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ABSTRACT 3

The coefficient of friction and heat transfer are
studied for these condition of laminar swirling flow in the
annular space between two Co-axisl cylinders. Incompressible
and steady flow conditions are comsidered. Computer solutions
- were found for the effect of annular gap height,injection
angle and Reynolds number on the coefficients of friction and
heat convection., The results show that,both the ocoefficient
of friction and coefficient of heat transfer increase with
iggzgaae in swirl angle, and decremsse with decrease of gap

INTRODUCTION ¢

Swirl flow has a potential practiocal importance in
many fields of Industrial engineering. Numerous studies were
devoted to understanding and declarations vf the swirl gene-
ration condition on the friection and healt transfer parameters.
Most of these studies deal with the turbulent swirling flow
in pipes end in the annular space between two co-axial cyli-
nders . One can mention among others those of Ealbot,fyl ]
for laminar pipe flow . Fully developed turbulent flows with
week swirl components were analyzed theoretically by Kreith-
Sonju [2) & Rochino-Lavan (3] ,also obtained a numerical
golution for a turbulent swirling flow and change of axial
veloclty profile due to swirling motion wes found by Yajinig
~Subbaiah [4) to obey the velocity defect law applicable to
turbulent parallel flow .Seno [5) studied experimentally the
effects of wall roughness on the decay of swirl flows in:along
circulexr pipe .

Conocerning the amnular space flow,Taylor [6] investigated
fully developed rotating turbulent flow between concentric
rotating cylinders. Rask-Scott [7) studied a developing axial
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and deocaying ta.ngential velocity fields in a sta‘bionary
ennulue with a nearly free vortex initisl velocity distri-
bution . Isothermal air wag used as the working fluld in
an ammulus,with a single diameter ratio(di/d, = 0.4 ) and
at a single sxial bulk Reynolds number of 1.3 x 1

Simmers ~Coney [ 8 Jstudied the effect of Taylor vortex
flow on the development length in concentric annuli.

' The effect of gap widith and swirl angle of unguided
swirl flow in the annular space between two-co-axial oylifi-

derson coefflcient of friction and heat trensfer needs

further study.

In this paper the steady ,swirling,axially symmetric and
Incompressible ,laminar flow in the amnular space between

two co-amisl cylinders is considered theoretically.

NOMENCLATURE s
Gp' Speéiﬁ.c heat at constant pressure.
4, EBquivalent diameter of anuulus,( 2(1‘2-—1’1)]
d:!. Diameter of lmner oylinder .
do, Diameter of outer cylinder .
;s Coefficient of friction .
h Coefficient of heat tramnsfer ,
k Thermsl conductivity of fluid o
N  Annular radius ratio, ( /::'2 e
¥R Nusselt number, (h.de/k )
P Pressure .
P Dimensionless pressure (l’o-]?)/ ew
P®? Prandtl number, ( MCp/i).
q Quaniity of heat transfer .
=y Radius of inner amnulax surface .
e Radius of outer annular surface »
‘R, Reynolds number,(W.d./s ).
r>0,2 Cylinderical polar coordinates . -
r,% Dimensionless variables r= r/rz, Z= z/rz. ;
T Temperature,
T Dimensionless temperature, T/‘.I‘ .
) : \
fﬂb Bulk temperature, jmw rar / J wrd * .

ATW Drop of temperatura on the wall.

T s | Temperature of surrounding .

- u,V,w Velocity components in the direction of r,8,2' .
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u,v, w Dimensionless velocity components, U=/ .
Vav/v, w=wWww .

Axial mean velocity .
Injection angle .
Dynamic viscosity .
Kinematic viscosity .
Density .

Wi g =

Governing equations

In order to predict fricilional losses and heat transfer
rates in an unguided leminar swirl flow,the fundamental
equations necessary describe the motion are the equation of
continuity and Navier~Stokes equations, The heat transfer
treatment, the thermal energy equation is to be added . In
the case of a gteady and rotationally symmetrical laminar
flow, these equations can be written as

b(s\r?\ )+\j(§zw) \=0 P (1-a)

aag\ R ’},gg\+ P(Su - -‘1{@) . (1-D)

%%f+ﬁ.:¥;.+w\ i;\ :v(Vv _v/2%) ..........(l-c)

ﬁ%:ﬁt v}%!\!"\\ "S%“’V‘ W oeeennee(1-d)

Pop (3 2L + w E )=k St I
Where, Y7‘- _Eg_ d2. . N

Fig.(1l)Coordinate system.

The flow configuration is shown in PFig.(1l),in which Z'
corresponds to the axial direction, At the 1n1et section
w=wf(r), v=wg () and T =7 G (¥). The functions £(¥)

’
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g(¥) define the distribution of velovity in the axial and
tangential direction, respectively and h(r) designates the
‘kemperature profile.Making use of these variables, one
%n;:{oduces the dimensionless variables and parameters ag
ollows :

r=2/T3, Z = 2/t;, N =z /T, ,u=0/W, V= V/W, w= W/W¥ ,

P =(Po-F)/§ W , T=T/I:,Re=2 W ¥,(1-N)/» and Pg= <G .

In the work under consideration an order of magnitude
analysis shows that the radial velocity( u* )is much smsller
than the tengential and axial velocities (v',w"),Rewriting
Eqs: (1-a) to ( l-e ) in terms of the above dimensionless
vartables and applying the boundary layer approximation
the resulting equations are obtained: ;

51.1‘311{_1.; ﬂ%l:o e v e v e . o(2-8)

—V2/r = - BP/BI‘ e o & o o o o( z“b)
SU L uv ov_ _ 2(1~ SV 1d)m v
Uyt T tVWsz = Re")'(.)z“'r'sf'r*
2
+B§v )000(2"'0)
. 2
oW ow YW 200, 3w .1 dw,_ Bw
ubr +waz = o2 + - (br +r-3 += Lz‘)
( 2-4)
F A 1

ud 7 ST 2(1-N), % 1M 3T -
ST ™z ’i&-‘?‘f(éz“*r Yoo (2-e)

The continuity equation in the integral dimensionless
form is : 4

{wvar “h (1=-N2) v v v ww. (2-2)

The boundary conditions are :

0 v =g(r), w=f£(r), T =h(r), and P=0
and * =N , u,v,w = 0, and Atw = constant

7 =
At 22 0
22 0and r =1, u,v, w=20, and gq=20
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Equations ( 2-a ) to ( 2-e ) are nonlinear partial
differential equations and obviously there existe no
analytical s8olution for such equations, under the shove
mentioned boundary conditions which are valid throughout
the decaying swirl length .

Thus, in order to obtain a solution for Egs.( 2-a )to
( 2~e ), one would have to employ a perturbation method or
an appropriate linearization technique for the inertia
Jerms . Tnese procedures would necessarily initroduce some
errors in the resulting 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 eguations . In terms of finite differences
these equations read :

N+(k-1)AR] 4R | 2N+(2k-1) AR]
j+1 k41™Y541, k|F¥k &R J " 74z | B+k 2K N

m=w e e e D)
N+(k-1) AR AR

C. v +C v -
1 Vgel,k-1 IHLEY O3 i,k = Gy 0 v w w (B3=c)

-

j.:.t!'.!._ + C W
AT 1 Yy41,k-17 Cg Wa+1 3wj+l,k+1= Cge » (3-d )

and the integral continuity equation( 2-f) reduces to

AR éa ROV, g 1 = % 1-07) e e e e e (B3-2)

Where Uik ., 2(1-M)  Q-N
1 2ar Reag? k) &
o c2am Yk acem Y 20w
2 "R ng? " g Re AR® R(k) k)

(1-N 20-8) _ M.k
63 = ReRtERR* 1%"%“ s AR
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v
_ 4% MLk Tk 2N
04 eAZQVj,k l‘-—A%‘_‘ Reag vj'19k
2gl~N! j,
5 gRe AZ Ag
¢, = ._.1.:... ...J..I__.. 1 N Z(I-N) i
6 Az a-l,k

c (1—N2 o 2(1-W) - “J.k
W,
ik 1-N) _ _2(1-X
Cg AZ+Re AR s A"‘Z‘ZL"’"‘
¢ 2(1-N -§
’ - B vy o
2AR r AR ’

C Vi T 200w (2y-1,0e27 Tk )

10 AT Re Pr A ZZ

K  is the integral counter in the direction of (»)
J 18 the integral counter along the test section .

Equas. (3-b) ,( 3-¢) ,(3~-d) and ( 3-f )are simultaneous
linear algebraic equations, which can be solved numerically
to obtain u , v , w and I%Supsituﬁautlgthe 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 .

C

In order to predict the friction losses,the following
equation is used : P = P~ P de ( 4)

PW_aTn.o.o

Thig equation can be written in the dimensionless form as:
f=-4P(l"N)/Z e ¢ o6 o e & & & » o0 (5)

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

i.e. Srfdr/frdr.........(e)
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HEAT TRANSFER CHARACTERISTICS:
The coefficient of heat transfer 1s defind by:
h(Tb"Tw)= —k(}T/br?]z‘;‘ztf....'('])
r=x r
Tb is the bulk temperature = J' T/ 7 dar/ ][
7

r=ry 1

[N

Where, \2
wr ox

The bulk temperature in a dimensionless form is defined

as : 1 f
Tb=f Tﬂrdr/ fWI\dr e o o © & e o @ (8)
N N-
The local Nusselt number (Nu) becomes:

N = %en dg _ k( b%ﬁ»r)wall
Ty - Ty

E Tk

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

RESULTS AND DISCUSSION :

.

e e TR e e o . s s e e i 0 B

Samples of the computed tangential and axial velocity
profiles are shown in Figs ( 2,3,4). Fig.(2) shows the
effect of swirl angle (<« )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 tang-
ential velocity distribution is shifted gradually towards
the inner wall as (=) increases . This can be a result
of the increase of kinetic energy near the walls due to
the increase of mass flux.PFig.(3) shows the effect of
Reynolds number on the tangentiasl velocity profiles, It
can be seen that an increase in (Re) leads to an increase
in V.. to a certain limit (Re ~ 1000 ) after which the
increagse in ( Rg) leads to a decrease in Vias
At e=mall values of (Re) the increase of (Re) increases
the rotating mass flux,but at higher Reynolds number this
leads to separation of flow, This would explein the app-~

arent reduction in Vmax at high Reynolds numbers .
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Fig.{ 4 ) shows the effect of gap width. It is seen
that & ~reduction in the gep width leads to increasing
the mean %btangential velocity . This is a result of the
flow area . The smaller the gap width the smallexr the
area of flow and hence the higher the velocity. The shift
of Vhax.towards the outer wall is due to the centrifugal

force, which increases with the decrease of gap width.
2)Axial velocitys

The axial velocity profiles are phown in Figs( 5 107 }.
Fig.(5) shows the effect of swirl angle on axial velocity
variation &cross 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
ig noticeable . The effect of ( Re) is similar to that

of ( <) ,as can be seen from fig( 6 ), The increase of
( <) or ( Re ) leads to increase of centrifugal force end
hence the kinetic velocity near the outer wall is decreased.

The effect of gap width on axial velocity is shown in Fig.
(7), where it 1is clear that the increase of gap width
leads to increase of ( W ) at the inner wall and decrease
of ( W ) at the outer wall, so that the mean axial veloc-
ity is kept the same . ‘

Pressure Distribution :

Figs (8 to 10)show the pressure distribution in the
annular gap for different Reynolds number,injection angle
and gap width . The effect of (=) is shown in Fig( 8 ).
The higher the injection angle +the lowexr the value of the
pressure drop at the inner wall and the higher is the value
8t outer wall . This would possibly occur due to the
expected increase in centrifugal foreces with increase in
both ( Re) and ().

Fig.( 9 ) shows the effect of Reynolds number on the
pressure drop slong the fiow . It is seen that at high
values of Reynolds numbers higher pressure drops are existed
on the inner wall which can be ,again , a result of an inc-~
reage in the centrifugal force .

Concerning the effect of the gap width,as can be seen from
fig.(10), the larger the gap width (N is smaller ) the
lower is the computed pressure drop, a result which is
quite expected . '



Coefficient of friction (£)s

Predictions of the coefficient of fwiction are shown
on Figs.( 11 to 13). It can be seen from fig.{1ll) that
elong the annular space (f) is decreasing., The effect of
injection angle on the coefficlent of friction in the
entrance gection ( up to 2 <« 8 ) differes from i1ts
effect at 2 > 8 . At 2 48 increase of ( «) results
in a corresponding increase Iin the frictional losses .At

=« =80 (f) is very small due to a propable reverse flow.
At 2>8 and « £ B0 the varistion in injection angle has
no but a slight effeect on the coefficient of friction .

It is also seen in fig.(12) that increasing (= )
(%2 w4, §=0.5) leads to a glight increase in the co-
efficient of friction compared to the corresponding incr-
eaze at higher Reynolds number up to « = 652, where at
Re = 3000 , a possible reverse flow would have the effect
o? reducing the coefficient of friction . The incresse of
Re, as expected, leads to lower values of (£). The effect
of the gap width on (f) is shown on £ig.{ 13 ). The higher
the value of the gap width the higher to the coefficient
of Friction as would be expected due to the lesser rate of
gswirl decay in large snnuli .

Temperature distribution and nusselt No(Nu ):

Theoretical predictions of the temperature distribution
in the annular gep is shown in fige (14 to 16). It is
clear from these figures that the increase in either Reyn-
olds number, « , or gap width increases the tempersiure
acrose the flow at corresponding sections. This can be
expected since increase of Re or o¢ decreases the thermal
boundary layer thickness . As to the increase in gap widih
the effect in incresging temperatures would be the longer
contraction of motion .

The results of Nusselt number are shown in Figs (17 to 19}
Concerning the effect of (k) at Z L 8, according to Fig 17,
Nu increases as (« )} increases, but at Z>8 Nu decreases
to a nearly counstant value. In case of =« = 80° the Nusselt
number decreases along the annular space . ‘
Fig.(18) shows ( Nu) versus (=) at different Re. Increase
of Reynolds number leads to increase in Nusselt number, -
The rate of increase in Nusselt number at constant Reynolds
number is higher ate> 60° ., The increase in gap width
increases Nugselt number as can be seen in fig 19. RNusselt
number results are correlated with the sfoementioned res-
ults of tempersture distribution . .
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Conclusions 3

1) The tangentisl component of velocity decays faster
along the annular gap in cese of ensller gap widtha.
This has the effect of reducing the coefficient of
friction for smaller gaps swlrling annular flow .

2) Higher rates of heat transfer are expected to occur at
higher values of injection angle ( Z £ 8),while the rate
decreases at valuesg of 22>8 . It is therefore recomm-
ended to utilize the decaying swirl flow in annular
spaces il relatively shorter (or compact) heat exchangers.

3) In & swirling flow through an snnular space, the friction
coefficient decweases with increase in Reynolds number
while on the contrary Nusselt number increases with in-
crease in Reynolds numberat a given injection angle and
gap width ,
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APPENDIX (A)

Example to use finite difference representation

Finite difference representation of the tangential bound-
ary layer equation

k+1
~!F———| ’Q
AR
<~ t
[y &
It 3 T

Fig.(20)grid points involved in the difference
representation

Replacing the derivatives in equation (2-c ) by the foll-
owing finite difference approximations.

sy Vgtl,E+l -Vl K-l
ST v 2A§i 2 V.. JE-1
. +1 =2V, ,K+V.. . K-
LTyl = g T "V KHVga
N
V+1,K 2V K 4V, o,k
2y ngR o S o% J-1?
v, By
o Vrax - V1 x
and dv/Z A7

The equation(2-c) to a linearized finite-wifference form
becomes .

w | VI4dk4) Vo4l k1 ] L2k Vae1,k L3 k[vJ+l,k-vJ,k J
hEY 2 AR ' "—'—TRT‘—,C ' AZ

- -2Q-M)] Ta41,1k41-273 H,k-VJ+1.k-g oL [vJ+l.K+l-vJ+l,k-l]
-—“é_‘e N 3163 2 AR

) Vrel,k = 2 Vi kY-
AZC

1,k ~
-]~ Vidl,k / Rz(k)J .
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Coefficient of friction (1)
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