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Exper iments  have been pe r fo rmed  to inves t igate  the intensif icat ion of heating and cooling obtained by 
pe r iod ica l ly  grooving the tubes of a s taggered  bundle with S/D = 1.2 washed by a longitudinal a i r  flow in 
the range Re =2  �9 103-105 . 

Tubular  heat exchangers  with longitudinal flow through the inter tube space a re  widely used in a number  of 
branches  of technology. To develop m o r e  compact  exchangers  it is n e c e s s a r y  not only to intensify heat  t r a n s f e r  in the 
inter tube space by crea t ing  turbulence in var ious  ways but a l so  to use dense bundles of tubes ( re la t ive  pitch 
S/D -< 1.2). 

The intensif icat ion of heat t r ans fe r  under these conditions was invest igated in [1-5] .  All these studies were  
concerned with s taggered  bundles with a large  r e l a t ive  pitch,  and the intensif icat ion of heat t r ans fe r  was ensured  by 
using ex te rna l  finning of va r iab le  height and pitch.  As a ru le ,  the two above-ment ioned  methods of reducing the s ize  
of tubular  heat exchangers  a r e  mutual ly exc lus ive .  The use of ex terna l  finning i n c r e a s e s  the dimensions of the tubes 
and p reven t s  the development  of dense bundles, while the use of dense bundles i n t e r f e r e s  with the finning and makes 
it ineffect ive owing to the la rge  i nc r ea se  in the hydraul ic  r e s i s t a n c e  of the bundle. Accordingly,  a method is requ i red  
that would not i nc r ea se  the outer  d i ame te r  of the tubes,  i . e . ,  would p e r m i t  the use of dense bundles.  This 
r equ i r emen t  is sa t is f ied by tubes with t r a n s v e r s e  knurled r ing grooves .  The depress ions  fo rmed  in the outer  sur face  
of the tubes c rea te  turbulence in the boundary l ayer  and intensify heat  t r e a s f e r .  This method has the following 
pr inc ipa l  advantages:  it is suitable for  dense tube bundles since it does not i nc rease  the outside d i ame te r  of the tubes; 
the d iaphragms produced inside the tube by the fo rming  p r o c e s s  cons iderably  intensify heat t r a n s f e r  inside the tube 
[6, 7]; the technology is r e l a t ive ly  s imple;  the p r o c e s s  is applicable at l a rge  specif ic  heat f luxes;  it does not r equ i r e  
changes in the exis t ing technology of tubular hea t - exchange r  assembly .  The All-Union Scientif ic  Resea rch  and 
Planning Design Institute of Meta l lu rg ica l  Machine Building has developed the m a s s  product ion technology for  tubes 
with r ing g rooves .  This technology r equ i r e s  only s tandard m e t a l - f o r m i n g  equipment.  

We have invest igated the intensif icat ion of heat t r a n s f e r  in longitudinal-f low, s taggered  tube bundles with 
S/D = 1.2 for  s eve ra l  var ian ts  of the pitch and depth of the r ing  g rooves .  

The investigation was carried out on two experimental devices; test section No. I, in which air was heated in 

the intertube space and test section No. 2, in which it was cooled. 

Test  sect ion No. 1 (Fig. 1) consis ted  of 19 tubes of d i ame te r  0.65 • 0.01 mm and wall thickness D = 11 ~ 0.01 
mm assembled  into a bundle by means  of two b ras s  tube p la tes .  The dis tance between these pla tes  was 1.5 m. 

The a i r  was heated by passing a l te rna t ing  cu r ren t  d i rec t ly  through the bundle. The tubes were  capable of f r e e  
d isp lacement  r e l a t ive  to the upper tube plate to compensate  the d i f fe rence  in the the rmal  expansion of the housing and 
the tubes.  The maximum nonuniformity of heat r e l e a s e  along the tubes did not exceed 1.5-2%. 

The heat t r ans f e r  and r e s i s t ance  coeff ic ients  were  measu red  on a p r ede t e rm ined  s tabi l ized-f low sect ion of 
length l 0 = 800 mm.  This sect ion was 350 mm f r o m  the inlet ( / / d  e ~ 50). There fo re ,  the data p resen ted  desc r ibe  the 
mean heat t r ans f e r  in the longitudinal-flow bundles or  the local  heat t r ans f e r  at l / d  e > 50. In the heater  we 
de te rmined  the mean h e a t - t r a n s f e r  coeff ic ient  for  a l l  the tubes of the bundle, which made it poss ib le  to d i s r ega rd  the 
nonuniformity of the heat r e l e a s e  along the tubes and the dis t r ibut ion of h e a t - t r a n s f e r  agent over  the c r o s s  sect ion.  
The wall  t e m p e r a t u r e  of the hea te r  tubes was m e a s u r e d  in a l l  19 tubes at the beginning, middle,  and end of the test  
section~ The c h r o m e l - c o p e l  thermocouples  were  made of wi re  0.2 mm in d i ame te r  and welded d i rec t ly  into the tube 
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wall  by a r g o n - a r c  welding. The leads were  led out inside the tubes through the ends of the hea te r .  
t e m p e r a t u r e  was measu red  at the inlet and outlet of the tes t  section.  
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Fig.  1. Exper imenta l  hea te r  ( test  sect ion No. 1): 1) tube with 
r ing  grooves ;  2) upper tube plate;  3) lower tube plate;  4) power 
t e rmina l ;  5) inlet connection; 6) outlet connection; 7) housing; 
8) c lamping flange; 9) cover ;  10) f i be rg l a s s  insu la tors  for  

thermocouple  leads.  

The amount of heat r e l e a s e d  on the tes t  sect ion was de te rmined  f rom the change in the enthalpy of the a i r .  It 
deviated f rom the m e a s u r e d  e l ec t r i c a l  power  by not m o r e  than 5-10%. 

The exper imenta l  coo le r  (test sect ion No. 2) was s im i l a r  in const ruct ion  to the hea te r .  The cooling water  was 
d i rec ted  through the tubes in a counterflow. The the rmocouples  for  measur ing  the tube wall t e m p e r a t u r e  were  located 
on the outside of the tubes and led out through a joint in the housing. 

To m e a s u r e  the flow t empera tu r e  in the inter tube space,  a moving longitudinal thermocouple  was instal led on 
the a x i s  of the cen t ra l  cel l .  The hot junction of the the rmocouples  was obtained by butt welding ch romel  and copel 
w i r e s .  The leads were  led out through openings in the tube p la tes .  

In test  sect ion No. 1 the a i r  f lowed upward; in tes t  sect ion No. 2 it flowed downward. The de de te rmined  f r o m  
the total  wetted p e r i m e t e r  va r i ed  in the r a n g e 6 . 1 0 - 6 . 2 3  ram. The hea te r  p a r a m e t e r s  va r ied  within the following 
l imi t s :  q = 355-24 600 W/m2;tf  = 62-140 ~ C; t w = 91-218 ~ C; T w / T  f = 1.046-1.25; Reynolds number ,  de te rmined  with 
r e spec t  to de and tf, Ref = 2 �9 103-8 - 104. In the c o o l e r ~  = 400-49 000 W/m2; t-f = 36.7-99.5 ~ C; t -  w = 10.8-46.8 ~ C; 
Tw/Tf  = 0.88-0.99.  Ref = 103-1.18 �9 105. 

F o r  both test  sect ions ,  the max imum e r r o r  in de te rmin ing  the h e a t - t r a n s f e r  coeff icients  and r e s i s t a n c e  c 
coeff ic inets  did not exceed 10~-1570 and 10%, r e spec t ive ly .  

We invest igated the t empera tu re  prof i le  around the p e r i m e t e r  of the tubes.  No t e m p e r a t u r e  nonuniformity around 
the p e r i m e t e r  was observed .  

The invest igat ion of h e a t - t r a n s f e r  intensif icat ion was p receded  by a study of the heat t r a n s f e r  and hydraul ic  
r e s i s t a n c e  of a bundle of smooth tubes [8, 9]. 

The co r respondence  of the exper imenta l  h e a t - t r a n s f e r  data obtained on tes t  sect ions  Nos. 1 and 2 by two 
different  methods (d iscrepancy 2%) and the sa t i s fac to ry  ag reemen t  between these  data and the r e su l t s  of other  
invest igat ion in the turbulent  region for  s taggered  bundles with S/D = 1.2 [10, 11] indicate the c o r r e c t n e s s  of the 
method se lec ted  and make it poss ib le  to employ it for  invest igat ing the intensif icat ion of heat  t r a n s f e r .  

The intensif icat ion of heat t r a n s f e r  was invest igated on six different  tube bundles.  In the hea te r  we invest igated 
bundles with d/D = 0.97 and 0.9 at t /D  = 0.454 and with d/D = 0.90 at t /D  = 0.909; and in the cooler  we invest igated 
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bundles with d/D = 0.95 and 0.93 at t /D  = 0.454 and with d/D = 0.93 at t /D = 0.909. The grooves in the tubes were  
about 1 mm wide. 

In de te rmin ing  the equivalent  d iamete r ,  the wetted p e r i m e t e r ,  and the flow c ros s  section of the bundles, we 
d i s r ega rded  the p r e sence  of the g rooves .  The h e a t - t r a n s f e r  coeff icient  and the heat flux were  re la ted  to the surface  
of the smooth tube. 

In the l aminar  flow region grooving does not affect the heat t r ans f e r  or hydraul ic  r e s i s t ance  (Fig. 2). As Re 
i n c r e a s e s ,  the r e s i s t a n c e  and then the heat t r a n s f e r  of the grooved tubes become higher  than those of the smooth 
tubes.  At Re > Ret the ra t io  Nu/Nusm (Nusm is de te rmined  at the same Re) begins to inc rease  with i nc r ea se  in Re; 
however ,  beyond a ce r ta in  number  Re 2 the i n c r e a s e  in heat t r ans f e r  as compared  with the smooth- tube bundle becomes  
s tabi l ized  and with fu r the r  i nc rease  in Re there  is no change in Nu/Nusm.  Ret and Re 2 inc rease  as the depth of the 
grooves  d e c r e a s e s  and a re  a lmost  independent of the pitch.  As Re inc rea se s ,  the d i f ference  in the r e s i s t a n c e  
coeff ic ients  ~ and ~sm at f i r s t  i n c r e a s e s  sharply,  then m o r e  smoothly.  Nu/Nusm and ~/~sm inc rea se  with i nc r ea se  
in the depth (Fig.  3) and dec rea se  in the pi tch of the grooves .  

N usr-~~ o~ 

: 8 

0.0! 

I0 2 0 ~ 8104 2 4 6 8Ref 

Fig. 2. Heat transfer and resistance coefficients 
in a bundle of tubes with S/D = 1o2: 1) heat transfer 
in a bundle with d/D = 0~ t/D = 0~ 2) heat 

t r a n s f e r  in a smooth- tube bundle; 3 and 4) r e s i s t ance  
coeff ic ients  of a bundle with d/D = 0.90 and t /D  

0.454 and of a smooth- tube bundle, r e spec t ive ly .  

As d/D d e c r e a s e s ,  the dependence of ~ on Re becomes  f la t te r  (Fig. 2), s ince the f rac t ion  of the p r e s s u r e  losses  
assoc ia ted  with the agitat ion of the flow in the grooves  i nc r ea se s .  These  losses ,  equivalent  to the local  r e s i s t ance s ,  
depend only sl ightly on Re, and, t he re fo re ,  as they inc rease ,  the dependence of the total r e s i s t ance  coeff icient  on Re 
d e c r e a s e s .  

The experimental data obtained made it possible to interpret the heat-transfer intensification mechanism as 
follows. In laminar flow, the grooves are filled with stagnant gas and do not affect the resistance and heat transfer. 
As Re increases, turbulent slugs appear in the wide portions of the cells forming the intertube space, and periodic 
bubbling develops in the grooves. These effects lead to the formation of a thin turbulent boundary layer and, hence, 
to an increase in heat transfer and hydraulic resistance. Since the turbulent slugs intensify heat transfer only on a 
small part of the tube perimeter adjacent to the wide parts of the cells and at the same time embrace the main core of 
the flow, the increase in hydraulic resistance leads the increase in heat transfer. 

With fu r the r  i nc rease  in Re, the th ickness  of the l aminar  sublayer  d e c r e a s e s  and stable eddies,  whose s t rength 
continues to grow, a re  fo rmed  in the g rooves .  As Re i nc r ea se s ,  the eddies propagat ing along the grooves ,  gradual ly  
pene t ra te  into the narrow par t s  of the inter tube space and embrace  the ent i re  p e r i m e t e r  of the tube. In this case ,  the 
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hea t - t r ans fe r  coefficient inc reases  both because of the inc rease  in the strength of the eddy formed in the groove and 
because of its propagation over the ent i re  groove. 

Nu 
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. . . .  
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o,a~ a,g# q ~  o,9, age d/~ 
Fig.  3. The ra t ios  Nu/Nusm ~/~sm and 
(Nu/Nusm)/(~/~sm) as functions of the 
depth of the grooving d/D at a pitch t /D > 
= 0.454: a) Nu/Nusm; b) }/~sm; 1) Re = 
= 4 �9 104-105; 1') Re = 105;.1 '') Re = 4 �9 104; 
2) Re = 2 �9 104; 3) Re = 104; 4) Re = 6 �9 10 a. 

At the upper edge of the eddy, where the velocity gradient  is maximum,  random per turba t ions  of the flow grow 
into large f luctuations of the axial velocity component.  Owing to the work done by the p r e s s u r e  f luctuations,  the energy 
of the longitudinal f luctuations is t r ansmi t ted  to the t r a n s v e r s e  f luctuat ions.  The large fluctuations a re  t ranspor ted  by 
the ma in  s t r eam along the walls ,  impar t ing  the i r  energy to the sma l l e r  f luctuat ions,  until  they a re  completely 
dissipated.  The p resence  of these f luctuations at the wall also leads to an inc rease  in turbulent  heat conduction in the 
boundary layer  and to intensif ied heat t r ans f e r .  

As Re inc reases ,  the veloci ty profi le  become ful ler ,  while the upper par t  of the eddy r ema ins  approximately at 
the same level.  Therefore ,  even though the turbulent  jet separa t ing  f rom the upper par t  of the eddy becomes more  
powerful,  for the most  par t  it does not en te r  the region where the pr incipal  t empera tu re  head is being consumed. 
Thus, the effect of heat t r ans f e r  in tensi f icat ion due to the crea t ion  of turbulence ceases  to grow. The hydraulic 
r e s i s t ance  of the bundle continues to inc rease ,  since the strength of the eddy is increas ing .  

The exper imental  data have been analyzed in re la t ion  to de and {-f. For  t /D = 0.454 and 0.9 -< d/D --< 0.97 the Re 
numbers  at which the Nu/Nusm begin to inc rease  and become stabi l ized are  expressed by the following re la t ions:  

d - - 26 .4 )  .104; Re, := 30 ~ -  

( d - -12"1)  "10'' Re,, = 16.8 ~ -  

(1) 

(2) 

For  t /D = 0.454 and 0.9 -< d/D -< 1 the exper imenta l  data on the heat t r ans f e r  and hydraulic r e s i s t ance  a re  
general ized by the re la t ions :  

for  Re -~ Re1 
Nu/Nu sin= 1; (3) 

for  Re, .</. Re -~ Re2 

Nu 1 -[- 0.465 lg Re - -  lgRe, 
NUsm lg Re,z - -  lg Re, 

x 
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d 

for  Re > Ree 

Nu --1.465--0.465 exp 1--33,7 ( I - - ~ - ) ]  
Nusm 

for  Re: ii 3.1 10 a 
~/~m= 1; . 

f o r  
3 . 1 . 1 0 ~ %  P , e <  2 .10  ~ 

~/~m= 1 + 6.72(lgRe-- 3,5) • 

fo r  2 l0 s -- Re% 10 ~ 

~ / ~ m = l ~  2.86(lgRe--2.27)(1 ~ - )  ' 

.00  

(4) 

(5) 

(6) 

(7) 

(s) 

In ( 3 ) - ( 8 ) ,  Nusm and ~sm were  de te rmined  f rom [8, 9]. F o r  Re = 4 - 104 the ra t ios  Nu/Nusm and ~/~sm a re  1.40 
and 1.35, r e spec t ive ly ,  for  d/D = 0.95, and 1.44 and 1.67 fo r  d/D = 0.9 (at t /D = 0.454). As the pitch of the grooving 
i n c r e a s e s ,  Nu/Nusm and ~/~sm dec rease .  F o r  t /D = 0.909 and d/D = 0.90 these ra t ios  are  equal to 1.3 and 1.23 at 
Re = 10 s. 

As d/D d e c r e a s e s ,  the effect of the t empe ra tu r e  fac tor  on the hydraulic r e s i s t ance  when the a i r  is heated 
d e c r e a s e s ,  which is at tr ibutabIe to the fact  that the noniso thermic i ty  of the flow chiefly affects  the v i scos i ty  component 
of the p r e s s u r e  los ses ,  the r e l a t ive  magnitude of which d e c r e a s e s  with the roughness .  At d/D = 0.9 the co r r ec t i on  
which takes into account the effect of the t e m p e r a t u r e  fac tor  on the r e s i s t ance  coefficient  ~/~0 = 1 (in the range of 
Tw/Tf  inves t iga ted) ,  under the condition 1 -> d/D > 0.9 and t /D  = 0.454 is exp res sed  by the re la t ion  

where (Z/~)sm is found f rom [8]. 

When the a i r  cools ,  the effect of the t empe ra tu r e  fac to r  on the hydraul ic  r e s i s t ance  of bundles of grooved tubes 
is as insignif icant  as for  a smooth- tube bundle. To es t imate  the ef fec t iveness  of the invest igated method of heat -  
t r a n s f e r  intensif icat ion we made calculat ions for  the tubular  cooler  (S/D = 1.2) of a c lo sed -cyc l e  gas turbine plant 
with a longitudinal gas flow in the inter tube space.  We examined coo le r s  with smooth tubes and with the invest igated 
var ian t s  of grooved tubes.  The coo le r s  were  calculated for  the same the rma l  capacity,  h e a t - t r a n s f e r  agent flow ra tes  
and hydraul ic  r e s i s t ance  on the gas side.  We also took into account the intensif icat ion of heat t r ans f e r  inside the 
tubes on the water  side.  In accordance  with [7], at D/d  = 0.97 and t /D  = 0.454 the heat t r ans fe r  inside the tubes 
i n c r e a s e s  by a fac tor  of 1.55 with an ident ical  i nc r ea se  in r e s i s t ance .  With inc rease  in the depth of the grooving,  
Nu/Nusm and ~/~sm also inc rease ;  however ,  the inc rease  in r e s i s t ance  leads the inc rease  in heat t r ans fe r .  Thus, 
fo r  d/D = 0.9, the ra t io  Nu/Nusm = 2.29 and U ~ s m  = 6.5. 

In Fig.  4 the ra t ios  of the volumes V /Vsm,  lengths L / L s m ,  and c r o s s - s e c t i o n a l  a r ea s  F / F s m  of the heat 
exchangers  a r e  p resen ted  as a function of d/D for  t /D = 0.454. The volume of the c o o l e r  and, hence, its weight, f i r s t  
fal l  as the depth of the grooving inc rea se s ,  then grow somewhat .  At d/D = 0.93 the volume of the coo le r  d e c r e a s e s  as 
compared  with that of the smooth- tube cooler  by approximate ly  one third.  F o r  grooving with p a r a m e t e r s  d/D = 0.9 and 
t /D  = 0.909 the vo lume of the cooler  is 80% of the volume of the smooth- tube equivalent .  

Thus, the use of grooved tubes makes it poss ib le  to reduce  the weight and volume of tubular  heat exchangers  by 
a fac to r  of approximate ly  1.5 without affecting the hydraulic r e s i s t ance .  When the hea t - t r an s f e r  coeff ic ient  in the 
in ter tube space is much lower  than that in the tubes,  the optimum values  in the range of d/D and t /D invest igated a r e  
d/D = 0.93-0.95 and t /D = 0.454. Inc reas ing  the pitch of the grooving to t /D  = 0.909 is undesi rable ,  since to obtain 
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a significant  effect it is neces sa ry  to inc rease  the depth of the grooving (at d/D = 0.90 Nu/Nusm = 1.3), and in this 
case we get a nonoptimum intensif icat ion of heat t r ans f e r  inside the tube (Nu/Nusm = 1.5 at ~/~sm = 3.3 and Re = l0 s 
[71. 

f.o W 

5 / O.8 
g 

# 

Fig.  4. Ratios of volumes, lengths, and 
cross-sect ional  areas as a funetion of 
grooving depth d/D ( t /D = 0.454) for  a 
tubular  cooler  with a longitudinal gas flow 
in the inter tube space: 1) length ra t io  
L/Lsm for coolers  with grooved and 
smooth tubes;  2) volume ra t io  V/Vsm;  

3) a rea  ra t io  F / F s m .  

N O T A T I O N  

D is the outside d iamete r  of tubes; d is the d iamete r  of r ing  groove; de is the equivalent d iameter  of bundle; 
q-is the mean  heat flux; S is the pitch of tubes in bundle; t is the pitch of the r ing  grooves;  tf and-K w are  the mean  flow 
and wall t empera tu res ;  ~ is the r e s i s t ance  coefficient;  Tw/T  f is the t empera tu re  factor.  Subscr ipts :  sm denotes 
smooth-tube bundle; 0 r ep re sen t s  i so thermal  flow. 
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