s so t hat  4 = 45°   ( say) ,  and posi t i oned i n 

t he f r ee st r eam.  	 Rot at i ng t he pr obe about  t he y- axi s by an angl e 

An -  i n t he pr esent  case An = ±4. 67n wher e n = 1,  2,  3 -  gi ves a 

vel oci t y,  U' ,  al ong t he pr obe axi s 

U'  = U cos&n 	 ( A4. 1)  

and a vel oci t y,  W' ,  nor mal  t o t he pr obe axi s and par al l el  t o t he pl at e 

W'  = U s i ndn 	 ( A4. 2)  

Resol v i ng t hi s l at t er  component  wi t h component s V"  and W"  r espect i vel y 

i n t he pl ane of  t he wi r es and per pendi cul ar  t o t hi s pl ane,  gi ves 

V"  = W'  s i n. ,  	 ( A4. 3)  

W"  = W'  cos. .  	 ( A4. 4)  

The ef f ect i ve cool i ng vel oci t y,  Uef f ,  i s  t hen  

Uef f  	 = f W" 2  + ( U'  cos*  ef f  	 + V"  s i nPef f  	 ) ]  	 ( A4. 5)  
12 	L 	 12 	 1,2 

wher e *ef f  	
ar e t he ef f ect i ve wi r e angl es det er mi ned i n t he nor mal  way 

1, 2 
f r i t h 4)  = Tr / 2)  and,  i f  necessar y,  cor r ect ed f or  " pi t ch"  as descr i bed i n 

subsect i on 2. 4. 3.  	 I n t he pr esent  di scussi on i t  i s  i mpor t ant  i n or der  

t o avoi d conf usi on t o r et ai n s i gns f or  *ef f  	
Hence t he s i gn of  V"  

1, 2'  

i s shown onl y as posi t i ve.  	 Subst i t ut i ng f or  U' ,  V"  and W"  

Uef f  = U2  [ s i n2Lr i . cos24)  + ( cosLn. cosPef f  + s i nLt n. s i n4) . s i nepef f ) 2]  ( A4. 6)  

wher e suf f i ces 1,  2 ar e under st ood.  	 Usi ng t he i dent i t y  cost   + s i n2 E 1 

t hi s equat i on may be r educed t o 

u2 	 u2 
 U2  1 -  ( s i n*ef f

' coSQn -  s i n4) . cos* ef f
' s i n1Ln) 2 ]  	 ( A4. 7)  

C 

- 477 - 



The aut hor  i s  i ndebt ed f or  assi st ance i n t hi s l ast  st ep t o 

Dr .  A.  Nakayama who has consi der ed t he same met hod of  measur i ng 4 but  

used a s i mpl er  met hod of  det er mi ng Uef f '  	 Subst i t ut i ng t hi s l ast  

equat i on i nt o t he equat i on 

E2 = E2 
o 

+ 	 ) n 
( U ( A4. 8)  

n 	 ef f  
( cos* ef f )  

gi ves 
2 	 1 

-  E2 n ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE2 
cos2*ef f  -  cosAn = -  	 si nEn ( A4. 9)  

s is i n~, ef f  o B Un t an ef f  1 

wher eupon ( s i n* / t an* ef f )  and hence *  may be det er mi ned.  An exampl e 

i s shown i n f i gur e A4. 1.  
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- 0. 3 	 - 0. 2 	 - 0. 1 	 0. 1 	 0. 2 	 0= 3 
- sin6,? 

-0.1 

Wi r e 1 

01 =46. 3°   

02=45.0°   

- 0. 3 	 93AV=45. 6e 

- 0. 2 

Ē2- E2 2/ 0. 45 

B 
	°  COS2t , f f  

0. 3 

0. 2 

Wi r e 2 

0. 5 

- COSL' 7 
1 

sin) 'ff 

Fi g.  A4. 1 	 Measur ement  of  pr obe r ot at i on 4.  	 ( Pr obe B i n 
t abl e 4. 1) .  
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APPENDI X 5 

SUMMARY OF MEAN FLOW MEASUREMENTS FOR FREE- STREMM TURBULENCE 

GENERATORS CONSI STI NG OF A SI NGLE ROW OF SQUARE BARS 

Onl y t hr ee mean vel oci t y pr of i l es wer e obt ai ned wi t h t he 

f r ee- st r eam t ur bul ence gener at or  consi st i ng of  a s i ngl e r ow of  squar e 

bar s.  	 These ar e shown i n f i gur es A5. 1 t o A5. 3,  and t he f r ee- st r eam 

and boundar y l ayer  par amet er s ar e gi ven i n t abl e A5. 1.  	 Fi gur es A5. 4 

and A5. 5 show t he ef f ect  of  f r ee- st r eam t ur bul ence gener at ed by a 

s i ngl e r ow of  bar s on t he shape par amet er  H and on CzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, each compar ed 

at  const ant  Ree.  The spect r um measur ement s ( chapt er  3)  downst r eam 

of  t he squar e- mesh bi pl ane gr i ds suggest  t hat  t he ' i r r egul ar '  por t i on 

of  t he spect r a measur ed downst r eam of  t he gr i ds of  a s i ngl e r ow of  

bar s amount s t o about  7% of  u .  	 I f  t hi s i r r egul ar  por t i on of  t he 

spect r a.  r esul t s i n an ef f ect  on t he boundar y l ayer  of  t he or der  of  

7% of  t he t ot al  ef f ect  ( due t o t he pr esence of  t he f r ee- st r eam t ur bul ence)  

l ar ge di scr epanci es bet ween measur ement s obt ai ned f or  ei t her  a bi pl ane 

gr i d or  a s i ngl e r ow of  bar s ar e not  t o be expect ed.  
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.6*  STN 	 u' / Ue 	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Le/x 995 	 x995 0 

uTd995 	 C( 1)  Cf ( 2)   H 
k ydU PROFI LE 

 NUMBER 
T v 

6995  
7. 6cm GENERATOR 	 XLE = 0. 305m NO HEATI NG WI RES AT LEADI NG EDGE 

12 	 . 0350 	 0, 96 	 55. 0 	 4. 66 3. 65 16. 60 	 3980 	 2520 	 . 00352 . 00347 1. 277 0. 05 0. 35 23 

7. 6cm GENERATOR XLE  = 2. 06m  NO HEATI NG WI RES AT LEADI NG EDGE 

12 	 . 0226 	 1. 80 	 38. 1 	 4. 91 3. 65 16. 45 	 3970 	 1660 	 . 00321 . 00321 1. 344 0. 35 0. 84 14 

15. 2cm GENERATOR XLE  = 2. 06m  NO HEATI NG WI RES AT LEADI NG EDGE 

12 	 . 0476 	 2. 61 	 51. 7 	 4. 82 3. 75 16. 11 	 3990 	 2300 	 . 00348 . 00345 1. 284 0. 08 0. 5 13 

Cf ( 1)  FROM LOG- LAW FI T 

Cf ( 2)  FROM PRESTON TUBE 

TABLE A5. 1 Boundar y l ayer  mean f l ow and f r ee- st r eam t ur bul ence par amet er s ( Gener at or s of  a s i ngl e r ow of  squar e bar s)  
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Fi g.  A5. 4 Cor r el at i on bet ween AH/ H0 and LCf / Cf  
o 

1.0 

Lu (ff)xioo/ (  e+ 2.0)~  

2.0 

Fi g.  A5. 5 	 Cor r el at i on of  LCf / Cf  wi t h ( u' / U) e and 

Le/ 5995.  Ful l  l i ne,  cor r el at i on of  Fi g.  3. 49.  
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APPENDI X 6 

LI STI NG OF THE I NTERMI TTENCY ( FORTRAN)  SUBROUTI NE ' LAGTHR'  

56n, 
561.   
562.   
563.   

SI PRCUTI NF_ LAGTHH 	 LAGTHR 
REAL 17_, J.  I 7_AP •  	 LAGTHR 
REAL I Z. : I . I ZJ2 	 PEH3 
COMMON/  / I LN( 153E) . i D( 512) . NCH• NRi . NP• 11CO• AVE, DT1, Tr • AC• i 1+NR•  	 LAGTHR 

1I N( 10) . 0K• I PRI r ' ; , NPCH, NPCHI , NPCH2.  	 LAGTHR 
2, SH2 	 PEH3 •  

CCN" ; CPI / BB/ I 1, I 2, NTHI . , NTN2. NTH3. NTH4• NP2. NP3 	 HOTAV 
CCVMON/ UV/ U( 512) , V( 512) . TEI VPL( 2O) 1I ZAP( 512) , XX( E)  	 LAGTHR 

100( 6)  	 HOTCONV 
CI MENSI ON TTLAG( 532) , TB( 2f 7)  	 LAGTHR 
ECUTVALENCE( TTLAG( 1) , TEMPL( 1) )  	 LAGTHR 

C 	 LAGTHR 
C - -  I ZAF( I )  I S USED FOR I NTERMI TTENC. Y DETERMI NATI ON 	 LAGTHR.  
C - -  I T I S AT PRESENT THE ONE AS RTEMPED -  SEE COMMON BLOCK 	 LAGTHR. 
C 	 LAGTHH : .  

C TEST ON TEMP LEVEL THEN SLOPE.  	 LAGTHR 
C PT I S āHOTE I F TEMP, GT. ( TMI N2+TH2)  ,  	 LAGTHR 
C. WHERE TMI N2 I S MI N TEMP I N LAST COLD BURST BUT ONE 	 LAGTHH 
C STARTER VALUF FOR TMI N2 I S MEAN TEMP ( AVE)  .  	 LAGTHR 
C 	 LAGTHR 
C I F I N nHCTa BURST ' TEMP ( . 1)   ORDPS MORE THAN TH3U r  ELOW TEMP( . J. - NLAG)  	 LAGTHR 
C 	PT.  	 I S CALLED RCOLD2 AND THRESHOLD.  THA SET TO TEMP( U—NLAG)  	 LAGTHR 
C 	 UNLESS THS I S APCVE ( TpCTS +TH4)  .  	 •  	 LAGTHR 
C 	 WHERE TRCTS 1S MI N TEMP OVER LAST NB5 RECS.  	 LAGTHR 
C ARRAY TTLAG HOLDS TEMP t ?P CURRENT' REC I ns  T1LAG( 21)  T0 TTLAG( 532)  	 LAGTHR 
C 	 ANC THE LAST 20 PTS OF pREVI OUS REC I N TTLAG( 1)  TO TTLAG( 20) .  	 LAGTHR 
C 	 LAGTHH 
C TMI N2 RESET TO ( TRAP- 1HP)  I F SUSPI CI OUSLY LONG HOT BURST,  	 LAGTHR 
C 	ANC TC PRESENT TEMP I F SUSPTCI TUSLY LONG COLD c?LRcT.  	 LAGTHR 

564.   
565.   

566.   
•  567.  



f 

C 
C 
C 

C1- ER 	 VARI ABLES 	 I NCLURc 
r . 1=Lr - NGTH OF CURRENT HOT BURST 
N2 	 = 	 CI TTO 	 COLL'  

LAGTHR 
LAGTHR 
LAGTHR 

C 71= H — NEAN DEVI ATI ON OF TENT'  FRnr! C:OLC LAGTHR 
C •  7 2= 	 R. N. S.H. N, S.  	 r I TTO LAGTHR 
C 
C 

T2AR= OVERALL 	 ( CUM)  	 NEAN TE" P 	 ( AnOVE TCAL' I 9)  
r , TH2' - = NC.  	 0F 	 TI NES THRESHOLD CHANGED 	 TN COLE 

LAGTHR 
LAGTHR C NTH2H= 	 DI TTO 	 I I B LONG HOT CURSTS LAGTHR C TP( N) = 	 NI N TEMP OF THE RFC N BEFORE THI S LAGTHR 

C LAGTHR 56P.  I F LK. GT. 1 	 )  	 GO 	 TO 	 10t ;  LAGTHR 
LAGTHH 

569.  
C 

C 

FI RST FEC — READ THRESHOLDS FROM CARDS ANC SET COLnTFPc 
READ 	 10, NU, NL• NLAG, NS5, TH2, TH3U, TH30, TH4 

TO 2ERO,  LAGTHR 
LAGTHR 1, RC PEH3 570,  PRI NT 	 111 NU, NL, NLAG, NR5, TH2, TH3U, TH30, TH4, R0 pEH3 

571. .  11 	 FCRNAT( 1X, 4I 5, c( F10. i , 2F1C1. 6)  PEH3 572.   10 	 FCR' JAT( 4I 5, 4F10. 3, 2F1n. 6)  PEH3 573.   I F( NLAG. GT, 20 	 . OR.  	 NP5. GT, 20)  	 GO 	 TO 	 300 LAGTHR 574.   NI F23 	 =NTH2. 0=NTH H=0 LAGTHR'  575.   5T=0,  LAGTHR 57E.  NETS=1 LAGTHR 577,  R~nTN3=r JNT?=NNTH4=Nr dP2=NNP3=0 LAGTHR 578.   NI 1=0 LAGTHR  
579.   n1=N2=0 LAGTHR 580.   r FA=TH2 	 +AVE LAGTHR 581.   I OL=0 LAGTHR 583.   =TNiN1=TNIn~2.=AVE T~?! ! TBO 1 5NO LAGTHR 58 ~' ,  

584.   
C 

TFCJ5=0.  
THI S LOW SETTI NG OF TOOT5 PARES TH3 I GNORED FOR 1ST 

NT =1 
REC 

LAGTHR 
LAGTHR 

585,  TSLU_0 LAGTHR 

SHE.  TSf ~2U=0.  
LAGTHR 
LAGTHR 



587.  CO 	15 J=1,20 LAGTHR 
588.  TP(J)=1.0E6 t AGTHR, 
589.  1 5  TT(.AG(t)=IZAP(J) -LAGTHR 
590.  IZJI=TZAP(3) PEH3 

C LAGTHR 
591.  100 CCNTI11E LAGTHR 
592.  IC(1)=ICL LAGTHR 
553. I1=r2=0 LAGTHR 
594.  NTP7=MTr2=NTH4=AP3=NP2=0 LAGTHR 
595.  TPCT07;I2AP(1) LAGTHR 

C 	 LAGTHR 
596.  I 2PF(1)= I ZJ1 PEH3 
597.  120 CO 	180= 2,NPCH1 LAGTHR 
598, I2J2=IZAP(J) PEH3 
599.  12AP ( J1= I Z. AP (J)+ ( I ZAP(J+ 1)—I 7.J1) * RC* SHZ/ 2.0 PEH3 

1 600.  I ZJ1= I ZJ2 PEH3 
.-  601.  IZ J,=IZAP(J) LAGTHR 
0o 602 ,  S1= S1 + I ZJ LAGTHR 

603.  TEOTO= ANI N1(TBCl0,1 	J)  LAGTHR 
604.  TLAG=1!LAG(J+20-NLAG) LAGTHR 

C LAGTHR 
605.  130 I F( I ZJ— THA)132,132,130 PEH3 
606.,  132 I F( ; ZJ+ TH2 -THA)136,134,134 PEH3 
607. 166 TPA= I ZJ+ TH2 	 .  PEH3 -  
609. 134 1F( ( ,1.NE.1)  	GO 	 TO 	111 PEN3 
609.  I CL-1)= -1 PEH3 
610.  NTH2= ..11H2-1 PEN3 
611.  AP2=NP2+1 PEH3 
612.  'TN2S= 1\ TH2S+ 1 PEH3 
613.  T SCl =TSCU- ou PEH3 
614.  TSC2U= T.: 1U2U—CU* CU PEH3 

C LAGTHR 
615.  131' 	CC 	 I C 	140 PEH3 

C PEH3. 



C CHECK THAT NO CF HOT Pr I NTS GREATER THAN NLAG Rt FORE RROCt E' I NG PEH3 
C WI T1-  	 SLOPE 	 CHECK PEH3 

616. .  139 	 TF( N1. LT. NLAG)  	 ' O 	 TO 	 160 PEH3 
C LAGTHR 
C HOT ?Y LEVEL - CHECK SLCPE LAGTHR 

617.  135 	 I F( I 7A' - TLAG+TH3C)  	 137. 137. 160 LAGTHR 
•C FAST 	 FALL 	 -  CALL PT,  	 ' COLO@ AND RESET THRESOLO TO 	 ( TEMP( %) ) +TH2)  LAGTHR 
C UNLESS THAT hOULC BE UNREASONABLY HI GH.  LAGTHR 

61P.  137 	 I  F ( I 7. . . ; - TB0T5- TH4)  138, 138 ,  163 	 -  LAGTHR 
619.  138 	 Tr ►TN! 2= I VI N1=Tr I TN! O=Tr j  LAGTHR 
620.  THA=TNI N2+TH2 LAGTHR 
621.  N2=0 LAGTHR 
622.  CC TO 142 LAGTHR 

C LAGTHR 
C - - -  	 CCLC- - - .  LAGTHR 

623.  140 NF2=NP2 	 +1 	 .  LAGTHR 
624.  I C( J) =0 LAGTHR 
625.  GC 	 TC 	 145 -  LAGTHR . P 626.  142 	 NP3=NPH+1 LAGTHR ko 627.  I C( ~) =- 2 PEH3 
628.  145 	 N1=0 LAGTHR 
629.  N2=N2+1 LAGTHR,  
630.  I F( N2, NE. 1)  	 GO 	 TO 	 146 LAGTHR 

C FI RST 	 PT 	 OF COLI ;  BURST LAGTHR 
631.  TvTNO=I ZJ LAGTHR 
632.  I 2=I 2+1 LAGTHR 
663.  146 	 I F( N2. LT. . NL) GC 	 TO 	 150 LAGTHR 

C SUSPI CI Cl 1SLY LQNG- COLC' f 3URST - RESET THRESHOLO LAGTHR 
634.   N7F2C=NTH2C+i  LAGTHR 
635.   N2=1 LAGTHR 
636.   I C( J) =u 	 __.  	 -  	 - -  	 -  LAGTHR- -  
637.   T4 1N2=TVI N 1=Tr f  I NO_i ZJ LAGTHR 
638,   

C 
TE- A=T" I N2+TH2 

FI !  C 	 MTN TFr NP CF 	 THI S COLO BURST 
LAGTHR 
LAGTHR 

639,   150 	 Tr sI NO=AYI N1( TUI NO• I 7J)  LAGTHR 
640.  CC 	 TC 	 180 LAGTHR 



C 
C- - - =RCT-  

LAGTHR - -  
 

LAGTHR 
641.   160 NTH2=NTH2 +1 LAGTHR 
642.   I CL) =1 LAGTHR 
646.  GC 	 TC 	 165 LAGTHR 
644.  162.  	 NTI - 3=NTH3+1 LAGTHR 
645,  I C( J) =1 LAGTHR 
646.   CC 	 TG 	 165 LAGTHR 
647.   163 	 11TI - 4=NTH4+1 LAGTHR 
648,  I CL) =1 LAGTHR 
649.   165 	 P2=0 LAGTHR 
650.   N1=A1+1 LAGTHR 
651.   ( ) U=I ZJ- TMI N2 LAGTHR 
652,  TSDU=TSOU+OEJ LAGTHR 

1 653.  TSf 2=TSC2U+CU* CU LAGTHR 

ko o 
654,  I F( A1. GT. 1)  	 GO 	 TO 	 170 

C,  FI RST PT OF HOT BURST - RESET LEVEL THRESHOLC 
LAGTHR 
LAGTHR 

1 655.  TNI A3=TMI N2 	 .  PEH3 
656,  I F( TNi 110. LT. TNTN1)  	 T11 TN1=TNI NO 13E443 
657.   TNI A2=TNI N1 LAGTHR 
658.   TNSA1=TNI Nd LAGTHR 
659,  TF- A=TMI N2+TH2 LAGTHR 
660.  •I 1=I 1+1 LAGTHR 
661.   170 	 I F( N1• LT. I U! ) GO 	 TC 	 180 LAGTHR 

C 	 SUSFI CI OSLY LONG HOT BURST LAGTHR 
C 	 RESET THRESHOLC TO TBI R LAGTHR 

662.   NTH2H=l 1TH2N+1 LAGTHR 
663,  I C( J) =1 LAGTHR 
664.   N1=1 LAGTHR 
665.   TvI n2=TNI NI =TMI NO=T9AR- TH2 LAGTHR 
666,  TF- A: TBAR LAGTHR 
667.  180 	 CONTI 11LE LAGTHR 



I  

C  	 A- - - - - - -  
LAGTHR-  

668.   NT=NT+NTH2+NTH3+NTH4 LAGTHR 
669.   T' 1=TSCU/ NT LAGTHR 670.   7 2=SURT( TSO2U/ NT)  LAGTHR 

C 	 MOVI E 	 CCWN STACK 	 Tf  OF MI NI MA LAGTHR 
671.   CC 	 190 	 Nt ?=1, !  C5 LAGTHR 672,  N=Nf  E+1 -N9 LAGTHR 673.  190 TF( N+1) =T! ?( N)  LAGTHR 674.  192 '  TC( 1) =TROT5=78OTO LAGTHR 675.   CC 	 195 	 NEi =1, N9. 5 LAGTHR 676,  195 

C HGLC 
T?CT5=AMI N1( TFOT5, T( ?( 0) )  
LAST 20 PTS OF TENP r OR FUTURE USE 

LAGTHK 
LAGTHR 677.   CC 	 199 	 J=1, 20 LAGTHR 

678.   199 TTLAG( 2. 1- U) = 	 I ZAP( NPCH1- J)  LAGTHR 679,  I CL=I C' NPCH1)  LAGTHR 
C 	 CUMLLATI \ / E 	 COUNTERS ' LAGTHR 680.  NFT=NPTS+NPCH LAGTHR 

681.   
682.   

CAV=FLCAT( NT) / FLOA1( Nn' TS)  
TCA =ST/ NPTS 

PEH3 

683.   
684.   
685.   

NNF2=NNV2+NP2 
NNP7=NNP3+NP3 
NNT1- 3=NI \ TH6+NTH3 

LAGTHR 
LAGTHR  
LAGTHR  
LAGTHR 

686.   NNT1- 2=0\ TH24N! TH2 LAGTHR 687.  Np,  TH4 =NN1 H4+NTH4 LAGTHR 688.  1\ I 1=NI 1+I 1 LAGTHR 
C LAGTHR 

689.   I F( I PHI N. FC. 0) RETURN LAGTHR 



C _` _ 
{ { OTAV 690,  ENTRY THROUT 

C OUTPUT 
E{ OTAV 
LAGTHR 69I .  i nRTTE(  	 , 230) NPCH 	 , NLAr . NU. NL. NB5 LAGTHR 692.   230 	 FCRr JAT( ō.  	 CURRENT 	 TEMP PARAMS - cū/  	 1 0X, ā?NPCH2, NLAG, NU, NL, NI 15 	 2, 5I 6)  LAGTHR 693.   wRZTE( 6. 250) J, K. TH2~TNZN2• TH3l l , TH3D• TH4~T~30T5 LAGTHR 694,  I ARI TE( 6, 25)  	 GAM• NNTH3, NNTH3. NNTH4. NNP2, NNP3, NT, NPTS, NI 1 LAGTHR 695.   I nRTTE ( , 260)  	 NTH2S•  	 NTH2H, NTH?_C LAGTHR 696.   kRI TE( 6, 270)  	 TEAR. TI . T2 LAGTHR 697.   RETURN LAGTHR 

C LAGTHR 

a 
N 	. 

698.   250 	 FCRNAT( / 2 REC NOR, I 5,  	 2 CURRENT THRESHOLD LEVELE,  
*  	 , F10. 4, 2 	 ABOVE2. F10, 4. / 20X, RJUMP LEVELS 	 ( TH3Up , TR' ?f l OwNl =e,  *  	 2F1U. 4,  

LAGTHR 
LAGTHR 
LAGTHR 
LAGTHR 1 699.   

*  	 2X, RGROSS 	 LEVEL=i , F10. 4+I 1A8QVEa, F10. 4

)  

255 	 FCR~' AT( 2 	 CUr  	 CTS. . GAVMA=E, F1Q. 4, 1 PTS FCT ON LEVEL / CLONE/ Q,  
2 	 , 2. GRCSS LEVEL 	 =2 	 , 3I A 	 / 10X, R 	 PTS COLC 	 ON LLv/ SLOPr =n~, 21a 	 / 1, 0X,  
2 	 ā TOTA4 	 HOT 	 PTS= 	 •  I >3.  	 TOTAL 	 PTS=c4,  I a •  1 0U{ 1 ~ TS=n . I a !  

LAGTHR 
LAGTHR 
LAGTHK:  

C LAGTHR 700.   260 	 FCRI 1AT( 2 CUN 	 ACJUSTVENT COUNTS. . . SPI KES. Lr ! NG HOT. LONG LCLOP. 3TP)  LAGTHR. 701.   270.  	 FCRMAT( 2 CUM MEAN TFMP, . , . HOT ZONE AROVE COLU LEVEL 	 ( MEAN~RNS) ā.  PEH3 1 	 3F12. 4)  

C 
PEH3 
LAGTHR 702.   300 	 FRI NT 	 301, NLAG. Np5 LAGTHR 706.  301 	 FCRM T( / / F XXX PARAMETERS NLAG. N85 _ā, 2T10, S, - TOO RI G 2 LAGTHR 

704,  
3, āFCR SUHR,  	 LAGTHR2/ 2 ANALYSI S CCNTI NUES WI THOUT I NTERMI LTENCYS/ )  

I N ( 2) =o LAGTHR 
LAGTHR ' 705.  

706,  
RETURN 

END 
LAGTHR 
LAGTHR 



APPENDI X 7 

EQUATI ONS OF MOTI ON 

The di scussi on i ncl uded i n t hi s appendi x i s  i nt ended 

onl y t o f ur ni sh t he i mmedi at e needs of  t he pr esent  t hesi s and wi l l  not  

be r i gor ous or  compl et e.  	 For  a mor e det ai l ed di scussi on see,  f or  

exampl e,  Townsend ( 1976) .  	 Onl y t he ' Eul er i an'  equat i ons of  mot i on 

of  a const ant - pr oper t y Newt oni an f l ui d ar e gi ven,  expr essed i n t er ms of  

vel oci t y component s at  a f i xed poi nt .  	 Tensor  not at i on wi l l  be used t o 

enabl e compact ness.  

The cont i nui t y equat i on whi ch expr esses t he conser vat i on 

of  mass i s 

a 	 (U. +u. )  =O ax.  

Ensembl e or  t i me aver agi ng gi ves 

au.  
	 ;i - o.

.  

ax = O 	 and  
1 

The Navi er - St okes moment um equat i ons ar e 

ā ( U1 + ui )  + ( U~+ u2,)  	 ( Ui + ui  )  

= p āx ( p +  p' )  +  v 2 ( Ui  +  ui )  +  f i  
ax z 

( A7. 1)  

( A7. 2 a, b)  

( A7. 3)  

wher e t hef i  • ar e body f or ces.  	 Ensembl e aver agi ng equat i on A7. 3,  

empl oyi ng t he cont i nui t y equat i on,  and s l i ght l y  r ear r angi ng,  l eads t o 

DU .   -  	 1 ap 	 aut u 	 a2Ui  

Dt  	 p axi  	 axe + v 
a 	

+ Ti  ,  	( A7. 4)  

wher e 	 D _ a  	 a 
[ īt  - '  	 k. " 5-( 2,  .  ( A7, 5)  

   

u,  ui  ar e t he ( k i nemat i c)  Reynol ds st r esses and r epr esent  t he ensembl e 

or  t i me aver aged t r ansf er  of  f l uct uat i ng moment um ui  by t he f l uct uat i ng 

vel oci t y ut .  

Tr anspor t  equat i ons f or  ui uj  may be obt ai ned by mul t i pl y i ng 

- 493-  



equat i on A7. 3 by uj ,  addi ng i t  t o t he equat i on . f or . ( Uj  + uj )  

mul t i pl i ed by ui ,  and aver agi ng.  	 The r esul t  may be wr i t t en as 

DU.  	 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAau 

ui uj  = -  ( ui uQ,  axe + uj u~ axQ )  

Du.  	 au.  

p ( ax.   3xi )  

ā-  	 ( ui uj u)  

P ( - 57.    p u + ō x  P u)  

—774 
+v( ui

a +u a—). 

a 

( A7. 8)  
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