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N ik u rad se  (1933; P ra n d t l  1933), e x p e rim e n tin g  w ith  p ip es ro u g h en ed  

in te rn a lly  b y  a  u n ifo rm  la y e r  o f sa n d , fo u n d  t h a t  such  p ip es w ere  in d is ­

tin g u ish a b le  fro m  p e rfe c tly  sm o o th  ones, p ro v id ed  th a t  th e  p ressu re  

g ra d ie n t w as less th a n  t h a t  g iv en  b y

w here  V* — \KTolp)> t0 =  sh e a r s tre ss  a t  w all, p  =  d e n s ity  o f fluid, //, —- v is ­

cosity  o f fluid, k  =  d ia m e te r  o f  ro ugh ness g rains . W ith  lesser flows n e i

th e  res is tance  n o r th e  d is tr ib u tio n  o f v e lo c ity  w as m ea su ra b ly  in fluenced  

b y  th e  size o f th e  rou ghn ess g rains , a n d  th e  ob se rv ed  res is tan ce  law  w as 

sa tis fac to rily  o f th e  ty p e  re q u ire d  b y  th e  K a rm a n -P ra n d tl  th e o ry  fo r 

sm oo th  surfaces. T h is law  is u su a lly  expressed  in  th e  follow ing fo rm :

- t  =  2 1 o g ^ A - 0 - 8 ,  (1)

w here A is th e  coefficient o f fr ic tio n  in  th e  fo rm u la  =  A — , a n d  U  =  m ea n
2 gd

ve locity , d =  p ipe  d iam ete r, a n d  th e  “ 2 ” a n d  th e  “ 0*8” a re  ex p e rim en ta lly  

d e te rm in ed  coefficients re la tin g  to  tu rb u le n c e  a n d  b o u n d a ry  co nd itions 

respec tively .
q-

R ew ritin g  (1) to  express th e  res istan ce  coefficient ~ ~ 2 as a  fu n c tio n  o f 

th e  R eynolds N u m b er we ge t
F

To 
p U 2

i ( 2 1 o g l ‘
, pV*d - 2

( 2 )

W ith  m uch  g rea te r  p ressure  g rad ien ts , N ik u rad se  found  th a t  fu lly  rou gh  

cond itions h a d  developed p ro v ided

pV*k
> 6 0 ,
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368 C. F . C o leb ro o k  a n d  C. M. W h ite

a n d  th e  fric tio n  coefficient T 0/ p U 2 w as th e n  c o n s ta n t fo r an y  one p ipe w ith  

a n y  g iven  surface. T he ty p e  o f law  re q u ire d  b y  th e  th e o ry  w as found , viz.

1

8

- 2

9 (3 )

in  w hich  th e  res is tanc e  is seen to  be  in d e p e n d e n t o f v iscosity  w hich  is in 

effect rep laced  b y  g ra in  size k.
pV  k

T hu s a  p ip e m a y  be re g a rd ed  as p e rfe c tly  sm o o th  w h en  — — is less th a n  4

or co m ple te ly  rou gh  w hen
p V Jc

M>
exceeds 6 0 , a n d  th e  a p p ro p r ia te  res istance

law s a re  g iven  b y  (2) a n d  (3 ) resp ec tiv e ly . B e tw een  th ese  va lues , how ever, 

i.e. w ith in  th e  ran g e

< 6 0 ,

flow in  N ik u ra d se ’s p ipes  is in  a  t ra n s it io n a l s ta te  in  w hich  b o th  v iscosity  

a n d  g ra in  size influence th e  re s istan ce . I n  th is  tra n s it io n  ran g e  th e  res istan ce  

law  is necessarily  m o re co m p lica ted  since b o th  a n d  k  a re  in vo lved .

T he tw o  sim pler p a rtic u la r  cases (2) a n d  (3 ), w h en  generalized  as

pU 2 8

l / ft1 0 -1 1 3d\ - 2
2 Iog — ) , (4 )

are  seen as th e  re su lt o f in te g ra tin g  th e  e q u a tio n

du  2*5 /t 0

dV ~  V V

lim its  y  =  y lf u  = 0,

an d  y  =  0 -2 25 r , f  =

H ere  th e  low er lim it y 1 is th e  d is tan ce  from  th e  w all o f an  a rb itra r ily  selected 

p o in t w here th e  v e lo c ity  is assum ed  zero. I n  e q u a tio n  (3 ) th e  low er lim it 

conform s w ith  th e  ex p e rim e n ta l va lu e

y± =

th e  ve loc ity  being ta k e n  as zero a t  a  d istan ce  y x eq ual to  1/33  o f th e  g rain  

d iam ete r, m easu red  from  th e  cen tre  line  o f th e  g rains inw ard s to w ard s th e

t  T h e  n u m e r i c a l  f a c t o r  0 -2 2 5  c a n  b e  o b t a i n e d  b y  a  s im p le  i n t e g r a t i o n  a c r o s s  t h e  

p i p e  a n d  is  p r a c t i c a l l y  i n d e p e n d e n t  o f  y j r  w h e n  t h i s  is  s m a l l .  r a d i u s ,  d / 2 .
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E x p e r im en ts  w ith  F lu id  F r ic tio n  in  R oughened  P ip e s  369

cen tre  o f th e  p ipe. S im ila rly  in  eq n . (2) th e  low er lim it m easu red  in  th e  sam e 

m a n n e r is

Vi = 0-1 J L .

pv. f

W ith in  th e  tra n s it io n  ran g e  th is  low er lim it, y v  v a rie s  g ra d u a lly  b e tw een  

th e  va lu es m en tio n ed , a n d  can  be  expressed  in  th e  fo rm

p v* y  i
p

w hich  co n v en ien tly  se p a ra te s  th e  v a ria b le s  y x a n d  P ra n d tl ,  how ever, 

a d o p ts  th e  a lte rn a tiv e  fo rm

'pU 2
2log T. =  4>

pV*k\

p  / ’
(4 a)

0 -2 2 5k
w hich b y  v ir tu e  o f (4 ), w hich  c o n v erts  th e  le f t-h a n d  side  to  2 lo g ------- , is

d isclosed  as

M

pV*k\

p

T hese fu n c tio n s re la tin g  to  cond itions in  th e  im m ed ia te  v ic in ity  o f  th e  w all 

can  on ly  be fo u n d  sa tis fac to rily  b y  e x p e rim e n t.

N ik u ra d se ’s e x p e rim e n ta l re su lts  a re  re p re se n te d  b y  th e  fu ll lines in  fig. 1

in  w hich (i.e. A) is p lo tte d  lo g arith m ica lly  a g a in s t ~~ ~  •

To th e  r ig h t, each  p ip e  h as a  c o n s ta n t coefficient in d ica tin g  th a t  com ­

p le te ly  rou gh  cond itions h a v e  b een  reach ed , w hereas to  th e  le ft a ll cu rves 

converge to  w ards t h a t  fo r sm oo th  su rfaces . I t  a p p ea rs  th a t  tra n s it io n  b etw een  

sm ooth  a n d  rou gh  is a lw ay s com pleted  w ith in  th e  a rea  show n sh ad ed  in  

fig. 1.

T he m an n e r in  w hich  each  cu rv e leaves th e  sm o oth  law  cu rve depen ds 

ve ry  m uch  u p o n  th e  ty p e  o f roughness. T he  fu ll-line  curves in  fig. 1 w ere 

o b tained  b y  N ik u rad se  fo r sand -ro u g h en ed  surfaces, b u t  o th e r  su rfaces 

give resu lts w hich a re  m ore o f th e  ty p e  show n b y  curve  B , w hich  is fo r a  2 in. 

galvan ized  p ipe te s te d  b y  H eyw ood  (1924). C urve C fo r a  5 in. new  w ro u g h t 

iron  pipe;}; is sim ilar a n d  has  been  selected  as ty p ic a l o f th is  su rface. A t th e

f  T h e  v a l u e s  1 /3 3  a n d  0 T  a r e  c o n s i s t e n t  w i t h  N i k u r a d s e ’s  f in a l  r e s i s t a n c e  r e s u l t s ,  

b u t  d i f f e r  s l i g h t l y  f r o m  t h e  v a l u e s  h e  m e n t i o n s  a s  f o u n d  f r o m  v e l o c i t y  d i s t r i b u t i o n s ,  

t h e  d i f f e r e n c e s  b e in g  le s s  t h a n  t h e  u n c e r t a i n t y  o f  m e a s u r e m e n t  o f  t h e  l a t t e r ,  

t  J. R .  F r e e m a n  a s  q u o t e d  b y  M ills  ( 1 9 2 3 ).
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370 C. F . C o leb ro o k  a n d  C. M . W h ite

highest speeds b o th  B  an d  C seem  to  ap p ro a ch  sq u a re  law

i t  is possible w ith  som e c e r ta in ty  to  assign  defin ite  va lu es o f r/k  to  these  

p ipes, using  N ik u ra d se ’s c o n s ta n ts  as p ro v id in g  a  basic  s ta n d a rd  o f ro ugh ­

ness.

T he d a ta  o f fig. 1 becom e g re a tly  sim plified  w h en  p lo tte d  in  fig. 2 in 

w hich th e  o rd in a te  is th e  le f t-h a n d  side o f e q u a tio n  (4 a) p lo tte d  n a tu ra lly , 

p V .k
r  * ‘ p lo tte d  lo garith m ica lly . T he  sm oo th  law  app earsw hile th e  abscissa  is

(JL

as th e  slop ing s tra ig h t line  to  th e  left, a n d  th e  sq u a re  law  as th e  ho rizo n ta l 

line to  th e  r ig h t. N ik u ra d se ’s re su lts  becom e a  single cu rve w hich , b y  its  

form , in d ic ate s fa irly  ra p id  tra n s it io n  from  one law  to  th e  o th er, b u t  pipes 

B  a n d  G de fin ite ly  in vo lve  a n o th e r  p a ra m e te r  a n d  curv e over fa r  m ore 

g rad u a lly .

K°|b
00 I Q.

1o
£<DOo

I
.2

F i g . 1 R e s i s t a n c e  t o  f lo w  t h r o u g h  p i p e s .  C u r v e s  A  a r e  f o r  N i k u r a d s e ’s  s a n d  

r o u g h e n e d  p i p e s ; B ,  H e y w o o d  2  in .  g a l v a n i z e d ; a n d  C ,  F r e e m a n  5 in .  w r o u g h t  i r o n .

P ossib ly  p a r t  o f th is  difference is d u e  to  differences in  geom etrical form  

of th e  ro ughness p ro tu b e ra n ce s , b u t  th e  m a in  cause is, no  d o u b t, to  be 

foun d  in  a  v a ria tio n  in  size o f in d iv id u a l p ro tu b e ra n ce s . I t  is reaso nab le  to  

suppose th a t  a  g ra in  on ly  beg ins to  c o n tr ib u te  to  th e  res is tance  w hen  th e  

local speeds a re  h ig h  eno ugh  to  cause th e  g ra in  to  shed  eddies. U n til th en  

its  fo rm  d rag  is co m p a ra tiv e ly  sm all a n d  th e  ta n g e n tia l d rag  c o n stitu te s  th e  

m ajo r p a r t  o f th e  res istan ce. T he  ta n g e n tia l d rag  is n o t g rea tly  influenced 

b y  d im ensions n o rm al to  th e  m o tio n ; so th e  u n im p o rtan c e  o f Jc a t  slow speeds 

is u n d e rs tan d a b le . N ik u ra d se ’s cu rves m ay  be in te rp re te d  as show ing th a t

a few grain s shed  edd ies w hen  =  4 ; a n d  on  th e  average  perh ap s h a lf
/1

th e  g rain s shed  edd ies w hen  exceeds 10 ap p ro x .
/i

 D
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E x p e r im e n ts  w ith  F lu id  F r ic tio n  in  R oughened  P ip e s  371

To te s t  th is  in te rp re ta tio n , e x p e rim e n ts  w ere  m ad e  w ith  sa n d  g rain s 

falling  in  still  w a te r . V a rio us  sizes o f g ra in  w ere u sed  a n d  i t  w as fo u n d  th a t  

sq u a re  law  d rag  (to be  asso c ia ted  w ith  th e  sh ed d in g  o f edd ies) occu rred  

on ly  w h en  th e  g rains  exceeded  0*5 m m . in  d ia m e te r . T h e  fa lling  speed  w as 

th e n  5 cm ./sec. a p p ro x im a te ly , a n d  w h en  th e  d ra g  s tre ss  w as e s tim a te d  b y
jfffi n|7

div id in g  h a lf  th e  effective  w e ig h t o f  th e  g ra in  b y  —- - ,  a  v a lu e  o f  * = 1 4

w as o b ta in ed , w hich  is su ffic ien tly  n e a r  N ik u ra d se ’s v a lu e  to  su p p o r t  th e  

a rg u m e n t.

[i
p V

F i g . 2— D e v ia t io n s  f r o m  “ r o u g h ”  la w  r e s is ta n c e  a s  a  f u n c t io n  o f  .
P

W ith  a  ro ugh ness com posed o f g rains o f m a n y  d ifferen t sizes th e  la rg er 

g rains com e in to  a c tio n  a t  low er speeds th a n  th e  sm aller. T ran s itio n  from  

sm ooth  to  rou gh  shou ld  beg in  th e re fo re  a t  a  speed  d e te rm in ed  b y  th e  size 

o f th e  la rg est g rains. One m ig h t ex p ec t also t h a t  tra n s it io n  w ould  be 

com plete a t  a  speed  de te rm in e d  b y  th e  sm alles t g rains , b u t  th e  ex p erim en ts  

d id  n o t confirm  th is .

T he m ain  ob jec t o f th e  p re se n t e x p erim en ts  w as to  d e te rm in e  how  th e  

n a tu re  o f th e  roughness in fluenced  th e  tra n s itio n . T he  ex p erim en ts w ere all 

m ade  w ith  th e  sam e p ipe, 5-35  cm. d iam e te r a n d  ap p ro x im a te ly  6 m . long, 

using  a ir. T he p ipe w as sp lit lo n g itu d in a lly  in  o rd er to  expose th e  inn er 

surface to  w hich th e  necessary sa n d  g rain s w ere fixed b y  b itu m in o u s p a in t  

or by  C h a tte r to n ’s com pound . T he tw o  halves w ere held  to g e th e r  b y  m eta l 

s trap s  an d  th e  jo in ts  m ade a ir- tig h t w ith  adhesive tap e . T he w hole w as th en
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372 C. F . C o leb ro o k  a n d  C. M. W h ite

m o u n te d  a n d  aligned  as a cc u ra te ly  as possib le  on  a  stiff jo is t, as show n in 

th e  gen eral a rra n g e m e n t fig. 3 .

T he te s t  len g th  w as a p p ro x im a te ly  50  d iam e te rs , se p a ra te d  from  th e  ends 

o f th e  p ip e b y  a b o u t 12 d iam e te rs  d o w n stream  a n d  50  d iam ete rs  u pstream . 

A  g re a te r  te s t  len g th  w ould  h av e  been  desirab le  b u t  p re lim in a ry  tr ia ls  

show ed  th a t  th e  e n tra n c e  effects e x te n d e d  d o w n stre am  ra th e r  fa r th e r  th a n  

h a d  been  a n tic ip a te d . I t  w as considered  adv isab le , th ere fo re , to  in se rt a 

diffusing baffle n e a r  th e  in le t in  o rd e r to  ensu re  d ev e lo p m en t o f th e  u ltim a te  

ve lo c ity  d is tr ib u tio n  before reach in g  th e  te s t  len g th . F o u r  in te r-co nnected  

p ressure  holes w ere used  a t  each  section , b u t  th e  e rro rs o f in d iv id u a l holes 

as show n by  te s ts  o f each  one ag a in s t its  n e ig h b o u r a t  th e  sam e section  were 

fo r tu n a te ly  q u ite  negligible.

L _ , 5 d  . 4 i p j  w 5 0  d  >- ^_________  r n  J

1

~ l  ...... ........................ ............ ... 1 i  =

1 1
 ̂ t

»Po

G A U G E  L E N G T H - N O Z Z L E

T A N

F i g . 3— G e n e ra l  a r r a n g e m e n t  o f  t e s t  p ip e ,  m e te r in g  n o z z le ,  a n d  f a n .

p U d

p

F i g . 4— C a l ib r a t io n  c u r v e  f o r  m e te r in g  n o z z le .

T he  a ir  w as m e te re d  b y  a  nozzle to  “  V .D .I. N o rm ald u se  ” u p s tream  profile 

c as t in  paraffin  w ax  a n d  f itte d  to  th e  p ip e  in le t. T h is nozzle w as calib ra ted  

in  situ , u sing th e  p ipe  in  its  sm o o th  s ta te  as s ta n d a rd . T he resu ltin g  calib ra ­

tio n  curve, fig. 4  is o f q u ite  u su a l ty p e , a n d  is p ro b a b ly  correct w ith in  1 % .

Six d ifferen t ty p e s  o f rou ghn ess w ere  fo rm ed  fro m  v arious com binations 

o f tw o  sizes o f sa n d  g rain , v iz. 0-035  cm. d iam . a n d  0-35  cm. d iam . As show n 

in  fig. 5 , th e  w hole su rface w as ro u g h en ed  fo r som e o f th e  ex perim en ts, while 

fo r o the rs p a r t  o f th e  su rface w as le ft sm ooth . T he  fine g rain s lay  in  a  ve ry  

un ifo rm  m an n e r ju s t  to u ch in g  each  o th e r; an d  fig. show s a  ty p ic a l large 

g ra in  a n d  its  m o u n tin g . T he  six su rfaces to g e th e r  fa ll in to  tw o  system atic  

series: N os. 0 , 1 , I I  a n d  I I I ;  a n d  N os. V, IV  an d  I I I .  I n  th e  first series the
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a re a  covered  b y  la rg e  g ra in s  p rog ressively  increases ; b u t  in  th e  secon d  series, 

th e  large g ra in s rem a in  c o n s ta n t w hile  th e  a re a  co ve red  b y  sm all g rain s 

increases.

T he te s t  re su lts  fo r th e  first series a re  show n to g e th e r  in  fig. 6. H ere  

su rface 0 is re p re se n te d  b y  th e  sm o o th  law

E x p e r im e n ts  w ith  F lu id  F r ic tio n  in  R oughened  P ip e s  373

S m o o t h  R o u g h n e s s  I  R o u g h n e s s  I I  R o u g h n e s s  I I I  R o u g h n e s s  I V  R o u g h n e s s  V  

F i g . 5— S u r f a c e s  u s e d  i n  t h e  e x p e r i m e n t s .

assum ed  for th e  nozzle ca lib ra tio n . S urface I ,  un ifo rm  fine sand , is in ­

d istingu ishab le  from  sm oo th  w hen  Re  is o f th e  o rd er o f 6 0 0 0 , b u t, as th e  

speed increases, tra n s itio n  to  rou gh  law  begins a n d  is com p leted  a t  

Re  =  100,000. T he effect o f th e  a d d itio n  o f a  few  large g rains to  th is  surface 

is clearly show n b y  te s ts  w ith  su rface I I .  T he res is tance  a t  h igh  speeds is 

increased b y  a p p ro x im ate ly  12 % , a n d  th is  is th e  re su lt o f p lac ing  g rains 

te n  tim es th e  size o f th e  fine san d  on  ap p ro x im a te ly  2 %  o f th e  a re a . A t low 

speeds th e  effect is m ore m arked , th e  resistance  being  increased  b y  20 %  a t  

Re  =  10,000. T ran sitio n  is seen to  be v e ry  g rad u a l, c e rta in ly  includ in g  th e  

whole o f th e  tu rb u le n t range  up  to  Re  =  100,000. S urface I I I  w ith  tw ice as 

m an y  large g rains also shows th ese  charac te ristic s b u t  in  g re a te r  degree.
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I t  is in te re s tin g  to  n o te  t h a t  th e  a c tio n  o f th e  fine g rain s , i f  ju d g ed  b y  th e  

risin g  p a r t  o f th e  cu rv es to  th e  r ig h t o f  fig. 6, is, i f  a n y th in g , d e la y ed  b y  th e  

p resence o f th e  la rg e r g ra in s , th e  ju s t  n o tic ea b le  d isp lac em e n t o f th e  u p p e r  

cu rves in  fig. 6 be ing  to  th e  r ig h t  d e sp ite  g re a te r  p re ssu re  g ra d ie n ts . N o 

d o u b t th is  is du e to  som e sh ie ld in g  effect.

I n  th e  second  series o f  su rfaces, in  w hich  th e  large  g ra in s  w ere c o n s ta n t a n d  

th e  a re a  o f fine g ra in s  v a rie d , th e  m o st in te re s tin g  fe a tu re  is t h a t  below  

R  = 20,000 i t  is im possib le  to  d is tin g u ish  b e tw ee n  th e  th re e  su rfaces, th e  

te s t  p o in ts  ly in g  p e rfe c tly  u p o n  a  single cu rv e  as seen  in  fig. 7 . T h e  sh ie ld ing  

effect o f  th e  la rg e r g ra in s is he re  c learly  d e m o n s tra te d  b y  co m p ariso n  w ith  

th e  un ifo rm  fine sa n d  surface , th e  cu rv e  fo r w h ich  is show n d o tte d . T he  

R eyn olds n u m b e r a t  w hich  th e  fine g ra in s a re  ju s t  d e te c ta b le  is m ore  th a n  

th re e  tim es g re a te r  w h en  th e  large  g ra in s  a re  p re se n t th a n  w h en  th e y  a re

ab sen t. T h is is w ith  a p p ro x im a te ly  th e  sam e v a lu e  o f  so th e  sh ie ld ing

effect is eq u a lly  m ark e d  if  ex p ressed  in  te rm s  o f
pV*Jc

p U 2:

T h a t  th e  rising  p a r t  o f th e  cu rv e is lin ked  w ith  th e  a c tio n  o f th e  finer 

closely spaced  g rain s, is c learly  d e m o n s tra te d  b y  cu rv e  

V o f fig. 7 . T h is is th e  on ly  cu rv e  w ith o u t th e  rise , 

a n d  th e  su rface to  w hich  i t  re la te s  is th e  on ly  one 

w ith o u t ap preciab le  a re a  o f closely sp aced  g ra in s.

T he la t te r  surface, V , show s a  ra th e r  u n e x p ec te d  

co n stan cy  o f coefficient a t  th e  h ig h es t speed . Ju d g e d  

b y  areas, 95  %  o f th is  p ip e w as sm o o th  a n d  likew ise 

80  %  o f th e  p e rim e te r o f th e  cross section , fig. 8. T he  

w ake from  in d iv id u a l g rain s m u s t sp re ad  o u t fanw ise  

ve ry  rap id ly , o therw ise  th e  lack  o f influence o f v iscosity  

over th e  95  %  of sm o o th  a rea  is in exp licab le .

T here  is, how ever, no  rea so n  to  d o u b t th e  ex p erim en ts ; in  fa c t th e

F i g . 8— S e c t i o n  o f  

p i p e s  N o s .  I l l ,  I V  

a n d  V .

num erical values for ~at high speeds fo r su rface V  is in  ag re em en t w i
rC

recen t w ork  o f S ch lich ting  (1936) w ho, b y  a n o th e r  ex p e rim e n ta l m eth o d  

and using a  su rface s tu d d e d  w ith  hem isph erica l r iv e t head s, o b ta in ed  

values from  w hich fig. 9 is com p uted .

T he square  law  values o f A for all five su rfaces a re  g iven in  T ab le  I  to g e th e r  

w ith eq u iv a len t san d  sizes, ks, co m pu ted  on N ik u rad se ’s basis, i.e.

To
p tJ 2

-2
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F i g . 9— C o m p a r i s o n  o f  s u r f a c e s  I  a n d  V  w i t h  S c h l i c h t i n g ’s  e x p e r i m e n t s .  P  =  d i s t a n c e  

b e t w e e n  p r o t u b e r a n c e s ; k 2 =  m e a s u r e d  s iz e  o f  p r o t u b e r a n c

k s =  s iz e  c o m p u t e d  f r o m  o b s e r v e d  r e s i s t a n c e  u s i n g  N i k u r a d s e ’s  c o n s t a n t s ;  k x =  d i a ­

m e t e r  o f  p r o t u b e r a n c e  i n  p l a n e  o f  w a l l .  ®  H a m b u r g  s a n d ;  O  s p h e r e s ;  a  c u p - h e a d  

r i v e t s ; A  s u r f a c e  I  A y l e s f o r d  s a n d ; □  s a n d - N i k u r a d s e ; *  s a n d  g r a i n s — s p a c e d —  

s u r f a c e  V .

T a b l e  I — R e s i s t a n c e  Co e f f i c i e n t s  f o r  v a r i o u s  Su r f a c e s  a t

H i g h  Sp e e d s , i .e . w h e n
pV*k

E X C E E D S  150

D e s c r i p t i o n  o f  s u r f a c e
8 r

p Z P
k s c m .

h

k

I .  U n i f o r m  s a n d  0 -0 3 5  c m .  d i a m .  i n  

2  in .  p i p e

0 -0 3 6 9 0 -0 4 8 1-36

I I .  U n i f o r m  s a n d  w i t h  l a r g e  0 -3 5  c m .  

g r a i n s  c o v e r i n g  2 J  %  o f  a r e a

0 -0 4 2 5 0 -0 7 3

I I I .  U n i f o r m  s a n d  w i t h  l a r g e  0 -3 5  c m .  

g r a i n s  c o v e r i n g  5 %  o f  a r e a

0 -0 4 7 0 -0 9 3

I V .  4 8  %  a r e a  s m o o t h ,  4 7  %  a r e a  u n i ­

f o r m l y  c o v e r e d  f in e  g r a i n s ,  5 %  

a r e a  c o v e r e d  l a r g e  g r a i n s

0 -0 4 1 0 -0 6 6

V . 9 5  %  a r e a  s m o o t h ,  5 %  a r e a  c o v e r e d  

l a r g e  g r a i n s

0 -0 3 4 0 -0 3 8 0-11

H a m b u r g  s a n d  k  = 0 - 1 3 5  c m . t e s t e d  b y  

S c h l i c h t in g

— 0 -2 2 2 1-64

C u p - h e a d  r i v e t s  t o u c h i n g ,  0 -2 6  c m .  r a d .  

t e s t e d  b y  S c h l i c h t i n g

— 0 -3 6 5 1-40

P o l i s h e d  s p h e r e s  t o u c h i n g ,  0 -4 1  c m . d i a m .  

t e s t e d  b y  S c h l i c h t i n g

— 0 -2 5 7 0 -6 3

C u p - h e a d  r i v e t s ,  5  d i a m .  a p a r t ,  0 -2 6  c m . 

r a d .  t e s t e d  b y  S c h l i c h t in g

0 -0 3 1 0 -1 2

W hen th e  tra n s itio n  curves fo r surfaces I  to  V a re  expressed  as a  function
py

of -  * s as in  fig. 10, a ll a re  seen as a  single sy s te m atic  fam ily  o f curves,
fi

each p rogressively  show ing less a n d  less d ip , to g e th e r  w ith  earlier dev iation
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Pm

p

5 ,9 0 0

7 ,5 1 0

1 0 .7 0 0  

1 6 ,0 5 0  

2 2 ,8 0 0

3 6 .0 0 0

5 3 .0 0 0

6 7 .7 0 0  

9 1 ,5 0 0

1 3 6 ,0 0 0

3 .5 8 0

5 .5 8 0  

1 0 ,4 0 0

1 9 .0 0 0  

2 6 ,8 0 0  

3 2 ,6 0 0  

4 7 ,1 0 0  

6 8 ,5 0 0

9 0 .0 0 0

122,000

3 ,7 0 0

5 ,0 7 0

7 ,0 6 0

1 1 ,8 0 0

1 8 ,3 0 0

2 6 .7 0 0  

4 0 ,5 0 0

5 5 .7 0 0  

8 2 ,6 0 0

1 2 7 ,5 0 0

T a b l e  I I

R o u g h n e s s  I

k s =  0 -0 4 8  c m
r

. — =  5 5
K

II

■
£,

! 
00

 
to L o g p V *k ! o . 3 1 ,1  1

2 1 o g — V A

0 0 3 6 3 0 -5 5 9 - 0 - 0 3

0 0 3 4 0 0 -6 5 0 - 0 -2 0

0  0 3 1 6 0 -7 8 7 - 0 - 4 1

0 0 2 9 4 0 -9 4 7 - 0 - 6 1

0 -0 2 8 5 1 -0 9 3 - 0 - 7 0

0 -0 3 0 3 1 -3 0 5 - 0 - 5 3

0 -0 3 3 1 1 -4 9 2 - 0 - 2 8

0 -0 3 5 0 1 -6 1 0 - 0 - 1 3

0 -0 3 6 9 1 -7 5 3 0

0 -0 3 6 9 1 -9 2 5 0 -0 2

R o u g h n e s s  I I

=  0 -0 7 3  c m . ■f- =  3 6 -3

0 -0 4 7 1 0 -5 7 8 0 -2 5

0 -0 4 3 1 0 -7 5 3 0 -0 5

0 -0 3 8 8 1 -0 0 0 - 0 -2 2

0 -0 3 5 3 1 -2 41 - 0 - 4 6

0 -0 3 4 4 1 -3 8 5 - 0 - 5 4

0 0 3 4 4 1 -4 7 0 - 0 - 5 4

0 -0 3 6 6 1 -6 4 2 - 0 - 3 7

0 -0 3 9 5 1 -8 2 2 - 0 - 1 7

0 -0 4 1 1 1 -9 4 9 - 0 - 0 7

0 0 4 2 5 2 -0 8 8 0

R o u g h n e s s  I I I

k s =  0 -0 9 3  c m .
r

- =  2 8 -5  
K

0 -0 5 3 4 0 -7 2 5 0 -3 0 5

0 -0 5 1 3 0 -8 5 3 0-21

0 -0 4 7 5 0 -9 8 0 0 -0 5

0 -0 4 3 1 1 -1 82 - 0 - 1 9

0 -0 4 0 5 1 -3 6 0 - 0 - 3 4

0 -0 3 9 0 1 -5 15 - 0 - 4 4

0 -0 3 9 7 1 -7 0 0 - 0 - 3 9

0 -0 4 2 2 1-851 - 0 - 2 4 5

0 -0 4 4 3 2 -0 3 3 - 0 1 2

0 -0 4 6 2 2 -2 3 2 - 0 -0 2

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



378 C. F . C o leb ro o k  a n d  C. M . W h ite

T a b l e  I I — {continued)

R o u g h n e s s  I V

k s =  0 -0 6 6  c m .
r

—  =  4 0 -3
Jcs

p U d

p
L o g f V*k ‘

P

n l  3 -7 d  

! l o g I '

3 ,3 6 0 0 -0 5 4 5 0 -5 3 8 0 -6 7

4 ,8 8 0 0 -0 5 1 5 0 -6 8 8 0 -5 5

7 ,7 0 0 0 -0 4 6 7 0 -8 6 4 0 -3 2

1 5 ,6 5 0 0 -0 4 1 1 1 -1 4 5 0 -0 2 5

2 9 ,6 0 0 0 -0 3 7 9 1 -4 0 3 - 0 -2 0

4 1 ,8 0 0 0 -0 3 7 3 1 -5 5 0 - 0 - 2 3

6 6 ,5 0 0 0 -0 3 8 1 1 -7 5 6 - 0 - 1 8

9 1 ,2 0 0 0 -0 3 4 5 1 -9 0 2 - 0 - 0 7

1 1 0 ,0 0 0 0 -0 4 0 2 1 -9 8 7 - 0 - 0 4

1 2 7 ,5 0 0 0 -0 4 0 8 2 -0 5 3 0

R o u g h n e s s  V

tcs =  0 -0 3 8  c m .
l = 6 9 ' 8

5 ,1 0 0 0 -0 5 1 4 0 -4 7 0 1-01

7 ,4 0 0 0 -0 4 7 5 0 -6 1 4 0 -8 3

1 0 ,7 5 0 0 -0 4 4 5 0 -7 6 2 0 -6 9

1 9 ,3 0 0 0 -0 4 0 2 0 -9 9 4 0 -4 2

3 0 ,6 0 0 0 -0 3 7 4 1 -1 7 8 0 -2 5

4 2 ,0 0 0 0 -0 3 5 9 1 -3 0 7 0 -1 4

6 3 ,5 0 0 0 -0 3 4 9 1 -4 8 0 0 -0 6

8 3 ,0 0 0 0 -0 3 4 5 1 -5 9 5 0 -0 4

1 1 6 ,0 0 0 0 -0 3 4 0 1 -7 3 6 - 0 - 0 0 5

1 2 7 ,2 0 0 0 -0 3 4 1 1 -7 7 5 - 0 - 0 0 5

from  th e  sm o o th  law . N ik u ra d se ’s curv e fo r un ifo rm  roughness, shown 

bro ken , is no ticeab ly  f la t te r  th a n  t h a t  fo r th e  p re sen t un ifo rm  surface I , due 

p e rh ap s to  th e  la t te r  being  m ore reg u la r. S urface V, w hich is th e  o ther 

ex trem e, being sm o o th  w ith  large  lu m ps, h as  a  tra n s itio n  a lm ost ind is­

tin g u ish ab le  from  t h a t  fo r ga lv an iz ed  iro n  p ipes  fo r w hich a  ty p ic a l curve 

is also show n in  fig. 10.

T he early  p a r t  o f tra n s it io n  is p e rh a p s  b e tte r  show n as a  fu n c tio n  of 

oV k
~ * -  as in  fig. 11, w hich  is sim ila r to  fig. 10 ex cep t th a t  th e  m axim um

fi

size o f g rain , is now  used  in s te a d  o f k s th e  e q u iv a le n t N ik u rad se  size. A gain 

a  fam ily  o f curves is o b ta in ed , b u t  now  all ap p e a r  to  ra d ia te  from  a single

pV  k
origin on th e  sm o o th  curve a t  — * ^  =  5 ap p ro x

th e  view  th a t  i t  is th e  large  g rains w hich  co n tro l th e  beg inn ing  o f tran sition .
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A ccepting  t h a t  t ra n s it io n  beg ins a t  th is  v a lu e , th e  tra n s it io n  ran g e  fo r 

su rface  V is be tw een  six a n d  seven  tim es as long as t h a t  fo r th e  un ifo rm  

surface I . O ver m u ch  o f th is  ran g e  th e  cu rv e  o f re s is tan ce  coefficient (fig. 7 ) 

ru n s  n e a rly  p a ra lle l to  th e  sm o o th  law .

S uch  ch a rac te ris tic s  h a v e  b een  p rev io u s ly  m en tio n e d  b y  o th e r  w orkers 

(H o p f 1923), a n d  i t  h as  b een  sugg ested , no  d o u b t co rrec tly  in  som e cases, 

t h a t  th e  cause is “ w all w a v in e ss” as d is t in c t  fro m  su rface  rou ghness, b u t  

th e  p re se n t ex p e rim e n ts  show  t h a t  such  re su lts  m a y  also be a t t r ib u te d  to  

su rface rou ghn ess w h en  th is  is o f n o n -u n ifo rm  ty p e .

A lto g e th er m ore th a n  200 te s t  p o in ts  w ere  o b ta in e d  a n d  all a re  in clu d ed  

in  th e  d iag ram s. T en  ty p ic a l p o in ts  fo r each  su rface  a re  g iven  in  T ab le  I I .

T he w ork  w as c a rried  o u t in  th e  Civil E n g in eerin g  D ep t, o f  th e  Im p e ria l 

College o f Science a n d  T echnology  , a n d  th e  a u th o rs  a re  in d e b te d  to  th e  

C lo th w orke rs’ C o m pany  w hose g en ero sity  m ad e  th e  resea rch  possible.

E xp e r im e n ts  w ith  F lu id  F r ic tio n  in  R oughened  P ip e s  381

S u m m a r y

N ik u rad se, ex p erim en tin g  w ith  flow th ro u g h  u n ifo rm ly  ro u g h en ed  p ipes, 

fou nd  co m p ara tiv e ly  a b ru p t  t ra n s it io n  from  “ s m o o th ” law  a t  slow speeds 

to  “ ro u g h ” law  a t  h igh  speeds. O th e r ex p e rim en te rs  usin g  surfaces o f th e  

n a tu re  o f cast iro n , w rou gh t iro n  o r ga lv an iz ed  steel, h av e  o b ta in e d  re su lts  

w hich can  on ly be exp la in ed  b y  a  m uch  m ore g rad u a l tra n s it io n  be tw een  

th e  tw o  resistanc e  law s. T he  p resen t e x p erim en ts  show  th a t  w ith  non-un ifo rm  

roughness, tra n s it io n  is g rad u a l, a n d  in  e x tre m e  cases so g ra d u a l t h a t  th e  

w hole w orking  ran ge  lies w ith in  th e  tra n s it io n  zone. T h is closes th e  gap  

betw een  N ik u rad se ’s a rtific ia l ro ughnesses, a n d  th o se  n o rm a lly  found  in  

pipes.
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