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Results from an experimental investigation of the heat transfer and hy- 
draulic resistance in tubes with bladed swirls are examined; the swirls 
are unique in terms of the flow-twist angles which they produce and 
in terms of the radial variations in these angles. 

Exper imenta l  study of twisted flows has demon-  
s t ra ted  that bladed swi r l s  a re  capable  of intensifying 
heat  t r ans f e r  [1-3] .  However ,  many aspects  of this 
p rob lem r e q u i r e  additional invest igat ion.  We will  deal 
with two of these  he re - - t he  effect  of tube length and the 
radia l  va r ia t ion  of c i r c u m f e r e n t i a l  speed on heat t r a n s -  
fe r  and hydraul ic  r e s i s t ance .  

The use of a bladed swir l  to twist  an incompres s ib l e  
fluid may a l t e r  the coeff ic ients  of hea t  t r ans f e r  and 
hydraul ic  r e s i s t a n c e  in two ways. F i r s t  of all, because  
of the appearance  of a e i r cumfe ren t i a I  component  there  
is an i n c r e a s e  in the speed of liquid motion r e l a t i ve  to 
the wall.  Secondly, centr i fugal  fo r ce s  a re  genera ted ,  
and these may affect  the nature  of fluid motion and the 
condit ions of its in te rac t ion  with the wail .  

The c i r c u m f e r e n t i a l  component  of ve loc i ty  in the 
fluid l ayer  at the wall i n c r e a s e s  with d is tance  f rom the 
tube wall, thus set t ing up condit ions favorable  for the 
genera t ion  of T a y l o r - G o e r t l e r  eddies.  The d is t r ibut ion  
of the c i r c u m f e r e n t i a l  ve loc i t i e s  in the remain ing  p o r -  
tion of the flow is  a function of the va r i a t ion  in the 
rad ia l  b l ade - twi s t  angle. Prof i l ing  of the swi r l  blades 
pe rmi t s  va r ia t ion  of the rad ia l  twist  angle so as to en-  
hance the appearance  of secondary  flows throughout. 

Use of the 1Rayleigh method to analyze the motion of 
fluid p a r t i c l e s  over  a e u r v i l i n e a r  t r a j ec to ry  pe rm i t s  us 
to draw the conclus ion that the m a s s  fo rces  will inten-  
sify the random rad ia l  d i sp lacements  when 

1 d(ur)  ~ q_ 1 do < 0 .  (1) 
(ur) ~ dr p dr 

With the c i r c u m f e r e n t i a l  ve loc i ty  an exponential  
function of the rad ia l  coord ina te  

ur ~ ~ const (2) 

Inequali ty (1), for  n > 1, is sa t i s f ied  under  i so the rma l  
conditions.  (The p rob lem of a non iso thermal ly  twisted 
flow is covered in [4]. ) It is to be expected that the mass 
forces will enhance intensification of heat transfer in 

the isothermal case. 

With a uniform field of axial velocities in front of 

the swirling device, condition (2) is assured when the 

blades are profiled as per the law 

tgq~ = ( ~ ) ~  tg%. (3) 

Heat transfer and hydraulic resistance were inves- 

tigated for n = 0 and five flow-twist angles (q~ = 15, 30, 
45, 60, and 75~ as well as for ~ = 45 ~ and four blade- 

twisting laws (n = -1, 0, I, and 3). 
The swirling devices were made of bronze rings 

with a clearance diameter of 32.5 ram; eight blades 

made of brass sheets 0.5 mm in thickness were 

welded to the inside surfaces of each of the rings. The 

radial and axial dimensions of the blades are equal to 

half the tube radius. The blades were profiled to match 

the are of a circle. When n = 0, the blades were identi- 

cal in width throughout their entire height, and q~ = 
const. When n # 0, the blades varied vertically in 

width, to ensure the required radial twisting law. 

The gradient method is used to study heat transfer, 

since this makes it possible to determine the relation- 

ship between the heat-transfer coefficient and tube 

length. The flow of heat needed to determine the heat- 

transfer coefficient is found in this method from the 

temperature gradient in a wall whose temperature field 

is evaluated by measuring the temperatures over the 

contour of the longitudinal cross section of the tube. 

The analytical foundations of this method for a tube are 

presented in [5], while the method for the redliction of 

the experimental data by means of computers and the 

procedures for evaluating the reliability of the results 

are covered in [6]. 
The investigation was carried out in a test stand 

whose basic diagram is presented in Fig. 1. Distilled 

water is passed from a constant-level tank 13 through 

copper washer i0, stabilizer 15, inlet chamber 7, 

reaching the test section 1 at whose inlet the bladed 
swirl chamber 6 is positioned. Water enters funnel 21 

from the test section to reach measuring tank 20 from 

which centrifugal pump 17 transfers the water to the 

constant-level tank 13, first cooling it in refrigerator 

16. Valve 25 is used to regu la te  the flow ra te .  
The bas ic  e l emen t  of the tes t  unit  is  a th ick-wal led  

tube with an outside d i ame te r  of 5 8 . 1  rnm, an inside 
d i a m e t e r  of 3 2 . 5  mm, and a length of 2000 turn; it is 
made of 1Khl8N9T s ta in less  s teel .  For  technological  
r ea sons ,  the tube is made up of two segments  of one-  
m e t e r  length, with each segment  demountabie along 
the axis .  

The t empera tu re  at the outside and inside su r faces  
was measu red  by means  of n ichrome-cons tan tan  
the rmocoup les  posit ioned lengthwise at seventeen  
points,  and at 5 points on the end su r faces .  The hot 
junctions of the the rmocouples  were  welded to the tube 
su r faces  by spot welding. The thermocouple  leads were  
c a r r i e d  in annular  g rooves  0 . 4  mm in depth and 0 . 3  
mm in width; these  were  then covered  with an epoxy 



['
0

 
L'

O
 

/ 
Z 

3 

fg
 

F
ig

. 
1.

 
E

x
p

er
im

en
ta

l 
in

st
al

la
ti

on
: 

1)
 t

es
ti

ng
 t

ub
e;

 
2)

 c
as

in
g;

 
3)

 c
er

am
ic

 i
n

se
rt

s;
 

4)
 f

ib
r-

 
gl

as
; 

5)
 h

ea
te

r;
 

6)
 s

w
ir

l;
 

7)
 c

h
am

b
er

; 
8)

 t
h

er
m

o
m

et
er

; 
9)

 v
ac

u
u

m
 f

la
sk

; 
10

) 
m

ea
su

ri
n

g
 

w
as

h
er

; 
11

) 
d

am
p

er
; 

12
) 

p
ie

zo
m

et
er

; 
13

) 
ta

nk
 w

it
h 

st
at

io
n

ar
y

 l
ev

el
; 

14
) 

ta
p;

 
15

) 
st

ab
i-

 
li

ze
r;

 
16

) 
re

fr
ig

er
at

o
r;

 
17

) 
ce

nt
ri

fu
ga

l 
pu

m
p;

 
18

) 
dc

 g
en

er
at

o
r;

 
19

) 
ta

p;
 

20
) 

m
ea

su
ri

n
g

 
ta

nk
; 

21
) 

fu
nn

el
; 

22
) 

p
o

te
n

ti
o

m
et

er
 P

 2
/1

; 
23

) 
sw

it
ch

er
s;

 
24

) 
co

pp
er

 u
ni

t;
 

25
) 

va
lv

e.
 

G
J 

0 I 

i-.
-i C
~ 



JOURNAL OF ENGINEERING PHYSICS 123 

r e s in .  The points at which the the rmocouple  junctions 
were  located were  f i r s t  thoroughly cleaned.  The 
thermoeouple  leads were  passed  through two longi tu-  
dinal g rooves  mi l led  into the su r face  at which the tube 
separa ted .  

After  the thermoeouple  wir ing was posi t ioned,  the 
tube was joined with an epoxy glue. The thermoeouple  
leads were  extended to a l a rge  copper  block 24 housed 
in a the rmos ta t ,  and they were  connected to swi tches  
23 of the semiau tomat i c  P 2/1 po ten t iomete r  by means  
of copper  wir ing.  

The tes t ing sec t ion  was housed in cas ing 2 to which 
c e r a m i c  in se r t s  3 w e r e  attached. For  ease  in assembly ,  
the cas ing and the i n se r t s  were  cut along thei r  axes.  
The two sec t ions  of the tube were  joined by means  of a 
t rans i t iona l  coupling. The coaxia l i ty  of the tes t ing s e c -  
tion r e l a t i v e  to the inside su r faces  of the i n se r t s  was 
ensured  by means  of adjustable  r e f e r e n c e  sc rews .  

The heat  flow is produced by a n i c h r o m e - s t r i p  r ad i -  
a tor  10 mm in width and 1 mm in th ickness ;  this s t r ip  
is mounted on the ins ide  su r f ace  of the inser t .  The 
hea t e r  leads a re  connected to the busbars  of the de 
gene ra to r  18. 

To se t  the dev ice  for  a speci f ic  wa te r - f l ow  r eg im e ,  
p rov i s ion  is made for  a me te r ing  washe r  10. The water  
flow ra te  is  measu red  vo lume t r i ca l ly  by means  of a 
ca l ib ra ted  me te r ing  compar tmen t  in tank 20. 

The ave rage  liquid t e m p e r a t u r e  at the inlet  to the 
tes t ing  sect ion was m e a s u r e d  by means  of a m e r c u r y  
t h e r m o m e t e r  graduated in 0 . 1  ~ C. 

The the rmal  conductivi ty of the tube ma te r i a l  was 
de te rmined  expe r imen ta l ly  on a specia l  device .  The 
r e s u l t s  f r o m  the expe r imen ta l  de t e rmina t ion  of X over  

the range  of opera t ing  t e m p e r a t u r e s  coincide to within 
!% with the Neymark  fo rmula  [7] which, for  the g iven 
chemica l  compos i t ion  of the tube ma te r i a l ,  has the 
f o r m  

k = 1 2 . 4 9  + 0 . 0 1 1 9 t .  (4) 

The hydraul ic  r e s i s t a n c e  to twisted flow was studied 
on an ins ta l la t ion  whose tes t  sec t ion  cons is ted  of a tube 
with an inside d i a m e t e r  of 3 2 . 5  ram, a length of 2750 
ram, fabr ica ted  of p las t ic .  

The total p r e s s u r e  was measu red  at 6 points along 
the length by means  of to ta l -head tubes. The d i r ec t ion  

of the veloci ty  vec to r  for  the flow was de te rmined  by 
means of at taching a s i lk  thread to the r e a r  port ion of 
the me te r ing  tube and this was tested against  the mag-  

Table  1 

Tube- length  Cor rec t ion  Fac to r  for the 
Coefficient  of Hydraul ic  Res i s t ance  

. l/d 

5 10 [ 20 I 30 40 I 50 60 

~~ 

15 
30 
45 
60 
75 

- - I  
I 
3 

1.95 
2.25 
2.45 
3.50 
5.20 

1.70 
2.80 
4.50 

1.55 
1.80 
1,95 
2.50 
3.30 

1.45 
1,95 
2.95 

n = 0  

1.15 1.10 
1.30 1.I7 
1.45 1,25 
1.65 1.40 
1.95 1.55 

~ 45 ~ 
/ 

1 .20  / 1 .12  
1.45 / 1.30 
1.80 1.50 

1.05 
1.10 
1.17 
1,25 
1,35 

1.05 
1,20 
1.30 

1.03 1.00 
1.05 1.00 
1.09 1.00 
1.12 1.00 
1.20 1.00 

1.00  1 ,00  
1 .07  1 .00  
1 .15  1 .00  

nitude of the p r e s s u r e  drop (the magnitude of the p r e s -  
su re  drop r eaches  its max imum when the axis of the 
o r i f i ce  in the me te r ing  tube coincides  with the d i r e c -  
tion of the veloci ty  vector) .  The total p r e s s u r e  of the 
liquid was measured  in each sec t ion  at f ive points 
posi t ioned at the cen te r s  of equal a r ea s .  The ave rage  
value of the total p r e s s u r e  in a sec t ion  was calculated 
with the fo rmula  

S 

= 5 - , E  pi- 
i= i  

(5) 

The hydraul ic  and the rmal  tes t s  of a test ing sect ion 
without a swi r l  chamber  when Re = 104-9 �9 104 demon-  
s t ra ted  that the coeff ic ients  of hydraul ic  r e s i s t a n c e  
and heat  t r ans f e r  de r ived  in these  tes ts  for the en t i re  
working sect ion coincide,  to within i 3%, with the 
f ami l i a r  Blasius  and Mikheev fo rmulas .  

All of the m e a s u r e m e n t s  were  c a r r i e d  out only af ter  
the ins ta l la t ion  was brought  to the s t eady-s t a t e  r eg ime .  

The expe r imen ta l  h e a t - t r a n s f e r  data were  p r o c e s s e d  
on a Ura l -2  computer .  The h e a t - t r a n s f e r  coeff ic ients  
a were  calcula ted for  16 values  of l / d .  It took 3 min 
to p roce s s  one exper iment .  

0.035 

a030 

~025 

0.020 

OOL~ 

x§ v--+ 
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Fig. 2. Cor re la t ion  of exper imenta l  data with r e s p e c t  to hy- 
drau l ic  r e s i s t a n c e :  ("ay",  ~/eq~ = f (Re); b) ~ / e  n = F (Re): 
1) m =15,  n =0 ;  2) 30 and0 ;  3) 45 and0 ;  5) 75 and 0; 

6) 45 a n d - l ;  7) 45 and 1; 8) 45 and 3. 
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W i t h n = 0 ,  ~ = 1 5 - 7 5  ~ , a n d r e  = 1 - 9 . 1 0 4  , the 
exper imenta l  data  on the hydraul ic  r e s i s t a n c e  for tubes 

with l / d  = 6 8 . 3 - 7 5 . 8  a r e  gene ra l i zed  by the fo rmula  

~ _  0.3164 (1_0 . t3~0 .~)Re0 .02$-"  (6)  
Re 0"25 

The line ~/eq~ = f ( R e ) i n  Fig. 2 co r re sponds  to this 
formula .  Here  we have denoted 

% = (1 - -  0 .13~ ~ Re~176 -. (7) 

For  a f low- twis t  angle of 45 ~ near  the tube sur face ,  
with n ranging f r o m  -1 to 3, and with Re = 1 -9 .104 ,  
the exper imenta l  h y d r a u l i c - r e s i s t a n c e  data for long 
tubes a r e  desc r ibed  by the equation 

0.2265 
Re ~ (t - -  0.02 n) Re ~176 (8) 

The line ~ /e  n = F(Re) in Fig. 2 is plotted according  
to this equation. Here  we have denoted 

e n = (1 -- 0.02 n) Re ~176 (9) 

The g r e a t e s t  deviat ion in the expe r imen ta l  points 
f r o m  functions (6) and (8) does not exceed 8%. 

With local  twisting of the flow, the c i r c u m f e r e n t i a l  
component  of the veloci ty  d imin i shes  with inc reas ing  
d is tance  of the liquid f r o m  the swir l  chamber ,  so that 
a reduct ion in tube length involves a substant ia l  in-  
c r e a s e  in the coeff ic ient  of hydraul ic  r e s i s t a n c e .  The 
coeff ic ient  of hydraul ic  r e s i s t a n c e  for  a shor t  tube can 
be es t imated  by means  of the c o r r e c t i o n  fac tor  r 

~z = ~ ~Pt. (10) 

This c o r r e c t i o n  fac tor  is v i r tua l ly  independent of the 
He number.  Its numer i ca l  va lues  a r e  p re sen ted  in 
Table  1. 

The t r ans fe r  of heat  for  all of the swi r l  chambers  
was inves t iga ted  for  Re = 104-9 �9 104 . F igure  3 shows 
the r e su l t s  of h e a t - t r a n s f e r  tes t s  in a tube with a swir l  
chamber  in which ~ = 75 ~ and n = 0, for  nine values  of 
l / d .  The line a shows the heat  t r ans f e r  in a tube with-  
out a swi r l  chamber  in the case  of a turbulent flow 
r e g ime .  

H e r e  

Nu~ (ii) 
K~ pr~ ,~a (pr~/Pr~)O.~ 5. 

Substantial  in tensi f ica t ion of heat  t r ans f e r  is noted 
at the ini t ial  segment  of the tube. When l / d  > 15, the 
re la t ionship  between the h e a t - t r a n s f e r  coeff ic ients  for  
twisted and untwisted flows is a weak function of tube 
length and amounts to 1 . 3 5 - 1 . 5 0 .  

The r e su l t s  of the study of heat  t r ans fe r  when n = 0, 
~o = 1 5 - 7 5  ~ , and Re = 1 - 9 . 1 0 4  for  long tubes 
( l / d  = 60) have been genera l i zed  by the c r i t e r i a l  equa- 
tio~ 

Nu~ = 0.021 ]~e~SPr 0"43 ( PFf ~0.25 (I 4- 0.147T~ (12) 
\ Pr~, ] 

In Fig. 4 the line Kqa = f(Re) has been plotted f rom 
fo rmula  (12). Here  we have denoted 

Ki 
K~ = (1 + 0.147~~ ' (13) 

The r e su l t s  of the invest igat ion of heat  t r ans fe r  
when~o =45 ~ and w h e n n i s  equal to -1,  0, 1, and3  

Table  2 

Tube- length  Cor rec t i on  Fac tor  for the Heat-  
t r ans fe r  Coeff icient  

Ud 

5 l ,0 20 I 30 [ 40 I 50 60 

~o 

15 
3O 
45 
60 
75 

--1 
1 
3 

Re 

104 
104 
104 
10 ~ 
i0 ~ 

104 
t04 
104 

1,64 .23 
1.90 .35 
1,93 .38 
1.97 .43 
2.03 .50 

1.65 1.32 [ 

I 

t,80 1.42 
2.00 1.48 

n = - -  1--3; 

n ~  

1.11 
t.16 
1.17 
1.18 
1.20 

45 ~ 

1_16 
1.18 
1.20 

1.06 
1.09 
1.10 
1.10 
1,12 

.03 

.05 
,06 
.06 
.06 

1,09 1.05 
1.10 t.05 
1,12 1.06 

= 15-75 ~ 

1.01 1.00 
1.02 1.00 
1.03 1,00 
1.03 1.00 
1.03 1,00 

1.02 
1.02 
1,03 

9.104 1,32 1.16 1.10 1,06 [ 1.04 1.02 

1.00 
t .00 
1. O0 

1,00 

have  been genera l i zed  for long tubes in the same range 
of var ia t ions  in the Re number  by the c r i t e r i a l  equation 

Nur = 0.0286R@8 pr0.4a [ Prf ~0.25 ~ p--~-) (1 + 0.04~). (14) 

On the bas i s  of this fo rmula  we have plotted the 
function K n = F(Re) in Fig. 4, and h e r e  

K .  - Kr (15) 
(1 + 0.04n)" 

The g r ea t e s t  deviat ion in the expe r imen ta l  points 
f r o m  the re la t ionsh ips  cor responding  to (12) and (14) 
does not exceed 6%. 

The values of the Nu numbers  for  shor t  t u b e s - - c a l -  
culated f r o m  (12) and (14)- -mustbe  c o r r e c t e d  by means 
of the c o r r e c t i o n  fac tor  el. which is given in Table  2 
for  two values  of the He number .  When He = 9 �9 104, 
the co r r ec t i on  fac to r  e l was independentofboth  ~o and n. 

For  tubes with bladed swir l s ,  the value of e l is 
g r e a t e r  than for tubes without flow twisting. This  dif-  
f e rence  is pa r t i cu l a r ly  not iceable  when Re = 104, for 
which the s I i n c r e a s e s  as qo and n i nc rea se .  As the 
value of the He number  i nc rea se s ,  there  is a drop in 
the magnitude of the c o r r e c t i o n  fac tor  el for  both 
twisted and untwisted flows~ 

An analys is  of the der ived  r e su l t s  shows that with a 
constant f low- twis t  angle near  the h e a t - t r a n s f e r  s u r -  
face an i nc r ea se  in n leads to an i n c r e a s e  in the eoef -  
f ic ients  of heat  t r ans f e r  and hydraul ic  r e s i s t a n c e .  At 
the s a m e  t ime,  for ident ical  coeff ic ients  c~, swi r l  



126 IN ZHENERNO- FIZICHESKII ZHURNAL 

chambers  with n > 0 a re  charac te r ized  by a somewhat 
lower hydraulic  r e s i s t ance  than swir l  chambers  with 
n = 0. Thus,  long tubes with swirl  chambers  exhibiting 
q~ =75 ~ , n = 0  a n d r  =45 ~ n = 3 ,  when Re = idem,  
a re  charac te r ized  by identical  in tens i ty  of heat  t r a n s -  
fer .  the coefficient of hydraul ic  r e s i s t ance  for 
Re = 1 -9 .104  in the case  of a tube with the fo rmer  
swir l  chamber  is  g rea te r  by 2 . 5 - 5 %  when l / d  = 60 
than in the case of the la t te r  swir l  chamber ,  and when 
l / d  = 50, it is  g rea te r  by 8-127o; when l / d  = 30, it is 
g rea te r  by 10-15%. 

Compar ison of the thermal  efficiency on the bas i s  of 
the energy factor  [8] shows that swir l  chambers  with 
n = 0 ,  ~ =15,  30, 45, 60, and 75 ~ , a n d n = 3 ,  a n d r  =45 ~ 
yield a gain in heat t r ans fe r  with ident ical  expenditure 
of power for the pumping of the coolant by 12, 15, 18, 
20, 24, and 25%, respect ively ,  

NOTATION 

d is the tube d iamete r ;  l is the tube length; Nu is 
the Nussel t  number ;  n is the exponent in express ion  
(2); P r  is the Prandt l  number ;  Re is the Reynolds num-  
ber ;  r is  the ins tantaneous  radius ;  r0 is the ins ide  
rad ius  of the tube; u is  the c i r cumferen t i a l  component 
of flow velocity;  w is  the mean axial ve loc i tyof the  flow; 

is the hea t - t r ans fe r  coefficient;  e l tube-length co r -  
r ec t ion  for the h e a t - t r a n s f e r  coefficient;  ~ is  the the r -  

real conductivity of the fluid; ~ is the kinemat ic  v i s -  
cosity coefficient;  ~ is the hydraulic  r e s i s t ance  factor;  ~o 
is  the angle between the velocity vector  and the tube 
axis; cp0 is  the angle of flow twisting near  the tube s u r -  
face; ~ = ~0/15; ~l is the tube-length co r rec t ion  for 
the h y d r a u l i c - r e s i s t a n c e  factor.  
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