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An Investigation of  Heat Transfer Characteristics of  Swirl ing F low 
in a 180 ° Circular Section Bend with Uni form Heat Flux 

T a e - H y u n  Chang* 

Division o f  Mechanical and Automation Engineering, K),ungnam University, 

440 Wolyoung Dong, Masan Kyungnarn, Korea 

An exper iment  was perfor lned to ob ta in  the local heat t ransfer  coefl]cienl and  Nusseh  n u m b e r  

in a c i rcular  duct  with a 180 ° bend for R e = 6  × 104, 8 × 104 and I × 10 s under  swir l ing flow and 

n o n - s w i r l i n g  flow condi t ions .  Tt,e test tube  with a c i rcular  section was made  from stainless steel 

hav ing  a curwl ture  ra t ion  of  9.4. Cur ren t  heat flux of  5.11 kW,/m ~ was appl ied to the test tube  

by electrical power  and the s w M i n g  mot ion  of  air  was produced  by a t angent ia l  inlet to the pipe 

axis at 180 ° . Measurements  of  local wall  t empera tures  and the bulk  mean tempera tures  of  air  

were made  at four c i rcumferent ia l  pos i t ions  at 16 stations.  The  wall t empera tures  showed  a 

reduced d i s t r ibu t ion  curve at the bend for the n o n - s w i r l i n g  ['low, but this effect did not appea r  

for the swir l ing flow. The  Nussell  n u m b e r  d i s t r ibu t ions  for the swir l ing flow, which was 

calculated from the measured  wall and the bulk temperatures ,  were h igher  than  that  of  the 

non  swir l ing flow. The  average Nusseh  n u m b e r  of  the swir l ing flow increased by abou t  90 

100,Wo, compared  to that  of  the n o n - s w i r l i n g  flow. The  N u / N u o ~  values at the 90 ° s ta t ion for 

n o n - s w i r l i n g  flo~v and swir l ing flow were approx imate ly  2.5 and 4.8 at R e = 6  x 104 respectively. 

The  values agree well with Said 's  results for n o n - s w i r l i n g  flow. 

Key W o r d s : S w i r l i n g  Flow, N on  Swir l ing Flow, Swirl C h a m b e r ,  Swirl  Genera to r ,  Wal l  
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1. I n t r o d u c t i o n  

The  flow in a U bend,  which is more  compl i -  

cated than  that  in a s t ra ight  tube, has  been a 

subject  of  research. In par t icular ,  convec t ion  heat 

t ransfer  in a U - b e n d ,  which has a curva ture  in the 

flow direct ion,  has been appl ied to the design of  

heat exchangers  and condensers  in a power  sta- 
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tion, the design of  turbine blades cooling,  and 

other such designs. 

The fluid flow pressure through a U bend is 

increased when the flow is moved from the center 

of  the bend to the outer wall direction and de- 

creased from the center to the inner wall. It is in 

the vertical section of  tile main stream flow that 

the fluid pressure loss is forced towards the center 

of  the bend and a high speed fluid near the axis is 

pushed outwards.  Here, a secondary flow, which 

overlaps with the axial velocity, is constituted. In 

other words, a strong section flow occurs from the 

inner movement  of  a flow field around the bend. 

A secondary flow was found initially in a chan- 

nel flow by Thomson  (1876). After that, a fully 

developed flow of the bend was measured by a 

pi lot- tube,  a ho t -wire  anemometry flow meter, 

etc. Recently, by making good use of  LDA,  much 

of  the flow pattern data has been provided.  Also, 

one of  important  study of  turbulent swirling flow 

was carried by Chang et a1(2001) using particle 

image velocimetry techniques. 

Ito (1960) presented the importance of  pressure 

loss in a bend, and Yianneskis et a1.(1982) mea- 

sured the characteristics of  laminar and turbulent 

flows through a r ight-bend by the Lase r -Dopple r  

method so that a secondary flow formed inside a 

bend could be found. Johnson (1988) has inves- 

tigated the fluid flow of  the U bend that had a 

rectangular cross-sect ional  shape by using the 

numerical  analysis method, while Chang et al. 

(1988) discussed the fluid flow and heat transfer 

in a rectangular bend. Such research is related to 

fluid flow in a specific geometrical ly shaped tube. 

The characteristics of  heat transfer depend on the 

state of  fluid flow and show different phenomena 

by various methods of  heating and measurement. 

With the characteristics of  heat transfer in a 

bent tube, Metha et a1.(1981) presented the heat 

transfer coefficient of  a laminar flow. It is nota- 

ble that the generat ion of  heat was implemented 

through tin electrode, which was installed directly 

to the U-bend,  by using DC voltage, they, how- 

ever, presented the characteristics of  the heat 

transfer coefficient alter measuring the wall tem- 

perature of  the upper and the lower stream areas 

excluding the bend. lacovide et a1.(1987) created 

a uniform heat stream by winding a heating coil 

over a bend made of  brass cast, and the ratio bet- 

ween the bend radius and the tube diameter was 

3.375. They measured the opt imal  bulk tempera- 

ture, investigated the characteristics of  Nusselt 

nunlber, and found that the maximum of  the value 

was located in the middle of  the bend. Between 

the wall temperature and the bulk temperature, 

which is influenced by the heat transfer coeffi- 

cient, it can be seen that Metha et al. had cal- 

culated the former and lacovide et al. the latter. 

While both Metha et al. and lacovide et al. 

presented the characteristics of  the heat transfer, 

neither group commented on the improvement  of  

the heat transfer. In the design processes of  heat 

exchangers, emphasis has been placed on utilizing 

energy effectively. Therefore,  it is important  to 

present how to improve the heat transfer coeffi- 

cient. To date, it has been used to improve the 

heat transfer coefficient, make good use of  an 

artificial i l lumination,  and increase the area of  

heat transfer by utilizing a helical surface, wire 

coil, fin etc. 

A method diflerent from the enlargement of  the 

contact area is to increase the intensity of  the 

turbulent flow by adding swirling flow. Talbot  

(1954) derived the equat ion for laminar swirling 

flow in a straight tube and studied the nulli- 

fication phenomenon of  swirling flow. Chang 

et a1.(1989) had studied the friction coefficient 

and tile velocity component  of  swirling flow and, 

through the flow visualizat ion process, presented 

the swirl angle of  swirling flow. Theoret ical ly,  the 

stream line of  tangential flow with swirl is longer 

than that of  non-swir l ing  so that fluid particles, 

which are located near the heated tube wall, can 

deliver more energy to the fluid flow. Therefore  it 

is possible to improve the heat transfer coefficient. 

For  this research, a U-bend ,  which was fabri- 

cated by high frequency induction bending and 

whose material  itself had been utilized as a elec- 

trical resistance, was directly heated by DC and 

performed heat transfer experiments. At the en- 

trance of  the tube apparatus,  the swirl generator 

((~, (~) had been installed and could generate 

the swirling flow. Alter the wall and the air tem- 

peratures were directly measured according to 
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the var iab le  m o m e n t u m  value of  n o n - s w i r l i n g  

and  swir l ing flow, the t empera tu re  d i s t r ibu t ion  

re la t ionsh ip  f rom the effect o f  the bend  tube  and  

swir l ing flow. was identified. Then  Nusseh  num-  

ber  was defined and the character is t ics  of  the 

heat  t ransfer  were also investigated.  

2. Exper imentat ion  

2.1 Experimental apparatus 
Figure  1 shows the schemat ic  d i ag ram of  the 

exper imenta l  appara tus ,  and  Fig. 2 shows a pho to -  

g raph  of  the test tube, 

The  test tube  whose  mater ia l  was stainless steel 

304 and  1D 54.5 mm ( thickness  3 mnt) had been 

fabr icated to a bend  radius  of  R = 2 5 5  m m  by 

h igher  f requency induc t ion  bending .  Therefore,  

the curva tu re  rat io  ( R c = R / r )  of  the U - b e n d  

was 9.4. The  test tube consis ted of  an upst ream,  

the bend  and the d o w n s t r e a m  tube, The  reference 

poin t  was located at the en t rance  of  the bend.  

The  specif icat ions of  the test tube  are shown  in 

Tab le  1. 

For  the n o n - s w i r l i n g  flow, a s t ra ight  tube, 

whose  flange could  at tach to a swirl c h a m b e r  was 

a t tached to the bend  en t rance  to create a fully 

developed flow. 

in order  to generate  a swir l ing flow, a f lange 

lbr  the swirl c h a m b e r  was instal led in this re- 

search. The  s t ructure  of  the swirl  c h a m b e r  is 

I Test t u n e  F ¢, 54 5,1 8 E le t ' t r ( imc  Man~mletee 15  ( t~pper connect*i t  
2 Slee~ lub¢  9 XttJllt p i lo t  t u n e  In. I.e;id ~ l r e  , ~31~ 

3 F l ex ib l e  hose  10 Inc l ied  m a n o m e t e r  17 V o l t a g e  regttlatt~r 2O k ~  
4 [u l ' bo  ~arl II  r h e r m o c o u p l e  4K lyp¢ I IS S ~ l r l  g e n e r a l o r  
5 M o l ~ r  ,220V • IOI-IP~ 12 T h e r m o m e t e r  ( H R 2 5 0 0 ,  19. S ~ i r l  c h a m b e r  

~ R I ' .M conlr ,~l l¢l  13  In suh t t i on  2 0  S la ln l e s s  u l n e  ~ ¢ 5 4 5 ~  
7 Pl to l  t l lbe  14 M e a s u r e i n g  h o l e  ~ # 3  

Fig. 1 Schematic diagram of the experimental appa- 

ratus 

Fig. 2 Photograph of the test tube 

Table 1 Specifications of the test tube 

Material 

Tube Outer 

diameter Inner (D) 

Upstream Straight section 

Bend mean radius (/?) 

Curvature ratio (Re) 

Heat flux 

SUS 304 

mm 60.5 

mm 54.5 

mm 2500 

mm 255 

9.4 

kw/,n 2 5. I 1 

L I - -  _ 1  

@ 
A-A Sqmllon 

Fig. 3 Schematic diagram of inlet section 

. - - ^  

. . . . :  



with ~ 3  mm holes on  the test tube wall, fitted 

with size ~ 3  mm and length 40 mm tubes, and  

fixed with epoxy adhes ive  (devcon epoxy) ,  as 

shown  in Fig. 5. The  air  t empera tu res  were mea- 

sured at the 7 points  in each s tat ion,  as shown in 

Tab le  3. The  bulk  t empera tu re  was calcula ted 

from the equa t ion  6 and  7. 

shown  in Fig. 3. The  swirl generator ,  which was 

made  of  acryl, was dr i l led  with 2 8 x  ~b3.2 mm 

holes  in the cyl inder  wall, which  was 45 ° equal ly  

spaced on the c i rcumference  of  a circle, as shown  

in Fig. 4. 

in the swirl genera tor  of  the swirl chamber ,  air  

is in t roduced  th rough  slot holes, which are shown  

in sect ion A - A ,  then a swirl flow is generated and  

flowed into the test tube. At  that  moment ,  the 

swirl ba lance  was m a i n t a i n e d  by the back plate 

of  the swirl generator .  The  intensi ty of  the swirl 

flow was de te rmined  by the rat io  ( L / D ) ,  where 

L is the length of  the swirl c h a m b e r  and D is the 

inner  d iamete r  of  the test tube. 

To keep the test tube heated  uniformly,  4 pieces 

of  30 mm copper  cable  were connec ted  from the 

vol tage regula tor  to the connec t ion  pin of  the test 

tube  and  5.11 k W / m  2 of  power  (current  650A, 

vol tage 5.4V) was direct ly suppl ied  to it. To  in- 

sulate  the test tube,  insu la t ion  was wrapped  in a 

b lanke t  of  30 mm of  f iberglass and over lapped  

with vinyl tape. 

The  wall  t empera tu re  was measured  at 3 sta- 

t ions  in the ups t ream of  the test tube, 7 s ta t ions  in 

the U - b e n d ,  and  6 s ta t ions  in the d o w n s t r e a m  by 

K- type  thermocouples ,  which  were connec ted  to 

a Hybr id  recorder  (HR2500) .  The  the rmocou-  

pies had been ca l ib ra ted  and  fixed to the test tube 

wall by heat  resis tance tape so that  they could  be 

prevented from separa t ing  from the tube. 

To ob ta in  the bulk  t empera tu res  of  the flow at 

the same s ta t ion  where  the wall  t empera tu re  was 

measured,  t he rmocoup le s  were instal led at the 

top and outs ide  guide holes, which  were dr i l led 

T a b l e  2 Measurement stations of temperature 

Number of" Nondimensional  
Test tube 

test stations distance (x/D) 

1 10 
Upstream 2 --6 

3 - 2  

Bend 

Downstream 

4 0 ° 
5 30 ° 
6 60 ° 
7 90 ° 
8 120 ° 
9 150 ° 
10 180 ° 

11 
12 
13 
14 
15 

16 

Too 

I 
3 
6 
l0 
16 
24 

Table 3 Measurement positions of the bulk temper- 
ature 

Measuring] 0 - 0 . 5 -  1 . 5 - 3 . 5 - 6 . 5 -  11.5- 18.5-27.25 
posi t ions (wall) (center) 

Interval 105 , 2 3 5 7 8.75 
[mm] [ 

8 ~32. 

Fig. 4 Cross-section of the swirl generator 

Inside 
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Bot tom 

Fig.  5 

Outside 

Cross-section of the test tube 
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2.2 Exper imenta l  method 

A mul t i -p i t o t  tube ( T O R B A R  301) was in- 

stalled at the end of  the test tube. With  the tube, 

the ca l ib ra t ion  curve was ob ta ined .  The  required 

Reynolds  n u m b e r  was ob ta ined  by adjus t ing  the 

fan opera t ion  so tha t  the average velocity on the 

Reynolds  n u m b e r  might  be conver ted  to the mea- 

sured total  and static pressures. 

AC power  ( 6 5 0 A X 5 . 4 V = 3 . 5 1  kW) was sup- 

plied to the test tube to ob ta in  the un i formly  

heated fluid. The  test was carr ied out  12 t imes 

for the n o n - s w i r l i n g  flow, the s t rong swir l ing ( L /  

D = 0 ) ,  the medium swir l ing ( L / D  7), and  the 

weak swirling. ( L / D  14) flow. The  Reynolds  

numbers  of  the test tube en t rance  were 6×104,  

8×104  and 1 × [ 0 5  . 

To ma in t a in  unifornl ly  the heated fluid, first, 

the Reynolds  n u m b e r  was set up by ad jus t ing  the 

lhn opera t ion  and  second,  the fluid was heated 

by the AC current ,  which  was flowed from the 

volt:lge regula tor  to the test tube. After the fluid 

in the test tube had been heated for 30 minutes,  

it was un i fo rmly  heated.  After  that,  the data  for 

64 points  were measured  and recorded s i m uha -  

neously  for the bulk and  the wall  t empera tu re  at 

the startup,  the middle ,  and the final exper imen-  

tat ion.  These  data  were calcula ted as the mean  

value and deleted over a 3% s tandard  devia t ion.  

2.3 Calcu la t ion  equation 

Using the current  and vol tage data ,  which  were 

directly suppl ied  to the fluid t h rough  the vol tage 

regulator ,  the heated fluid can be calcula ted as 

follows 

Q ..... = ( I )  x ( V )  (I)  

In the heat balance,  the percent  of  e r ror  is as 

lbl lows : 

~6e r ro r=  Q ~ t ~ - O o , . t ,  ut × 100 (2) 
Qinput 

The heat  suppl ied  to the test tube is as fol lows : 

Qo, p., = I "  V -  Olo~ (3:1 

The  heat  lost in the test tube  is as fol lows : 

Oo.,,.t = ,i~ [ (Tb) i + 1  - -  (Tb)  i ] (4) 

In the test tube. the local flow tempera tu re  was 

direct ly measured  by the the rmocouples ,  and  then 

compared  with the ca lcu la t ion  of  the fo l lowing 

equat ion .  

The  average wall t empera tu re  of a section is as 

| b l lows  : 

1 4 
t Tw), = ~ j ~  (T~,,) ,~ t5J 

The  bu lk  tempera tures  was measured  at 7 points  

in each section, which divided the tube cross 

sect ional ly  into 4 sections.  Therefore ,  

1 7 
( T b / ~ =  7'A ~ [ (T~)~j] d A  (6) 

1 4 

"A'" denotes  the c ross - sec t ion  of  the test tube. 

After the wall and  the bulk  tempera tures  were 

ob ta ined ,  the local and the average local heat  

t ransfer  coefficient can be der ived from the fol- 

lowing equat ion .  

q , j =  C~[ (T~,) ,+ i . j -  (T~) i j ]  (S) 

Izo = q'J (9) 
[( Tw,' ~ j -  (Tb)  ,,] 

1 4 
h ,. = ~ j ~  ( h ~ ) ( I 0 1 

F rom the convec t ion  heat t ransfer  coefficient h~. 

the Nusseh  n u m b e r  was ob ta ined .  

N u =  h ' D  k ( t i )  

3 .  R e s u l t s  a n d  D i s c u s s i o n s  

3.1 The  wal l  t emperature  

When  a c i rcular  tube is in ternal ly  heated and  

wrapped  with an insulator ,  the wall  and  the bulk 

t empera tu re  will s l ightly affect the average con-  

vection heat t ransfer  coefficient of  the fluid. Such 

tempera ture  d i s t r ibu t ion  will depend  upon  the 

character is t ics  of  a fluid flow, so this  research 

was based on the model  that  Mil ler  et a1.(1980) 

had studied regarding the fluid flow of  the U -  

bend.  

Figure  6 shows the wall  te rnpera ture  profi le  of  

the non  swirl flow on the top, bo t tom,  inside, 

and outs ide pos i t ions  at the upst ream,  bend,  and  
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d o w n s t r e a m  of  the test tube  for R e =  l )< 105 . The  

t empera tu res  lbr  4 pos i t ions  at the ups t ream were 

a lmos t  the same, but  there were 15°C differences 

between the inside and  outs ide  pos i t ions  at the 

bend entrance.  

The  t empera tu re  of  the inside pos i t ion  was the 

highest  at 0 = 3 0  °, the lowest at 0 = 9 0  ° , and,  after 

0 = 9 0  ° , g radua l ly  increased.  The  wall  tempera-  

tures at the top  and  bo t tom pos i t ions  were a lmost  

the same t h r o u g h o u t  the bend.  Because the phe- 

n o m e n o n  of  a fluid flow near  the tube wall  is 

keenly related to the t empera tu re  of  the tube  wall, 

these results show that  the fluid flow par t ia l ly  

accelerated from the tube entrance.  

F igure  7 shows the wall  t empera tu re  profi les 

a long  the test tube with the swirl intensi ty L / D - -  

14 for R e = l × 1 0 5  . There  were t empera tu re  dif- 

ferences, between the inside and  outs ide  posi t ions ,  

s imi lar  to the n o n - s w i r l  flow, tha t  s tar ted from 

the bend  en t rance  but  con t inua l ly  increased un- 

like the n o n - s w i r l  flow. If only  cons ider ing  the 

swirl  flow, the wall  t empera tu re  profi le  is a lmost  

s imi la r  to tha t  of  the s t ra ight  tube. Thus,  the 

swirl flow is hard ly  affected by the geometr ica l  

shape  of  the bend  and  has  heat  t ransfer  charac-  

teristics tha t  are s imi lar  to those  of  the s t ra ight  

tube  flow. 

The  tempera tures  tbr  the 4 d o w n s t r e a m  posi- 

t ions of  the bend  are a lmost  steady near  24D for 

the n o n - s w i r l  flow and  6D for the swirl flow, 

mean ing  that  in deve lop ing  a tu rbu len t  flow in 

the d o w n s t r e a m  of  the bend,  the swirl flow can be 

done  earl ier  than  the n o n - s w i r l  flow, as it were it 

can min imize  the effect of  the bend  by the swirl 

f l O W .  

Figure  8 shows the average wall t empera ture  

profiles a long the test tube with the n o n - s w i r l  

flow for R e = 6 ×  104. 8)< 104 and I × l0 s . The  wall  

t empera tures  increase in the tube  entrance,  de- 

creased in the bend,  min imized  near  0 = 9 0  ° , and 

con t inuous ly  increased in the downs t r eam with- 

out  regard to the Re. Here, the wall tempera-  

tures are reduced when  the Reynolds  n u m b e r  is 

increased due to an increase in the mass flow 

rate. 

F igure  9, which  is the average wall  t empera tu re  

profi les a long  the test tube with swirl of  L/D---  

7, shows a l inear  increase in the ups t ream and 

downs t r eam bend  and  sl ightly high and  n o n -  

l inear  in the bend.  W h e n  the t empera tu re  is com- 

pared with Fig. 8, it is an overal l  t empera tu re  

d rop  and a pecul iar  t empera tu re  d i s t r ibu t ion  

curve. Tha t  is, the swirl flow seems to min imize  

the effects of  the U - b e n d  tube. Meanwhi le ,  it 

16o 
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affects the heat  t ransfer  coefficient.  

F igure  10 shows the d i s t r ibu t ion  of  the tem- 

pera ture  profi les between the inside and  the out- 

side pos i t ions  a long  the U - b e n d  with n o n - s w i r l  

flow for R e = 6 × 1 0 4 ,  8×104,  and  I × 1 0  s. The  

t empera tu re  differences between the inside and 

the outs ide  pos i t ions  occurred  at the bend en- 

t rance  and reached a m ax i m um  at 90 ° . At first 

aO0 

the t empera tu re  at the outs ide  pos i t ion  decreases 

and then increase,  but  at the inside, it t empora r i ly  

increased from the bend  ent rance ,  and  then,  from 

0 : 3 0  °, decreased and  increased.  

F igure  1 shows the d i s t r ibu t ion  of  the wall  

t empera tu re  profi les between the inside and  the 

outs ide pos i t ions  a long  the U - b e n d  with swirl 

of  L / D : 7  for each Reynolds  number .  The  tem- 

pera ture  differences showed  at the bend en t rance  
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test tube with non-swirl  
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and  increased between 0 = 3 0  ° and  0 = 1 5 0  ° . The  

t empera tu re  differences be tween the inside and  

the outs ide  of  the n o n - s w i r l  flow were bigger  

than  that  in the swirl flow. In general ,  the tem- 

pera ture  d i s t r ibu t ion  of  the n o n - s w i r l  flow was 

h igher  than  that  o f  the swirl. It arises f rom that  in 

the bend  tube  the swirl  f low is more  accelerated 

than  the n o n - s w i r l  and  fu r the rmore  is more  

act ivated in the genera t ion  of  the secondary  flow 

the swirl. 

The  bu lk  t empera tu re  of  an intensive swirl  

flow, which was measured  at R e =  I × l0 s, shows 

qui te  a different result from the n o n - s w i r l  flow 

as shown  in Fig. 13. The  tempera tures  of  all 

pos i t ions  were un i fo rmly  d is t r ibuted  and increas- 

ed linearly.  M e a n i n g  that ,  due to an intensive 

swirl  flow, there was no part ia l  accelera t ion  so 

tha t  near ly  cons tan t  t empera tu re  d i s t r ibu t ions  

W 

3.2 T h e  bulk  t e m p e r a t u r e  

Figure  12 shows the results  of  the bulk  tem- 

pera tures  measured  at the upper,  lower, inner,  and 

outer  pos i t ions  of  the tube, which were divided at aO 

the tubes  c ross - sec t ion  where  the wall  tempera-  ~ !~ 

ture was measured.  ~a 

For  n o n - s w i r l  flow, the bu lk  tempera tures  over  

the overal l  test tube  are compara t ive ly  d is t r ibu ted  40 

in a big gap. Even t h o u g h  the bu lk  t empera tu re  

between the upper  and  lower pos i t ions  was little, ~10 

the t empera tu re  gap  between the inner  and  the 

outer  pos i t ions  was very large. The  m i n i m u m  dif- 

ference was accompl i shed  at 0 = 9 0  °, and  increas-  

ed again.  Therefore ,  there is a possibi l i ty  of  maxi-  

mum heat  t ransfer  at a 0 = 9 0  ° pos i t ion  of  the 
bend.  Fig. 13 
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Comparisons o f  ( T ~ - - T ; / , : T w - - T a )  wilh 

var iat ion from top to bottom for non swirl 

at Re=6  X I0 4 

are shown throughout  the length of  the overall 

test tube. Figure 14 shows the average bulk tem- 

perature profiles along the test tube with n o n  

swirl llow, and Fig. 15 shows for each Rey- 

nolds number  of  the swirl flow at L / D = 7 .  As a 

general trend, there was no distinct classification 

but the temperature  dis t r ibut ion profile o f  the 

swirl flow was lower and s impler  than that of  the 

non-swir l .  

3.3  T h e  d i m e n s i o n l e s s  t e m p e r a t u r e  

Tile dimensionless  temperature  ( T u , -  T ) /  

( T w - T a )  is plotted along the distance to the 

radius as shown in Fig. 16 and Fig. 17. The 

dirnensionless temperature  ( Tw T)  / ( T w -  Ta) 
is shown with the variat ion between top and 

bot tom of  the test tube with the non- swi r l  flow 

for Re 6 × 1 0  "1 , in Fig. 16. When 0 = 0  °, 30 ° 

the dimensionless  temperature  increased tit the 

tube center, and then decreased and approached  

0.55--0.6 at the wall. When 0 = 6 0  ° , 90 ° and 120 ° , 

it increased to hall" of  the radius, and then de- 

creased and increased, approach ing  the wall. 

When 0 =  150 ° and 180 °, it slightly increased and 

was constant ly  mainta ined at 0.5. It seems that 

the temperature profiles were affected by the 

tlow pattern from the effects of  the tube bend 

0.5 

0.3 

-o- 0 = 3 0 "  
+ O=e0 + 
° 

O.1 -.,- :.0 
-t,- : O =L~I~ 
e : 0 - 1 8 ~  

-" -0.5 o o.5 
(y +r)/r  

Fig. 17 Comparisons of ( T w - - T ) / ( T w - - T a !  with 

variation from top to bottom for wirl L/D= 
0 at Re=6×104 

shown in Fig. 17. The dil-nensionless temperature  

( T~,-  T)  / ( Tw - Ta) is shown with the variat ion 

between the top and bot tom of  the tube for the 

swirl flow of  L / D = 0  at Re=60 ,000  in Fig. 17. 

In this case, each section of  the tube has a simi- 

lar temperature profile. The d imensionless  tem- 

peratures are increased f lom 0.38 to 0.45 for 

the range (y r ) / r = O  to --0.3, and then de- 

creased. 
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The  swirl flow has smal l  number s  in the di- 

mensionless  t empera tu re  than  in the n o n - s w i r l  

flow and is un i fo rmly  d is t r ibuted  compared  to 

non  swirl  flow, the swirl flow is less inf luenced 

by the profi le  of  the bend  tube. The  tempera-  

tures with  swirl can be low and  cons is tent ly  

main ta ined .  

The  Nusselts  n u m b e r  for each Reynolds  num- 

ber of  the inner  and  the outer  pos i t ions  of  the 

bend tube in the n o n - s w i r l  flow are shown  in 

Fig. 20. It was s h o w n  that  the Nussehs  n u m b e r  

of the inner  por t ion  of  the bend is 2.0 to 2.1 

t imes greater  than  that  at the outer  pos i t ion  and  

max imum at 90 ° and then decreased. 

In case of  swirl  intensi ty of  L / D = 0 ,  the Nus- 

selts n u m b e r  of  the bend inner  section, the 
3.4 The characteristics of heat transfer 
The Nussel t  n u m b e r  was calcula ted from the 

wall  and the bulk  t empera tu re  of  the upst ream,  20 
bend,  and  d o w n s t r e a m  of  the test tube and made  

d imens ion less  by using the Di t tus -  Boelter equa-  15 

t ion to t  the fully developed flow, and the resuhs  

are shown  in Figs. 18 and  19. 

It is s imilar  to the profile, which  is suggested R 10 

by Kays et a1.(1980) to be reduced in N u / N u D B  

at the s t ra ight  tube  of" the ups t ream of  the bend  ~' 5 

and at the inner  and  outer  cross sect ions of" the 

tube  bend entrance.  It was shown  that  the maxi-  

mum heat t ransfer  occurred at 90 ° from the n o n -  o 

swirl flow, the N u / N u z , B  increased,  m a x i m u m  at 

90 ° and then decreased. In the swirl f l o w ,  the ..5 

same trend occurred,  but the N u / ' N u o ,  was sli- 

ght ly bigger  and  less scat tered than in the non  

swirl flow. It was shown  that  the swirl flow 

improves  the heat  t ransfer  in the 180 ° bend  flow. Fig. 19 
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increment  slope, and the overall Nusselts  number  

appeared  to be greater than in the non- swi r l  flow. 

The Nusselts number  of  the outer section was 

shown to be 2.2 to 2.3 times greater than in the 

outer. This is the results expected based on the 

investigation of  the wall and bulk temperature  

measurements .  

To compare  the ratio of  the heat transfer 

coefficient between the swirl flow and the n o n -  

swirl flow, the Nusselts numbers  and the increas- 

ed ratios for each flow condi t ion  are listed in 

Table 4. In case of  the swirl intensity of  l / D =  

0. the Nusselts number  increased 90-100%, com- 

pared to the non- swi r l  flow, and for L / D = 7  or Flow 

L / D = 1 4 ,  there was about  a 40-70% increase, condition 

As a results in case of  the swirl intensity o f  

L / D = 0 ,  an intensive swirl flow is operated on Non-  

the overall test tube, and. in case of  L / D = 7  or swirl 

L / D = I 4 ,  the swirl flow vanishes and changes 

near the non-swi r l  flow at the downs t ream of  the 
test tube. Swirl 

L/D =0 
Where,  these data were prepared based on the 

average temperature  and the velocity of  the cross-  - 

section of  the tube, but the effects o f  the local Swirl 

heat transfer inside the tube was not taken into L / D = 7  

considerat ion.  The effects of  the several flow pat- - 

terns were considered from cross-sec t ion  I o f  the 
Swirl 

upstream to cross-sec t ion  16 of  the downst ream.  L / D = 1 4  

Figure 22 is a chart plot ted by the Nusselts 

number,  which is conver ted to be dimensionless  

for the non- swi r l  flow of  R e = 6 X l 0 4  and maxi- 

mum Nu/NuDB=2.5 at 90 ° c ross -sec t ion  of  the 

bend. Fo r  the swirl flow, maximum Nu/Nuo8 is 

4.8 at 90 ° c ross-sec t ion  of  the bend. And,  as a 

whole,  o f  the swirl flow is higher than that o f  the 

non-swir l .  These results are generally consistent  

with those of  Said et a1.(1992). 

T a b l e  4 Increased ratio of Nusselt number at given 
flow conditions 

Reynolds 
number 

6X 10 4 

8× 10 4 

I × 1 0  ~ 

6X 10 4 

8X 10 4 

I XIO s 

6K 10 4 

8X 10 4 

I X lO s 

6X 10 4 

8X 10 4 

IX l0 s 

Heat Nusselt Increase 
transfer number Rate 

coefficient [Nu] [,%0] 

74 151 - -  

88 181 -- 

106 218 -- 

142 291 93 

176 363 100 

214 440 102 

104 215 42 

146 300 66 

175 360 66 

103 22 40 

139 287 59 

180 371 70 
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Fig. 22 Comparison of Nusselt number profiles 

along the 180 ° bend for R e = 6 X  104 
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This investigation was conducted in case of the 

fixed ratio between the test tube diameter D and 

swirl chamber diameter d, but the swirl intensity 

is to be changed according to the ratio and the 

entrance conditions. Furthermore, the characteris- 

tics of the heat transfer are to be changed, ac- 

cording to change of the curvature ratio. 

4. Conclusion 

A U-bend circular tube having the curvature 

ratio of 9.4 was made from a stainless steel tube. 

The test tube was heated by a voltage regulator 

and the lbllowing conclusions were derived from 

the experiment of the swirl and non-swirl flow for 

R e : 6 ×  10 4, 8 X l 0  4 and I ×10 s. 

(I) Even though the wall temperature contin- 

uously increased throughout the length of the 

tube, the bulk temperature temporarily decreased 

lbr the non-swirl flow and reached minimum at 

0 = 9 0  ° and tbr the swirl tqow, the effect of the 

geometric configuration was lessened and it con- 

tinuously increased. 

(2) The bulk temperature of the non-swirl 

flow was high and scattered in the same cross 

section of the tube, scattered but one of the swirl 

flow was nearly consistent, and continuously 

increased. 

(13) The dimensionless temperature in the swirl 

flow was kept more consistent and is lower than 

that in the non-swirl flow. 

(4) In the bend tube, the Nusselt number was 

the maximum at 0 = 9 0  ° and the Nusselt number 

at the inner portion of the cross-section of the 

tube was 2.0 to 2.3 times greater than that of the 

outer position. The Nusselt number of the swirl 

flow generally increased, and, in case of the swirl 

intensity of L / D = 0 ,  increased by 90-- 100%. 

(51) When Re=6×104  , the Nu/NuDn of the 

non-swirl flow reached the maximum of 2.5. This 

profile was very consistent with the results of Said 

el a1.(1992). At the swirl intensity of  L / D = 7 ,  it 

was the highest at 4.8. 
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