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The ar t ic le  presents  the resul ts  of an experimental  investigation of intensification of 
heat t ransfer  by means of periodically arranged annular diaphragms in pipes with heating 
and cooling of air ,  carbon dioxide, helium, water,  and w a t e r - g l y c e r o l  mixture in the 
range Re = 500-2" 1(} 5 and Pr  = 0.7-50. 

Intensification of heat t ransfer  during turbulent flow of a hea t - t ransfer  agent in channels and especially 
in c i rcu lar  pipes is an urgent  problem for many branches of engineering. By means of intensification it is 
possible either to reduce the size and weight of tubular heat-exchange apparatuses  or devices, or to r e -  
duce the tempera ture  of the hea t - t rans fe r r ing  surface in the channels of atomic reac to r s  or other heat-  
t rans fe r r ing  devices with a prescr ibed heat release.  

A common method of intensifying heat t ransfer  is to create  turbulence of the flow artif icially,  which 
increases  the turbulent hea t - t r ans fe r  coefficient Aq. Artif icial  agitation of the flow is usually attained at 
the price of an increase  of the res i s tance  coefficient. 

We can show that a heat-exchange apparatus in which hea t - t ransfer  intensification methods a re  used 
~i l l  be smal le r  than a smooth-pipe apparatus (for the same heat fluxes) if the inequality 

Nu s / ~ ~\l~e s ] (T w-Tl )7  

is fulfilled. Here the subscr ipt  i denotes that the rat io of Nu or ~ is taken for  a pipe with intensification and 
smooth pipe at the same Re numbers. The second and third factors on the right are the ratios of the Re 
numbers and thermal heads for pipes of the heat-exchange apparatuses being compared. 

As an analysis shows [i, 8], inequality (1) can be secured most successfully by agitating only com- 
paratively thin wall layers of the transfer agent. In addition, the method of ~ntensification should satisfy 
the following requirements :  possibil i ty of mass  production of pipes with intensification; the assembly  of the 
heat-exchange apparatus  f rom such pipes should be no more  complex than f rom smooth pipes. 

The rel iabil i ty of operation of heat-exchange apparatus f rom pipes with intensification should be no 
worse  than that of a smooth-pipe apparatus.  

The method of intensification in which knurling is used to create  small periodically arranged dia- 
phragms on the inside surface and grooves on the outside surface satisfies inequality (1) and all a fore -  
mentioned requirements .  

Mass production according to the technology of the All-Union Scientific Research,  Planning, and 
Design Institute of Metallurgical Machinery is simple and cheap. Knurling is done on lathes with additional 
equipment. 

The grooves on the outside surface intensify heat t ransfer  on the oatside of the pipes during long/- 
tudinal flow past bundles of pipes [7, S]. Special tests showed that the fatigue strength of ~ul~rled pipes 
is close to that of smooth. 
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TABLE 1. 
mens 

Charac t e r i s t i c s  of Knurling of Exper imenta l  Pipe Speci-  

Air, carbon dioxide, helium 

t / D  0,5 0,5 1,0 1,0 1,O 1,0 1,5 2,5 2,5 5 5 7 10 

d/D 0,97 0,95 0,97 0,95 0,93 0,97 0,95 0,9 0,95 0,95 

Water I Water - glycerol mixture 

t/D 0,496 0,498 0,497 0,523 0,496 1,0 0'992 2,94 4 , 9 4 0  0 0,497 0,523 

diD 0,983 0,966 0,943 0,922 0,87510,94 0,912 0,943 0,922 

The re su l t s  of an exper imenta l  invest igat ion of heat  t r ans f e r  and hydraulic  r e s i s t ance  in knurled 
pipes for  gases  and liquids a r e  given below. 

The exper imenta l  device for  investigating intensif icat ion on gases  was an open circuit .  The gas (car -  
bon dioxide, a i r ,  helium) was del ivered f r o m  h i g h - p r e s s u r e  cyl inders  through a f i l te r ,  d r i e r ,  and r ed u ce r  
to the f low- ra te  measur ing  sect ion and then succes s ive ly  to the heater  and cooler .  The device for water  and 
w a t e r - g l y c e r o l  mix ture  a lso  operated as an open c i rcui t  with f ree  overf low of the liquid into a tank f r o m  
where  it was pumped to the measu r ing  section, hea ter ,  cooler ,  and final cooler .  The invest igat ions were  
ca r r i ed  out with heating under conditions qw = const = 103-2 �9 105 W / m  2 and cooling in s ta in less  s teep pipes 
of d iamete r  10 .6 /9 .6  ram; the length of the heated sect ions was 110 d iamete rs .  The wall  t e m p e r a t u r e  was 
measu red  by C h r o m e l - A l u m e l  and C h r o m e l - C o n s t a n t a n  thermocouptes  welded a t  a r a t e  of 20 per  section,  
in combination with semiau tomat ic  potent iometers  p - 2 / 1 .  The t e m p e r a t u r e  of the flow at the entrance and 
exit  was measured  by l abora to ry  t h e r m o m e t e r s  in the mixing chambers .  In addition, the t e m p e r a t u r e  of 
the gas flow was measured  by a longitudinal thermocouple  whose junction, by means  of a specia l  device,  
could be moved along the axis  and radius  of the pipe in any c ro s s  section. The p r e s s u r e  drop in the ex-  
per imenta l  sect ion was m e a s u r e d  by m i c r o m a n o m e t e r s ,  wa te r  different ial  m a n o m e t e r s ,  m e r c u r y  dif-  
fe rent ia l  m a n o m e t e r s ,  and s tandard manome te r s .  The flow ra te  of the t r an s f e r  agent  was measured  by 
no rma l  d iaphragms and by the vo lumet r ic  method. Table 1 presen ts  the cha r ac t e r i s t i c s  of the exper imenta l  
spec imens  invest igated on gases  and liquids. 

The exper imenta l  invest igat ion of h e a t - t r a n s f e r  intensif icat ion was preceded by exper iments  on heat  
t r ans f e r  and hydraulic  r e s i s t ance  in smooth  pipes,  the object  of which was to convince us of the re l iab i l i ty  
of the method of measu r ing  and t rea t ing  the exper imenta l  data and to obtain s tandard calculat ion depen-  
dences. The exper imenta l  data on smooth pipes a r e  genera l ized  by the following d imens ionless  depen-  
dences.  

1. Viscos i ty  reg ime ,  heating of water  [2]: 

a) local heat  t r a n s f e r  

Nu~ (Pr w/Pr l )l/a = 4.36X_0.5.10_18x, (2) 

where  X = (x /d ) /Reen .  Here  all  quanti t ies with the subscr ip t  x a r e  r e f e r r e d  to the t e m p e r a t u r e  
of the liquid (and P r  w to Tw) in c ro s s  sect ion x, and Reen is r e f e r r e d  to the t e m p e r a t u r e  of the 
liquid at  the entrance;  

b) ave rage  heat  t r a n s f e r  

Nu s = 1.64 (Pc d/L) ~/3 (bit /~t,w)l/3; (3) 

c) ave rage  coefficient of hydraul ic  r e s i s t ance  

64 )0.14 
~.s = -~e  (~w/~z (4) 

In cases  b) and c) the ave r age  t e m p e r a t u r e  over  the pipe length is  taken as  the cha rac t e r i s t i c  t empera tu re .  

2. Trans i t ion  region,  2400 < Re < 10 4, heating of liquid: 

a) ave rage  heat t r a n s f e r  

Nu.s = 0.1 t (Re 2/a - -  125) Pr~ (5) 

the cha rac t e r i s t i c  t e m p e r a t u r e  is the ave r age  t e m p e r a t u r e  over  the pipe length; 
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Fig. i. Effect of Re number on average heat-transfer coefficient in pipes: i) smooth pipe; 2) d/D 
=0.983, t/D =0.496; 3) 0.966, 0.498; 4) 0.943, 0.497; 5) 0.912, 0.991; 6) 0.922, 0.523; 7) 0.875, 0.496, 
Solid lines: water; dashed lines: water-glycerol, d/D = 0.92 and 0.966. 

Fig. 2. Effect of Re number on effectiveness of heat-transfer intensification: I) boundary of Re* num- 

bers; 2-7) see Fig. I. 

Fig. 3. Effect of height of agitators on effectiveness of heat-transfer intensification for step d/D = 0.5 

and Re = 50,000 (water): 1) Nu/Nus; 2) ~ / ~ s" 

b) average coefficient of hydraulic resistance, the data are given in Table 2. 

3. Turbulent region: 

a) average heat transfer with heating of gases (Tw/T l = I-1.6) 

Nu s : 0.0207 Re ~ Pr~ (6) 

b) a v e r a g e  heat  t r a n s f e r  with cool ing of gases  ( T w / T  / = 0.7-1) 

Nu s : 0.0192 Re ~ Pr~ (7) 

c) a v e r a g e  heat  t r a n s f e r  with hea t ing  and cool ing of l iquids  and gases  Pr  : 0.7-50 and Re = 104-105 

Nu s : 0.0216 l~e ~ pr o.445 ~, (8) 

where  r = 1 for  hea t ing  of l iqu ids ;  r : (Tw/T / )  -~ for  hea t ing  of ga se s ;  ~, = 1 .27-0.27 (Tw/T/ )  for 
cooling of gases. The exponent of the Pr number is determined experimentally for liquids. The 
characteristic temperature in cases a), b), c) is the average temperature of the liquid over the 
pipe length; 

d) average coefficient of hydraulic resistance 

0.316 
~ : ~ -  o,-~- ( ~  % )", (9) 

where n = 0.14 for heating of gases, n : 0.2 for cooling of gases, and n : I/3 for heating of 
liquids. 

These dimensionless dependences generalize the experimental data on heat transfer with a scatter 
of ~6.5% in the viscosity regime, :~i0% in the transition, :~5% in the turbulent, and • with respect to 
resistance. 

Results of Investigating Heat Transfer and Hydraulic Resistance in Knurled Pipes. Figures 1-3 
present some results of investigating heat-transfer intensification. We see from Fig. 2 that we can dis- 
tinguish three characteristic regions of Reynolds numbers in which the effect of heat-transfer intensifica- 
tion is governed by different regularities [5]. 

I. The region of subcritical Reynolds numbers, Re < Recr , is characterized by smaller values of the 
heat-transfer coefficients in knurled pipes in comparison with a smooth pipe, i.e., Nu _< Nus. The 
reason lies in the fact that, in the case of laminar flow, stagnant zones are created between the 
projections of the diaphragms which are an additional thermal resistance of the little-moving 
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liquid layer. We note that the cr i t ical  Reynolds number in knurled pipes decreases  with increase  
of the height of the agi ta tors  [4] and at d / D  = 0.875, Recr  = 1580. Thus this region of Reynolds 
numbers is of no pract ical  interest .  

-2. The region of transit ion and weakly developed turbulence, Reef  < Re < Re*, is character ized by 
a dependence of the effect of hea t - t rans fe r  intensification Nu/Nu s on Re numbers  as a conse-  
quence of the ear l ie r  t ransi t ion of laminar  flow to turbulent in knurled pipes. The upper limit 
of this region (it is shown in Fig. 2 by the dashed line) Re* corresponds  to those values of the 
Reynolds numbers beginning with which the effect of hea t - t r ans fe r  intensification Nu/Nu s for a 
given height of the agi ta tors  ceases to depend on the Re numbers,  i.e., Nu/Nu s > 1 = const. It 
was shown in [5] that stabilization of the rat io Nu/Nu s is achieved at those Reynolds numbers at 
which the height of the agi ta tors  becomes equal to the thickness of the wall layer in which 99% of 
the total thermal  head between the pipe wall and axis is produced. The values of Re* found analyt i -  
cally agree  sat isfactor i ly  with the experimental  data and a re  described by the following relation: 

3150 
Re* = (10) (1 - -  d/D) T M  PI  0'57 

The region being considered is of great  interest  with respect  to hea t - t ransfer  intensification. The 
maximum increase  (3.5 times) of heat t ransfer  with a liquid is obtained precise ly  in it owing to 
the ear l ie r  t ransi t ion to turbulent flow. Here also occur the best  relat ions between Nu/NUs and ~ 
/ ~ s  at high absolute values of these quantities. Thus, for a pipe with d / D  = 0.91 and t / D  = 1.0, 
Nu/Nu s = 2.05 and f / f  s = 1.95. With an increase  of the Pr  number (at P r  > 10 for  wa t e r -g lyce ro l )  
Re* decreases  and the effect of intensification increases ,  which is seen c lear ly  in Fig. 1. The 
charac te r  of the dependences l'r s = f(Re) and f / i s  = fl(Re) in this region is ra ther  complex, 
and the experimental  data cannot be general ized by simple empir ical  dependences. Therefore,  
calculation recommendat ions a re  given in Table 2. We see f rom Tabie 2 that in this region it is 
expedient to use comparat ively high agi tators ,  d / D  ~ 0.92, since they promote an ear l ier  t r ans i -  
tion and agitate thicker wall layers.  We should note that the transit ion region is character ized by 
intermit tence of the flow with pronounced fluctuations of the hea t - t rans fe r  coefficient [3]. The use 
of pipes with art i f icial  agi tators  reduces the region of Re numbers  where intermit tence appears ,  
shifts it toward smal le r  Re number [4], and, with consideration of the effect of heat t ransfer  
obtained, permits  broadening the range of Reynolds numbers with high and stable values of the 
hea t - t rans fe r  coefficients to Re = 2000. 

3. The region of developed turbulent flow, Re > Re*, as a l ready noted, is charac ter ized  by the fact 
that the effect of intensification Nu/Nu s > i = eonst and does not depend on the Re and Pr  num- 
bers .  In this region the wall layers  of the liquid in which the main thermal res is tance  of the flow 
is concentrated a re  equal to and less than the heights of the agi tators .  Therefore ,  the best ef-  
fects of hea t - t r ans fe r  intensification are  attained at small  heights of the agi tators  and their com-  
parat ively frequent arrangement .  It follows f rom Fig. 3 that for small  heights of the agi tators  we 
can obtain Nu/Nu s > f / i s  at absolute values of these rat ios of about 1.5. A further  increase  of the 
height of the agi ta tors  leads to agitation of the layers  of the flow, which as it is have a high degree 
of turbulence. Therefore ,  heat t ransfer  increases  weakly (and not at all for liquids), whereas the 
coefficient of hydraulic res is tance  continues to increase  intensely. 

The experimental  data in the investigated ranges of variat ion of knurling are  generalized by the foi-  
lowing empir ical  dependences. 

Heat t ransfer  of gases (heating and cooling) with an accuracy  of ~12%: 

Nu ~_(1 + tgRew--4,6)(1,14--O,28V'l--d/D )exp[ 9(i-d/D) ] 
Nu: ~ . 7,45 1,14 (t/D) ~ ' 

where Nu s is taken according to (8). 

Heat t ransfer  of liquids (heating) for t / D  = 0.5 and d / D  _> 0.94 with an accuracy  of :~10%: 

Nu [ 100 (t - -  d/D)] 0'44s, 
~tl$ 

where Nu s is taken according to (8). 

(11) 

(12) 
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The hydraulic r e s i s t ance  of gases  and liquids with an accu racy  of ~10%: 

1 O0 (lg Re - -  4,6) (1 - -  d/D) 1'65 ] 25 (1 - -  d/D) 1"32 

where  ~s is taken according to (9). Equation (13) is valid in the ent i re  range of knurlings invest igated for  
gases  and for  liquids when d / D  _> 0.94 and t / D  = 0.5-4. 

The effect  of the t e m p e r a t u r e  fac tor  on the coefficient of hydraulic r e s i s t ance  was not spec ia l ly  taken 
into account for  gases .  However ,  it was es tabl ished that with an i nc rea se  of the height of the d iaphragms 
the effect  of the t e m p e r a t u r e  fac tor  d e c r e a s e s ,  which could be expected since the t e m p e r a t u r e  gradient  
near  the wall  becomes  sma l l e r .  The effect  of t e m p e r a t u r e  on the coefficient of hydraulic r e s i s t ance  under 
conditions of ar t i f ic ia l  agi tat ion of the flow was invest igated in g r ea t e r  detai l  on liquid in [6]. It was found 
that  

~ = go(~s/~z )m, (14) 

where 

when t / d  = 0.5 and 

m - 1/3 (d/D) 26"4 (15) 

0 ,369  I 217 

r e = l / 3 . 1 0  t75 ( '  +lgt/D~ (16) 

when d / D  = 0.94. 

As a l ready  noted, one of the advantages  of the proposed method of intensifying heat t r an s f e r  is the 
Simultaneous intensif icat ion on both side of the h e a t - t r a n s f e r r i n g  sur face .  Compara t ive  resu l t s  of ca l -  
culating g a s - w a t e r  coolers  made of smooth pipes and pipes with var ious  knurl ings a re  presented in [7]. 
The compar i son  showed that the use of h e a t - t r a n s f e r  intensif icat ion by means  of annular  d iaphragms  and 
grooves  reduces  the weight and volume of the h e a t - t r a n s f e r r i n g  par t  of hea t -exchange  appa ra tuses  by about 
1.5 t imes  with unchanged hydraulic  r e s i s t ances .  

D 
d 
t 
T 

is the inside d i ame te r  of smooth pipe; 
is the inside d i ame te r  of d iaphragm; 
is the spacing of d iaphragms;  
is the t empera tu re .  

N O T A T I O N  

S u b s c r i p t s  

s denotes smooth; 
0 denotes the i so the rma l  flow; 
w denotes the wall; 
l denotes the liquid. 
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