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ABSTRACT : 

The coefficient of friction and heat transfer are 
studied for these condition of 1- drllng flow in the 
annular apace between two Co-axial cylinders. Incompressible 
and steady flow conditions are considered, Computer solutions 
were found for the effect of annular gap height,injection 
angle and Reynolds number on the coefficients of friction and 
heat convection, 'Phe results show that,both the ooefficient 
of friction and coefficient of heat transfer increase with 
fncreaae in swirl angle, and decrease witfi decrease of gap 
width. 

~TRODUCTION : 
S w l r L  flow has a potential pmctioal importance in 

many fields of industrial engineering, 19umerous studies were 
aevoted to underatasding and declarations bf the swirl gene- 
ration condition on the friction and heat transfer parameters. 
gost of these studies deal with the .turbulent swirling flow 
in  pipes and in the ~naular space between two coyaxial c li- 
nders . One can mention among other* those of W-bct ?l 1 
far lnminar pipe flow . W l y  developed turbdLent flowsr with 
weak swirl components were analyzed theoretically by Kreith- 
Sonju @) & Rochino-Lavaa 0) ,also obtained a numerical 
solution for a turbulent swirling flow and change of axial 
velocity profile due to swirlhg motion was found by Yajinig 
-Subbaiah c41 to obey the velocity defect law applicable to 
turbulent parallel flow .Sen0 [Q studied experimentally the 
effects of wall rou&mess on the deoay of swirl flows inalong 
circular pipe , 

Concerning the annular space flow,Taylor &J investigated 
fully developed rotatlag turbulent flow between ooncentric 
rotating oylinders, Rfsrsk-Scott m3 studied a developing axial 
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and deaaybg tangential  veloci ty  f i e l d s  in  a stat ionmy 
emnulu~ ~ 5 t h  a newly f r e e  V O P ~ X ~ X  %n%tiBJ. veloci ty  d i s t r b  
bution . Isothermal air was u ~ e d  as the working f l u i d  i n  
r%n a ~ u l . u s , w i t h  a s w l e  diameter ratio(di/d, 
a t  a s i n g l e  d a X  bulk BeyaoLds nwnber of 1.3 x 1 
Simmers -Coney 6 8 3stuaeed the e f iee t  of Taylor vortex 
flow on the development Zen&& Ss conomtric aMuli. 

The ef fec t  of gap d d % h  and EIPbSrJ. angle of unguided 
&rl flow in the ~ ~ ~ W ~ L E I P  epaae between two-00-exial oyliii- 
ders.QX3 ooeffiaimG of M u t i o n  and heat traaasfar needs 
fur ther  sLu&y. 
Sn this paper the s t e m  ,8w;irling,&&ly symmetric and 

Incomprelssible ,Lan&mzr flow in the aanuler spaoe between 
two ao-&al. cylinders Is considered theoretically.  

NOl5ENcLA'MTRE: 

Cp Specific heat at aonstanf p r e s e e .  

d, Equivalent diameter of Q M ~ W ,  C ~ ( r i - r i ) ]  . 
di Diameter of b n e s  aylinder . 
d, Diameter of outer c y l b d e r  . 
f Coefficient of f r i c t i o n  . 
h Coefficient of heat t ransfer  . 
k !l?hemd, 00nduCti~itg of f l u i d  
$I Annular radhs ra t io ,  ( z$/r$ 1. 
$UJ Nwselt  number, (h,de/k ), 

q 6&antity of heat t ransfer  . 
Radius of inner anntdl.aa3p stmfaee 
Radius of outer a~~luPar surface . 

AT, Drop a% temperat;we on the m d 1 .  
T Tenperatwe of smoundlrag . 
.a 
a,<$ Velocity componenfx ia the direction of r\,e, 5' . 



u, v, w Dimeqsionleas qelocity components ,u=d/~ , 
- v a v/@ W = w / F  1 

W Axial mean velocity 
M Injection angle 

Dynamic viacosfty . 
mematic visoosity . 

3 Density . 
Governing equations 

In order to predict friciiional losses and heat transfer 
rates in an unguided laminar swirl flow,the fundamental 
equations necessary describe the motion a r e  the equation of 
continuity aad Navier-Stokes equations, The heat transfer 
treatment, the them1 energy equation is to be added . In 
the case of a steady and rotationally symmetrical laminar 
flow, these equations can be written as a 

Fig. (1) Coordinate system. 

The flow cmnfiguration is shown in Fig. (1) ,in which Z' 
cprresponds to the axial dir-ection. At the inlet section 
w = iij f(r'), v'= Gg (2) and T =T,h(ls). The functions f(3) , 



g(r') define the distribution of velovity in the axial and 
tangential direction, respectively and h(r') designates the 
'Qemperature profile.Making use of these variables, one 
introduces the dimensionless variables and parame.ters ag 
follows : 

In the work under consideration an order of magnitude 
analysis shows that the radial velocity( u')is much smaller 
than the tangential and axial velocities (v',w').~ewriting; 
EqS:  (1-a) to ( 1-e ) in tern of the above dimensionlees 
varfables and applying the boundary layer approximation 
the resultiag equations are obtained: 

The- continuity equation in the integral dimensionless 
form is : j 

Jwrar = x  ( l - ~ ~ )  . . . . . . . (2-2 
)v 

The boundary conditions are : 

A t  Z = 0 v =g(r), w = fk), T =h(r) , and P= 0 
At Z 7/  0 and r =N , U,V~W = 0, and atw = constant 
at Z 7/ 0 and r -1, u,v, w = 0, and q 1 0  



Equations ( 2-a ) to ( 2-43 ) are nonlinear partial 
differential equations and ob~iously there exists no 
analfiical solution for such equa-tions, under the above 
mentioned bound- conditions whicharevalid throughout 
the decaying swirl length . 

Thus, in order to obtain a solution for Eqa.(  2-a ) t o  
( 2-e ), one would have to employ a perturbation method or 
aa appr~priate linearization technique for the inertia 
jierms . Tnese procedures would necessarily introduce some 
errors in the resul$ing solutions which can not be eatim- 
ated unless the exact solutions are found . Accordingly 
a finite difference method ( Appendix (A) was used to 
solve these e~uations . In tern of finite differences 
these equatio6s read : 

"7 TJil,k-li '8 Tjil,k iCgTj+l,k+l = '10 . . . . (3- el 
and the integral continuity equation( 2-f)  reduce^ to 

Where 



K is the integral counter in the direction of (r) 
3 is the integral counter along the test section . 
Equs. (3-b) , ( 3-c)  , (34) and ( 3-f )are simultaneous 
lines?? algebzaic equations, which can be solved numerically 
to obtain u , v , w and BSu~sitLi%autigthe results of these 
quanties, at the end of a step; in.Equ. (3-e), the tem- 
perature can be determined at the end of the step and thus 
the temperature distribution at a given section was 
obtained . 

In order to predict the friction losse8,the following 
equation is used r = Po- I?' de 

m2.T * * - * *  
( 4 )  

This equation can be written in the dimensionless form as: 
f=-4P(l-N)/Z . . . . * . . . . . .  ( 5 )  

In this equation, P is the average dimensionless pressure 
over any cross section at a distance Z from the entrance: 



HEAT TRANSFER CHARACTERISTICS: 

The coefficient of heat transfer is defind by: 

r=ri 

The bulk  temperature in a dimensionless form is defined 

The local Nusselt number (Nu) becomes: 

Using Eqn (9) the local Nusselt number at any cross section 
at a given distance Z from the entrance can be calculated. 

RESJLTS AND DISCUSSION : 

1-Tsest i a L n e l ~ c Z Q i  
Samples of the computed tangential and axial velocity 

profiles are shown in Pigs ( 2,3,4), Pig. (2) shows the 
effect of swirl angle (d)on the tangential velocity 
distribution . It is clear that the increase of the angle 
( " )  leads to an increase of the mean tangential velocity. 
This is expected since the rotating mass flux increases 
with the increase in swirl angle . The peak of the teng- 
ential velocity distribution is shifted gradually towards 
the inner wall as (4) increases . This can be a result 
of the increase of kinetic ener near the walls due to 
the increase of mass flux.Pig. (8 sham the effect of 
Reynolds number on the tangential velocity profiles. It 
can be seen that an increase in (Re) leads to an increase 
in Vmax to a certain limit (Re N 1000 ) after which the 
increase in ( Rs) leads to a decrease in V- 

At small values of ( ~ e )  the increase of ( R e )  increases 
the rotating mass flux,but at higher ~e~nolds number this 
leads to separation of flow. This would explain the app- 
arent reduction in Vmxe at high Reynolds numbers : 



Pig.( 4 ) shows the effect of gap width, It is seeu 
that a seduction in the gap width leads to increasing 
the mean tangential velocity . This is a result of the 
flow area . The amaller the gap width the smaller the 
area of flow and hence the higher the velocity. The shift 
of VmaX.towards the outer wall is due to the centrifugal 
force, which Sncreases with the decrease of gap width. 

The axial velocity profiles are phown in Figs( 5 to7 ). 
Fig.(5) shows the effect of swirl angle on axial velocity 
variation across the annuli . As ( - )  increases the axial 
velocity increases at the inner wall side and decreases at 
the outer side . At high injection angles reverse flow 
is noticeable . The effect of ( Re) is similar to that 
of ( 4 ) ,as oan be seen from fig( 6 ). The increase of 
( o(. ) or ( Re ) leads to increme of centrifugal force and 
hence the kihetic velocity near the outer wall is decreased. 
Ihe effect of gap width on axial velocity is shown in Pig, 
(7), where it is clear that the increase of gap width 
leads to increase of ( B ) at the inner wall and decrease 
bf ( W ) at the outer wall, so that the mean axial veloc- 
hty is kept the same . 
Pressure Dietribution : 

Figs (8 to 10)show the pressure distribution in the 
annular gap for different Reynolds nwnber,injection angle 
and gap width . The effect of ( w )  is shown in Fig( 8 ). 
The higher the injection angle the lower the value of the 
pressure drop at the inner wall and the higher is the value 
at outer wall . Thia would possibly occurL due to the 
expected increase 3.n centrifugal forces with increase in 
both ( Re) and (4.1. 

big.( 9 ) shows the effect of Reynolds number on the 
pressure drop along the flow . It is seen that at high 
Values of Reynolds numbers higher pressure drops are existed 
an the i ~ e r  wall which can be ,again , a result of an inc- 
rease in the centrifugal force . 
Concerning the effect of the gap width,as can be seen from 
fig. (lo), the larger the gap width (N is smaller ) the 
Lower is the computed pressure drop, a result which is 
quite expected . 



Predictions of the coefjlieient of  f%. : t c%i~n  a m  S~UVJYL 
on Pigs.( II l o  131, It c m  bs seen from fig,(21) that 
alolzg the m u l m  Rpace ( 9 )  i s  decreasing, The e f f e c t  o f  
h j e c t i o n  angle on the coefficient o f  friction in the 
e n t r a c e  sect ion C up t o  Z d .( 8 di f feses  from F t s  
ef fec t  at Z 8 . At 2 L8 increase of ( 4 r e su l t s  
b a corresponding inersebae iil kke frictional losses  . A t  

oc =80 ( 2 )  2% wen  &1 due t o  a propable reverse f low.  
A t  Z > 8  a ~ l d  ai L 8 0  the ~mftk ' t ion h h j e c t i o n  angle has 
no but a  light effect  oa the coefficient of f r i c t i o a  , 

It i s  also seen LhL f i g r  (12) that inoreasing (" ) 
( 2 w 4 , lJ - 0 0 5  leads t o  a s l i gh t  increase b the  GO- 
efficienL of  f r i c t i o n  compared t o  the co~respondhg  bcr -  
ease a% higher Reynolds amber  up t o  oc =t 65",  where at 

= 3600 a possible reverse flow would have the e f fec t  
redue& the coefficient of f r i c t i o n  , The b c r e a s e  of 

Re,  as expected, leade to  lower values of (f), The ef fec t  
of the  gap wictth on (f) is shom on Pig . (  13 ), The higher 
the value of t h e  gap width the higher t o  the coefficient 
of f r i c t i o n  as  would be expected due t o  the l e s s e r  r a t e  of 
swirl decay i n  large a~lllu2.i * 

Theoretical predictions of the temperature d i s t r ibu t ion  
Ln the ~bnaetJa~ gap is shown in fig$ (14 t o  16)e It i s  
clear from these figuses that the h c r e e s e  in e l the r  Reyn- 
olds m b e r ,  & , or gap a d t h  irecreases the  tempem.t;ure 
across the flow at corresponding sec%ioas, This c m  be 
expected S ~ P L C ~  h ~ r e m e  of R e  or d decreases the the='J. 
boundary layer  Lkickzess . A s  t o  the increase in gap width 
the  e f f ec t  i n  bcreasing temperalures would be the longer 
contraction o f  aotlosa , 

The r e s u l t s  of NxlsseZt number a r e  shom i n  Figs (17 t o  19J 
Concerning the ef2ec-t; o f  ( d )  a t  Z L - 8 ,  according t o  Pig 317, 
Eu increases as ( P C )  i n c ~ ~ e a s e f l ~  but a t  2 > 8  Nu decreases 
t o  a nearly oonstwt  value. 9h case of ac = 80° the Nusselt 
number decreases along the annular space , 
Fig,(l%) shows ( flu) versus ( N )  at different  Be, Increase' 
of Reynolds number leads t o  increase in HusseLt number, 
The r a t e  of iacreaae i n  N u ~ s e l t  number a t  constant Reynolds 
number i s  higher atw> 600 . The increase h gap width 
increaees NusseEt number as can be seen i n  f i g  19. Nusselt 
number r e r ~ u l t s  are  correlated with the afoementioned S ~ B -  
uX%a of temperature d i s t r ibu t ion  . 



1) The tagentfal component of velocity decaya faster 
along the m u E a r  grap b. case of ~smI:ler gup widths, 
Thia has the effect of seducs'ag %be coefficient of 
friction for smaller gags d11ing eulrmuZar flow . 

2) Higher rates of hetit trmafer arc expected to occur at 
higher value8 of injection angle ( 2 LB),while the rate 
decrbaaes at values of 8 7 8  . It is therefore recorn-. 
ended to utilize the decaying mix1 f l o w  ia e,rmLU3m 
spaces in re2atively shorter (or compact) heat exchangers, 

3 )  L11 a swirling f 1 . 0 ~  %bough EUL annular space, the friction 
coefficient dec~eases with h c r e a s e  h Reynolds number 
while on the contrary HusselL number increases  with in- 
crease in Reynold# numberataggiven injection angle and 
gap &dth e 
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Exam~le t o  use f i n i t e  difference representation 

F in i t e  difference representation of the tangential- bound- 
ary layer  equation : 

3 -  J ++I 

Fig. (20)grid points !'-nvolved i n  the difference 
representation 
Replacing the derivatives in equation (2-c ) by the fall- 
owing finite difference approximations. 

!Be equation(2-c) t o  a l inearized fini+awaffference form 
becomes . 


























