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We present the results of an investigation into the roughness elements 
of a wing profile on the transfer of heat and aerodynamic resistance of 
a plate and a tubular surface. Criterial formulas have been derived 
for the calculation of the heat transfer and resistance. An evaluation 
of the efficiency of these tubes has demonstrated that knurling the 
roughness etements will serve to reduce the heat-transfer surface by 
40% relative to that of a smooth surface. 

The roughening of a h e a t - t r a n s f e r  su r face  r e p r e s e n t s  
one rnethod of enhancing heat t r a n s f e r .  The purpose  of 
producing roughness  e l emen t s  is to d i s rupt  the bound- 
ary  l ayer .  On the one hand, the d is rupt ion  of the bound- 
ary  l aye r  leads to a reduct ion  in its t he rma l  r e s i s t a n c e ,  
while on the other  hand, it caused the hydraul ic  los ses  
to i nc rea se .  It is t h e r e f o r e  n e e e s s a r y  to seek the mos t  
advantageous re la t ionship  between the i n c r e a s e  in heat  
t r a n s f e r  and r e s i s t ance .  A study of the in tens i f ica t ion  
of heat  t r a n s f e r  f r o m  plate and tubular  su r faces  is 
t h e r e f o r e  of p r ac t i ca l  in teres t .  

Let  us cons ider  an approximate  solut ion for  the prob-  
l em of heat  t r a n s f e r  f r o m  a plate with a so l i t a ry  rough-  
ness  e lement .  Let  the plate  with the so l i t a ry  roughness  
e l emen t  be s t r e a m l i n e d  by an nonisothermM ineom-  
p r e s s i b l e  fluid exhibit ing constant physical  p rope r t i e s .  
The in tegra l  bounda ry - l aye r  equation in this ease  will  
have the fo rm 

dx + W 0 ~ * -  qw (1) cpy W0 " 

We will  use the approximate  solut ion of Eq. (1) 
proposed  by Ambrok [1]. The Ambrok method is based 
on the assumpt ion  that the h e a t - t r a n s f e r  law is inde- 
pendent of the p r e s s u r e  gradient ,  as well  as of the 
sur face  t empe ra tu r e .  The h e a t - t r a n s f e r  law is under-  
stood to r e f e r  to a functional re la t ionsh ip  of the fol-  
lowing fo rm:  

qw - [ (Re~*). (2) 
cp~? W0 

The law is sought for  a p la te  with a constant  wall  t e m -  
p e r a t u r e  (W' = 0; 6 '  = 0) with cons idera t ion  of the 
e r i t e r i a l  re la t ionship  

Nux = A R~ (3) 

and has the fo rm 

q w  

9 ~ 0  
- ~ t  Re " 

(4) 

With subst i tut ion of (4) into Eq. (1) we d e r i v e  a 
Bernou l l i - type  d i f fe ren t ia l  equation for the d e t e r m i n a -  
tion of 8~*: 

dx @ @ 0 -  5{~= - P -P-~]  Ret (5) 

The genera l  solut ion for  this equation has the fo rm 

5t ! n-1 W Odx -k C1 . . . .  ~ (6) 

( W e )  n v " r 0 ( W  O) n 

The integrat ion constant is de te rmined  f rom the 
following condition: when x = x  0, the quanti t ies 5~*, 
W, and 0 a s sume  speci f ic  fixed values ,  i . e . ,  

I 

c,.= (w067') 
If we cons ider  a uniform boundary l aye r  whose 

or!gin coincides  with the heating or igin,  we find that 

C1 = 0 and 

8~" v [/ A ~ W o n  dx (~) 

0 

With cons idera t ion  of (7), we t r a n s f o r m  Eq. (1) as 
follows : 

! 

/ W 0 - "~" 1 

J W~ 
0 

F o r m u l a  (8) is equally applicable to the calcula t ion 
of a boundary l ayer  of any s t ruc tu re .  In the de r iva t ion  
of this fo rmula  we have imposed a l imi ta t ion in the 
sense  that a l ayer  of ident ical  s t ruc tu re  is a ssumed to 
be coincident  with the heating or igin.  

To d e r i v e  a fo rmula  which will  make  it poss ib le  to 
ca lcula te  the t r ans fe r  of heat in the case  of a mixed 
boundary layer, the value of the arbitrary constant 

= (W0 6**)I/nmust be substituted into (6), and CI we 

have to take the same steps as when C I = 0. 

Let us consider the case of a completely turbulent 

boundary layer whose origin coincides with the heat- 
ing origin. Using the relationship [3] 

Nu x = 0.0235 Re ~ (9) 
- -  x 

for the heat transfer of a plate with t = const, we trans- 
form (8) into a formula for the calculation of the local 
heat transfer of a plate with a solitary roughness 

element, given a variable wall temperature 
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where 
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Fig. 1. Dis t r ibut ion  of d imens ion less  veloci ty beyond the boundary layer  along 
the plate with roughness  e lement  No. 2 (x ,mm).  Velocity of incoming flow Woo, 

m / s e e :  1) 14; 2) 17; 3) 23.3; 4) 27; 5) 33; 6) 40; A) theoret ica l  curve.  

( W 1 ~ with a so l i ta ry  roughness  element:  
Nu x =0.0235 Re o.8 t - ~ - ~  ] Kv.t.r, (10) 

t f o..xj 
0 

(11) 
Kv.t.r 

It is not difficult to see that for convex curves  with 
an indis t inct  max imum or min imum--which  is the case 
in the s t r eaml in ing  (when q = const  at the surface) of 
a plate with a so l i t a ry  roughness  e lement - - the  expres -  
sion in the paren theses  in (11) does not exceed 2, and 
we will have the inequali ty 

1 <Kv.t.r < ~ / ' 2<  1.15. 

Assuming that Kv. t. r = 1.08, we der ive  a fo rmula  for 
the calculat ion of the local heat t r ans fe r  f rom a plate 

f 2 

8 

4 

I o  

8 

t" 

/ W ko.s 
0.8 _ _  ,.. = oo,,,,o: t .~ ) 

o o 
5 o 6 

o : l 
P ;~ / 

./ .7 1 

(12) 

Here we mus t  know the d is t r ibut ion  of veloci t ies  
W/Woo at the outside edge of the boundary layer  or, 
correspondingly ,  the p r e s s u r e  gradient  of the potential  
flow. 

The exper imenta l  invest igat ion was ca r r i ed  out on 
an ins ta l la t ion  which consis ted of a square  working 
sect ion 200. 200 in size,  connected to the suct ion 
mechanism of a rec tangula r  wind tunnel.  With this 
ins ta l la t ion we were  able to m e a s u r e  the local t em-  
pe ra tu re  of the surface,  the velocity d is t r ibut ion  in 
the boundary layer ,  the d i s t r ibu t ion  of the stat ic p r e s -  
su re  at the ca lo r ime te r  surface ,  and with the wind- 
tunnel balance we were able to m e a s u r e  the force  of 
the total plate r e s i s t ance .  

3 4 

a~ a8 t.O 

�9 / 

a4, "ae  Wflr 

a~ aa /.0 a~ Qa W/k/. 

F i g .  2. Veloci ty  diagrams in boundary layer  on plate wi th roughness element 
No. 3 measured wi th microtube. Coordinate of section x, mm, wi th respect to 

front edge of plate (5 ,mm):  1) 254; 2) 261; 3) 266; 4) 271; 5) 281; 6) 289. 
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The Characteristics of Rough Tubes 

Tube Roughness-element profile Profile chord, Relative knurl- 
number in mm ing pitch 

z = z~0 q- 1.5z% 
z=Z?o +I.5z% 
z=zf0 q-l.5zcz 
z=zfo -{-1.5z% 
z=zfo -i-2z% 

Half-cylinder 

12.5 

12.5 
12,5 

16,6 
12.5 

Diameter 3 ,72 

The c a l o r i m e t e r  plate was designed so as to make 
poss ib le  the r ep l acemen t  of the middle  (upper and 
lower} sect ions  with var ious  inse r t s :  a s ingle smooth 
inse r t  and th ree  with var ious  roughness  e l ements .  
The p rof i l e  c h a r a c t e r i s t i c s  were  calcula ted by the 
8imonov method [4] according  to which the following 
notation has been adopted for  the roughness  e lements :  
roughness  e l emen t  No. 1- -prof i le  z = z r  + 1.2 Ze.,, 

aO o 
chord length b = 50 mm;  roughness  e lement  No. 2-- 

prof i le  z = zfi + 1.2 Zoa, chord length b = 35 ram; 
roughness  e l emen t  No. 3 - -prof i le  z = zf0 * 1.5 Zea, 
chord length b = 35 mm.  

F igu re  I shows the r e su l t s  f rom the m e a s u r e m e n t  
of s tat ic  p r e s s u r e s  on a plate with roughness  e lement  
No. 2. The values  of the d imens ion less  veloci ty  W/W~ 
have been plotted along the axis of o rd ina tes ,  while 
the d i s tance  f r o m  the leading edge of the plate i sp lo t ted  
along the axis of absc i s sa s .  The theore t i ca l  curve  is 
a lso plotted he re .  

To de t e rmine  the s ta te  of the boundary l aye r  at the 
roughness  e l emen t  and beyond, we m e a s u r e d  the 
ve loc i t i e s  in the boundary l aye r  at var ious  c ro s s  s ee -  
tions along the length of the plate.  

The mie ro tube  m e a s u r e m e n t s  c a r r i e d  out in the 
boundary l aye r  on the pIate with roughness  e tement  
No. 3 w e r e  intended to study the deformat ion  of the 
veloci ty  d i ag ram in the t r a i l i ng -edge  por t ion  of the 
roughness  e lement  and at the flat  su r face  of the pla te ,  
immedia te ly  behind the roughness  e lement .  The r e su l t s  
of these  m e a s u r e m e n t s  a re  shown in Fig.  2. 

The m e a s u r e m e n t s  w e r e  c a r r i e d  out in all of the 
cases  for  ident ical  f r e e - s t r e a m  ve loc i t i e s  of W~ = 12.4 
m / s e e .  In the sec t ion  x = 254 ram, the ve loc i ty  of the 
potential  flow at tains values c lose  to the max imum.  As 
we can see ,  the ve loc i ty  d iag ram in this ease  c o r r e -  
sponds to a turbulent  floe/ r eg ime .  The sect ion x = 261 
mm is also found in the p rof i l e  of the roughness  e l e -  
ment .  The ve loc i ty  d iagram at this sec t ion  is a l ready  
somewhat  di f ferent  f r o m  the turbulent  p rof i le .  Here  
the fact  that the point of bounda ry - l aye r  separa t ion  is 
near  the sec t ion  x = 261 m m  makes  i t se l f  felt .  The 
ve loc i ty  d i ag ram at the seet ion x = 266 m m ,  also 
loca ted  within the roughness  e lement ,  indiea tes  that 
the separa t ion  of the boundary l aye r  has a l ready taken 
place.  In the following sec t ions  x = 271, 276,281 and 
289 mm we find that the ve loc i ty  d i ag rams  are  de-  
fo rmed  in the d i rec t ion  toward the turbulent  prof i le ;  
this leads to in tensive mix ing  of the a i r  within the 
separa t ion  zone (in analogy with the ve loc i ty  d iagram 
in the sect ion beyond the r ec t angu la r  roughness  e le -  
ment  [2]). 

The figure shows that even at x = 284 mm, a sig- 
nificant velocity gradient appears at the wall, which 

indicates the origin of a new boundary layer after the 

separation of the old boundary layer from the element. 
On the basis of the cited analysis of the results 

from the measurement of the velocities in the bound- 
ary layer, we can draw the conclusion that on a plate 
with a solitary roughness element the turbulent bound- 
ary layer retains its structure all the way to the point 
of separation. Beyond the point of separation a new 
turbulent boundary layer begins to form. 

To verify the results of the analysis of the theoret- 
ical solution for the heat-transfer problem with respect 

to a plate with a single roughness element of arbitrary 
shape in the case of a constant heat flux, we carried 
out experiments to determine the transfer of heat 
from a plate with roughness element Nos. 1-3. The 
experimental data in this case are in good agreement 
with Eq. (12). 

By measuring the force of the total aerodynamic 
resistance [drag] for a plate with a smooth surface, 
as well as for one with a roughness element, we were 
able to establish a quadratic relationship between the 
drag force and velocity. 

Comparison of the results for plates with single 
roughness elements of wing profile and rectangular 

cross section [2] showed that for identical values of 
the drag force, the plate with the wing-profile rough- 

ness element exhibits the most intense heat transfer. 
In the latter case, the transfer of heat is intensified 
by the separation of the boundary layer, as well as 

by the increase in velocity, and perhaps also by the 
reduction in the thickness of the layer along the pro- 
file of the roughness element. 

This investigation into the heat transfer of rough 
tubes with roughness elements in the form of dia- 
phragms whose sections exhibit the shape of a wing 
profile has demonstrated the expediency of utilizing 

wing-profile roughness elements as heat-transfer 
intensifiers. 

The periodically spaced roughness elements posi- 
tioned along the length of the tube s e r v e  in this case  
to d is rupt  the boundary l aye r  pe r iod ica l ly ,  and to 
make the l a t t e r  turbulent .  We will  assume that a new 
boundary l ayer  of turbulent  s t ruc tu re  is fo rmed  be-  
hind each roughness  e lement .  Then, in analogy with 
a plate having a roughness  e lement ,  we will  find an 
e levated  value for  the h e a t - t r a n s f e r  coeff ic ient  be-  
hind each diaphragm,  as well  as at the ini t ial  segments .  

Here  it is easy to der ive  an exp re s s ion  for  the 
calcula t ion of the heat  t r ans f e r  of a rough tube in the 



246 INZHENERNO-FIZICHESKII ZHURNAL 

form 

f A \  t?) NU~vs. t -- = n ~ . (13) 

We can see f rom this express ion  that the h e a t - t r a n s -  
fer  law is identical  for smooth and rough tubes.  Thus 

NU 
- -  �9 - -  [ 

~ U s . t  o - -  2 

i \ ~ 
tO ~ ~ - -  J - -  .5 

o 2 3 ot/d 
Fig. 3. Relationship Nu/Nus.t = f i t /d)  for rough 
tube with roughness element z = z~ @ 1.5 Ze2 , chord 
b = 12.5 ram: A) theoretical relation [7]; I) Reav = 
= 12 600; 2) 20 000; 3) 31 460; 4) 50 000; 5) 79 500. 

for the turbulent  flow region in the case of a rough 
tube we have Nuav ~ Rea r  ,0.s which is exper imenta l ly  
conf i rmed in [7], [8], et al. 

Here we have also under taken an exper imenta l  
invest igat ion into the heat t r ans f e r  and r e s i s t ance  of 
rough tubes.  

The tes t  sect ion was fabr ica ted  of copper tubing 
with an inside d iamete r  of 25 mm and a length of 1000 
ram. All of the tubes were  f i r s t  ca l ibra ted ,  and the 
roughness  e lements  were then knur led on. 

After all of the exper iments  were ca r r i ed  out, the 
test  tubes were cut apart  and the profi les  produced 
by the knur l ing  operat ion were  measured .  

To de te rmine  the effect of the shape, d imens ions ,  
and pitch of the knur led  roughness  e lements  on the 
heat t r ans fe r  and aerodynamic r e s i s t ance  of the tubes,  
we invest igated 1 smooth tube and 6 that had been 
roughened. The rough tubes exhibited the c h a r a c t e r -  
is t ics* shown in the table.  

The process ing  of the exper imenta l  data gave us a 
e r i t e r i a l  re la t ionship  to calculate  the mean  value of 
the Nussel t  number  and the average drag for rough 
tubes in the region in which the Reynolds number  
var ied  from 1.4 �9 10ato 8- 104. 

For  tube No. 1: 

1,43 0,s (14) NUav= 0.0353 R%v, ~ = ReO,2S 9 
- -  av 

For  tube No. 2: 

NUav 0.0344 08 -- = Rear, ~ neo.•s 

For  tube No. 3: 

7.5 (15) 

11.35 o,8 -- (16) NUav = 0.0282 Rear, ~ ReOa.val 

*The notations for the prof i les ,  as well  as for their  
geometr ic  d imens ions ,  are  based on the Simonov 
method of [4]. 

For tube No. 4: 

13.03 (17) Nuav= 0.0875 ,,Pc o-Say, ~ -- ReO.5 
--  av 

For  tube No. 5: 

Nu,v = 0.155 Re% ~5, ~ 6.92 
R e 0 4 2 5  . ( 1 8 )  

av 

For  tube No. 6: 

NU~v 0.0251 0 8 0.136 
= R%V, ~ -  REO.O968 �9 (19) 

- -  av 

In these fo rmulas  the mean  logar i thmic  t empera tu re  
difference is calculated from the fo rmula  

A t t - -  t o u t  - -  t i n  

l l l  t w  - - / i n  ' 

l w - -  t out  

while the equivalent  d iamete r  

d e q u i v =  ( ~ -  L �9 

As we can see,  in the formula  for NUav for tubes 
Nos. 1-3 and 6 the average Nusselt number is 0.8 of 
the Reynolds number, i.e., we find the same quan- 

titative relationship as for smooth tubes in the tur- 
bulent region. With regard to the exponent in formulas 
(11) and (12) for NUav, here we can say that we see 
the influence of the stagnant zone behind the e lement  
with a reduced value for  the h e a t - t r a n s f e r  coefficient 
in conjunction with the short  segment  between ele-  
ments  separa ted  through a d is tance  of 50 mm.  An 
analogous phenomenon was found on the plate behind 
a rec tangula r  roughness  e lement  more  than 2 m m  in 
height. The grea tes t  height of the roughness  e lement  
in knur led tubes Nos. 4 and 5 is 2.4 mm (measured 
after  the tubes were  cut apart).  

We see f rom formulas  (14)-(19) for the drag co- 
efficient that the law governing the change in r e s i s t ance  
for all of the invest igated tubes is different;  this se rves  
to conf i rm the Shevelev [6] conclusion that the r e s i s -  
tance curves  

may differ in shape, depending on the roughness  cha r -  
ac te r i s t i cs .  The quadrat ic  r e s i s t ance  of the tubes,  
der ived in the Nikuradse  exper iments ,  is only a special  
case among the var ious  re la t ionsh ips .  The law govern-  
ing the r e s i s t ance  of a rough tube in f inal  analys is  is 
defined by the re la t ionship  between the r e s i s t ance  of 
the roughness -e l emen t  shape and the f r ic t ional  drag 
which, in turn,  is  made up of the f r ic t ional  drag exhib-  
ited by the smooth segments  and by the roughness  ele-  
ment .  

F igure  3 shows the compar i son  of the approximate 
theoret ica l  evaluat ion of rough-tube heat t r a n s f e r  
with the r e su l t  of an exper imenta l  de te rmina t ion  of 
heat t r ans f e r  f rom a tube with roughness  e lements  
exhibit ing a profi le  z = zf0 + 1.5 Zc2 for var ious  values  
of the pitch t /d .  

The resu l t ing  exper imenta l  points in the in terva l  of 
pitch var ia t ion  and of a Reynolds -number  range of 
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12.9 �9 103 -< Re -< 71.3 �9 103 are  in sa t i s fac tory  agree -  
ment  with re la t ionship  (13). It should be borne in mind 
that fo rmula  (]3) does not take into cons idera t ion  the 
hea t - t r an s f e r  coefficient at the actual roughness  e le-  
ment .  

The exper imenta l  data der ived by Nunner [8] are 
also sa t i s fac tor i ly  descr ibed  by Eq. (13). Thus,  for a 
tube with ha l f -cy l inder  prof i le  r ings  2 m m  in height, 
the quantity Nuav/Nuav s. t, calculated according to 
fo rmula  (]3), amounts  to: 

Nu av 
fo r  Z ~ 6 rings, - -  1.48; 

Ntlav s,t 

Nuav for z = 24 rings, - -  1.91. 
Nuavs.t 

According to the Nunner exper imenta l  data for 
Rear  = 3-104, the quantity Nuav/Nuav s. t  is equal 
to 1.43 and 2, respec t ive ly .  

F ina l ly ,  we evaluate the effect iveness  of the inves-  
tigated rough tubes~ The re su l t s  f rom the calculat ion 
of the effect iveness  of a smooth tube and of the rough- 
ened tubes are  shown in Fig.  4. The compara t ive  
evaluat ion is c a r r i ed  out on the bas i s  of the energy 
factor  introduced by Kirpichev.  In the work of AntuUev 
[5], the following express ions  are  used for the de te r -  
minat ion  of the energy factor  E: 

E = Crazy , 
No (20) 

No = h,o~s~av ~ �9 (21) 
�9 F 

It follows from Fig. 2 that the highest  effect iveness  
f rom among the var ious  tubes studied is exhibited by 
tubes Nos. 2 and 4. Moreover ,  the tube with a rough-  
ness  e lement  whose chord is b = 16.6 mm (No. 4) is 
more  effective than the tube with a roughness  e lement  
of ident ical  profi le ,  but with a s m a l l e r  chord, i . e . ,  
b = 12.5 m m  (No. 2). 

The h e a t - t r a n s f e r  coefficient for the roughened 
tube No. 4 under  condit ions of ident ical  expendi tures  
of energy for the propuls ion  of the a i r  (No) is g rea te r  
by a factor  of 1.42 than for  a smooth tube. It is evident 
that the a rea  of the h e a t - t r a n s f e r  surface  of a rough 
tube, all  other condit ions being equal, will be sma l l e r  
by 42% than the surface  a rea  of a smooth tube. 

NOTATION 

0 = At = t w - t o is the var iab le  t empera tu re  head; 
t w is the wall t empera tu re ;  t o is the flow t empera tu re ;  
W is the specified longitudinal  velocity at the outer 
boundary of the layer ;  qw is the heat flux; 6 t is the 

6 t 

thickness  of the the rmal  boundary l ayer  ~* = l ~ (1--  

tw --t ) dy; t i S  the t empera tu re  in the ther~nal bound- 
t w  - -  t o 

ary  layer ;  W x is the veloci ty in the hydrodynamic 
boundary layer ;  Re~* --- W6*t*/p ; Nu x = ax/X; c~ = qw/0 
is the h e a t - t r a n s f e r  coefficient;  Re x = W~x/v;  P r  = 
= yCpU/M y is the specific weight; v is the kinemat ic  
v iscos i ty  coefficient;  X is the t he rma l  conductivity;  

Cp is the specific heat capacity; W~o is the velocity of 
incoming flow; Nuav is the mean  Nussel t  number  for 
rough tubes; Nuav s. t  is the mean  Nusselt  number  for 

f / /;.' / 

�9 - -  2 

a - -  3 

�9 - -  5 

§ -- 6 

o -- 7 

z t ~  

Fig. 4. Compar ison  of efficiency in smooth and rough 
tubes with var ious p roper t i es  of roughness e lement :  1) 
smooth tube; 2) No. 1; 3) No. 2; 4) No. 3; 5) No. 4; 6) 

No. 5; 7) No. 6. 

smooth tubes; d is the tube d iameter ;  t is the pitch of 
the roughness e lements ;  L is the tube length; a av  is 
the mean  heat t r ans fe r  coefficient; Reav is the mean  
Reynolds number ;  Way is the average of the a i r - f low 
rate  in the tube; dequi v is the equivalent d iameter ;  

is the mean  r e s i s t ance  coefficient; At/  is the mean -  
logar i thmic  t empera tu re  head; t in is the inlet  t e m -  
pera ture ;  tou t is the outlet t empera tu re ;  V is the 
volume of the knurled tube port ion;  E is the energy 
factor;  N O is the energy spent on r e s i s t ance  per  unit  
t ime per  unit he a t - t r a n s f e r  surface;  hloss is the head 
l o s s ; f  is the tube section; F is the h e a t - t r a n s f e r  s u r -  
face; b is the profi le  chord. 
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