p = overall density = 2,

@; = mass fraction of i = p;/p

wa1, was = fixed mass fractions of A far from membrane
(Figure 2)

Subscripts

A, B = species A, species B

Superscripts

I, Il = bulk phase regions adjacent to membrane (Figure
2)

II = membrane region (Figure 2)
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Fully Developed Viscous Flow and Heat
Transfer in Curved Semicircular Sectors

The Navier-Stokes equation in stream function-vorticity form and the
energy equation are solved numerically for a fully developed flow of a New-
tonian fluid in coiled circular sectors having zero pitch. Two Leat transfer
cases are studied: axially uniform heat flux with uniform peripheral tem-
perature and axially uniform temperature with mixed conditions along the
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periphery. Solutions are presented for curvature ratios in the range of 5 to and

30, Prandtl numbers in the range of 0.7 to 100, and Dean numpers up te
300. In all cases studied, the heat transfer performance for the curved tubes

was superior to that of a straight tube geometry,

SCOPE

Curved tubes such as helical and spiral coils find a wide
variety of application in heat exchangers and chemical re-
actors. The reason for such a wide use of coiled tubes
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are twofold. Coiled tubes make it possible to house process
equipments such as heat exchangers in a very small space.
More importantly, the existence of secondary flow in coiled
tubes aids transfer processes such as convective heat and
mass transfer.
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Systematic study of transport phenomena in curved tubes
started with the experimental work of Eustice (1910, 1911)
and the theoretical work of Dean (1927). They studied the
fluid flow in curved tubes of circular cross section. Recent
contributions to this area include a rigorous numerical solu-
tion of the Navier-Stokes equation for a wide range of
Dean numbers by Austin and Seader (1973). Xalb and
Seader (1972, 1974) solved the energy equation under two
different thermal boundary conditions. A review of all the
work on pressure drop and heat transfer in coiled tubes
of circular cross section can be found in Srinivasan et al.
(1968). Curved tubes with noncircular cross section was
first studied by Cuming (1952) who solved the equations
of motion for flow through curved pipes of elliptical and

square cross section. Other works on transport phenomena
in curved tubes with different cross sections include Cheng
and Akiyama (1970) who studied forced convective heat
transfer in curved rectangular channels and Masliyah and
Nandakumar (1977) who studied forced convective heat
transfer in internally finned helical coils.

The main objective of the present study is to obtain nu-
merical solutions for the fully developed fluid flow and
heat transfer with two different thermal boundary condi-
tions. The configuration under study is coiled tubes with a
cross section of circular sectors as shown in Figure la.
Analytical study of fluid flow and heat transfer in straight
tubes with a cross section of circular sectors can be found
in Eckert et al. (1958).

CONCLUSIONS AND SIGNIFICANCE

A numerical study of fully developed viscous flow and
heat transfer for two different thermal boundary conditions
in curved semicircular sectors has been presented. A com-
puter program developed to solve the governing equations
is quite general and is capable of handling any curved
circular sector geometry shown in Figure lc. However,
the results are presented only for semicircular sectors
shown in Figure la.

The friction factors can be adequately correlated by
Dean number alone, and they do not depend on the radius
of curvature as an additional parameter. For the two cases
of thermal boundary conditions, the average Nusselt num-
ber depends on both Dean number and Prandtl number.

A comparison of results with fluid flow and heat transfer
in curved rectangular tubes indicates that the equivalent
diameter is not adequate to account for the two different
geometries,

The fractional increase in heat or mass transfer coeffi-
cient relative to the fractional increase in friction factor for
curved and straight semicircular ducts is greater than unity
for all cases studied, and it increases with both Dean and
Prandtl numbers.

Such a heat transfer enhancement is for the case of
helical coils of very small pitch. For cases of loosely wound
coils, it is likely that the enhancement in heat transfer
becomes lower than the ideal case considered here.

Curved tubes such as helical and spiral coils are known
to enhance the transfer processes such as heat and mass
transfer, This is due to the existence of secondary flow
field which is superimposed upon the axial velocity flow
field. Fundamental information on the velocity field is
useful in establishing heat and mass transfer rates and
homogeneous chemical kinetic phenomena for flow in
curved tubes. Recently, interest has been expressed in
increasing mass transfer rates in membrane blood oxy-
genators, (Weissman and Mockros, 1968) by making use
of secondary flows such as those induced by curved tube
flow channels. For these reasons, the transport phenomena
in curved tubes of various cross sections have received
much attention in the literature. Kalb and Seader (1972)
have shown that the fractional increase in heat transfer
coefficients relative to the fractional increase in friction
factors for curved circular tubes as compared to circular
straight tubes could be as high as 2.5. Similar behavior
was predicted for rectangular curved tubes by Cheng
and Akiyama (1970) and Cheng and Hwang (1969).
Transition from laminar to turbulent flow is much delayed
in helical tubes. Taylor's (1929) experiments showed
that depending on the ratio of radius of curvature to
tube radius, the critical Reynolds number was increased
to values beyond the value of 2 100 usually accepted for
straight tubes. For example, for a curvature ratio of
18.7, a critical Reynolds number of 5830 was observed.
Such results for critical Reynolds number are not avail-
able at present for curved tubes with noncircular cross
sections.

Several theoretical studies by Dean (1927), Topakoglu
(1967), McConalogue and Srivastava (1968), Truesdell
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and Adler (1970), Akiyama and Cheng (1971), and
Austin and Seader (1973) are available on flow in curved
tubes of a circular cross section. Theoretical studies on
transport phenomena in curved tubes with a noncircular
cross section are given by Cuming (1952) and Cheng
and Hwang (1969).

Here we present a detailed numerical solution for fluid
flow and heat transfer in curved semicircular ducts as
shown in Figure la. Such tubes can be used as heat
exchangers wound around cylindrical vessels with the
flat surface of the coil contacting the cylindrical surface
as shown in Figure 1b. The equations of motion and
energy are solved in toroidal coordinate system, While
the results presented in this work are for a configuration
such as that of Figure la, the developed computer pro-
gram is more general and is capable of solving a case
such as that of Figure lc.

Solutions for heat transfer are presented for two dif-
ferent thermal boundary conditions.

Case 1. Uniform axial heat flux with uniform peripheral
temperature.

Case 2. Uniform axial temperature with peripheral
conditions of uniform temperature along the straight
inner wall and zero heat flux for the outer semicircular
surface, Such a condition will be useful for the case
shown in Figure 1b.

GOVERNING EQUATIONS

The equations of motion for the case of a fully de-
veloped, incompressible viscous flow of a Newtonian fluid
with constant physical properties in toroidal coordinate
system are given below. The variables are rendered
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Fig. 1. Geometry of helical semicircular sectors,

dimensionless using the following quantities:

v Rc v, v'g
r=— A= e— Uy = ——— Dy = e
R R (v/R) (v/R)
op’ R? v W’y
= e—— ——— = wy = -
2% (+/R) (v/R?)
and
¢ = y'/vR
1. Axial component of Navier-Stokes equation:
0vy 90y vy 1 8%, Q
A,y + B C — —— -
e o6 + or or2 2 392 H
(1)
where
1 sinf oy ]
o) 8
TR r 26 + cost d
1 [a¢ ]
B = —_—
e o cosd
3 [1+sin0+1 a¢]
- r H rH 96
H = \+ rsind
2. Vorticity transport equation:
dwg doy  FPuy 1 d%wg
A B—+4+C—m— " =
wet Bt O~ e P 3
where
1 iy sind a8y
PN PN
© 7T cosd ™ + "
2 ,
D= Uy [cOSG vy _ sind Vg ]
H or r 28
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3. Stream function-vorticity equation:
1 & 1 & Ao

H o HE e T THE o
cosd o
— —_—= 3
g s
The defining equations of stream function are
-1 oY
——— 4
b r(\ 4 rsind) 49 (4)
1 N
= — 5
ve (A + rsing) or (8)
The axial vorticity is given by
309 vo 1 GD,-
=—t———— 6
e dr + r r of ( )

Subject to the no-slip boundary condition at the surface,
Equations (1) to (3) describe the flow field in a curved
semicircular sector. Owing to the manner in which the
variables are rendered dimensionless, the pressure drop
appears explicitly in the equation for axial velocity, and
the Reynolds number becomes an implicit quantity to be
calculated from the velocity field.

BOUNDARY CONDITIONS

The three dependent variables, namely, the axial ve-
locity vy, the stream function ¢, and the vorticity wg, are
to be specified on the flow boundary:

vy =0 r=1 Oéﬁé—g- (no slip)
Dd, 0 T = O—éoé-g—
134, 0 =r=] =0 (no slip)
Vo T
-6—0:0 =r=] 0=—2~ (symmetry)
$=0 r=1 Ofﬁé%
=0 =pr= 6=0
$ = =r= 6= —£~ (symmetry)
y=0 r=0 Oéaé%
805
Wy = ——
(] ar
1 3% -
=—— = =f=—
T 7 r=1 0=2¢ 3
0y =0 r=0 Oéoéiz’-
=L % 9=0
CHrp <<l 0=
wp =0 0<r<l1 0=-12L (symmetry)

The Reynolds number D’e p vy/p based on the equiva-
lent diameter is given by

Re = De vy (7)
v
De = RA,: = 4V,/ Ay (8)
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where
De = D'e/R,V,, = V’,,/R3 and A, = A’,,/R?

V' and A’y are the wetted volume and the wetted area
per unit ¢, respectively. This less common, but more gen-
eral, definition of the equivalent diameter is preterred be-
cause in this particular geometry the tube is not sym-
metric about ¢ = 0. Lo retlect the nature of the asym-
metry, which is caused by the curvature of the tube,
the dehnition given by kquation (8) is used for the
equivalent diameter. ‘Lhis results in the following ex-
pression for the equivalent diameter:

A 2
i[5 5]
De = ————-——— (9)
AMr+2)+2
As A = o, De » 2z/(x + 2), which is the value
of the equivalent diameter for a straight semicircular
sector. The product fRe for the curved semicircular
sector is given by
(2
o= (22) (ADesan) (10)
]
Equation (10) was arrived at using the definition of
friction factor, where

— (8p") A’z = Yo pV'6?A%w (04)f (11)
A, = A'/R?

The validity of the numerical solution can be checked
by integrating the wall shear stress +,4 and g and
equating the total shear force to the pressure force.
This force balance leads to

and

1 T
2£ M%dr-{—‘,\: T,¢(A+rsin0)d0=£§- (12)

where the dimensionless shear stress at a respective
surface is given by

1 30¢
= — 13
o =T (18)
and
g
o = ot (14)
ar

The shear stress is rendered dimensionless using

v = u2r/R%

HEAT TRANSFER

The steady state energy equation for constant fluid
properties, negligible energy dissipation, and negligible
axial conduction is given by

, 0T vy 17 Vg 8T’
e TTr T (Rc + ' sind) o
v [azT’ 1 3T sin@ aT’
T Pr Lz Y o (Rc + r’ sing) or
__1_52T’ cosf oI ] (15)
2 362 r’(Bc + t'sinf) a6

For any particular boundary condition, Rohsenow and
Choi (1961), a fully developed temperature profile is
assumed to exist when

T’w R

T T = f(r, 8) (186)
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For axially uniform wall heat flux condition with pe-
ripheraily uniform temperature (case 1), Equation (16)
leads to
7 f a1’ ar
= = (17)
de ¢ dé
For the case of axial uniform temperature with pe-
ripheral conditions of uniform wall temperature, T, at
the flat tube section and adiabatic surface for the semi-
circular tube section (case 2), liquation (16) leads to
oT” ar’ Tp—T dT”
= (1, 8) = e (18)
N de T —T% d
Equations (17) and (18) are then used in (15) to replace
017/d¢. If we define a dimensionless temperature T as

(T’ — T')A
RePr(dl",/ds)

(19)

the energy Equation (15) becomes

®T 1 a2T+[1+ w0/ + 1 sind) vPr]aT
Py -_1‘-2— Y ; sin T Sin ¥ ar
P T
[ cosd _ver]B +A=0 (20)
(X + 7 sind) r a9
where, for case 1
UpA
Ao o 21
Re(\ + rsind) (21)
and for case 2
AT
A= 2 (22)

TyRe(\ + rsing)

The appropriate boundary conditions for the energy
equation are

T=0 =r=1 =0
ﬂ:o 0=r=1 6 =a/2
a9
case 1 T=0 r=1 0=¢=x/2
case 2 (;T =0 r=1 0=0=n/2
or

The dimensionless bulk fluid temperature Ty is given by

B J;w Jo'l vy Trdrdd

Ty — (23)
U¢A;
The average heat transfer coefficient R is given by
T=FR(T% — T%) (24a)
An energy balance gives
qA h _ AT’ ( 24b)
—6,¢A’J:PCP Ad)
Using Equations (19) and (24), one obtains
__ hD'% M, (25)
M= "Ta
where
A, = A"W/R?

For case 1, A, = Ay, and for case 2, A, = 2\, The local
heat transfer coefficient is given by
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Fig. 2. Contours of normalized dimensionless axial velocity for A =

30.

T’

R(Ty~Th) = — k— (26)
on surface
The above equation leads to
hD’e De oT
Nu(g) = = —
( ) k T, or r=1

at the semicircular tube section, and
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De 4T

Nu(f) = Tyr -_3.0_ =0

at the straight section. The average Nusselt number can
also be expressed in terms of the local Nusselt number by

1
An

1 T
Nu = [2 J‘; ANu(r)dr + J‘: [» + sino]Nu(o)do]
(27)
Obviously, for case 2, the second integral is zero.

METHOD AND VALIDITY OF SOLUTION

The fluid flow and the energy equations were solved
using a second-order central difterence approximation. A
relaxation method was used in conjunction with the
modified scheme of calculation as presented by Wilkes
(1968), whereby two subgrids were used for each of
the flow parameters. This approach was found to be at
least twice as fast as that of the traditional SOR method.
The computational details are given elsewhere (Masliyah
and Nandakumar, 1977). Convergence of the results
was assumed when the relative error tolerance, defined as

Gn+1 - Gn

E=
l Gn+1

was less than 1074, where n refers to the nth iteration.
Apparent convergence in the values of f Re (or v) and
Nu (or Tb) was found to be a poor indication for the
convergence of the local flow parameter, as both f Re and
Nu were obtained from an averaging procedure. Using
a grid size of ar = 0.05 and A8 = #/30, for » = 1000
(a straight semicircular sector), f Re was given as 15.79.
The accepted value is 15.77 (Shah and London, 1971).
The corresponding average Nusselt number for case 1
was found to he 4.078. The literature value is 4.088
(Sparrow and Haji-Skeikh, 1965). For case 2, the average
Nusselt number was 2.816. No literature value for Nu
for this heat transfer case is available. However, the

computed Nu value lies between two limiting cases for
a rectangle of an aspect ratio of 2, with one surface and
three surfaces being adiabatic; the respective Nusselt
numbers are 2.602 and 3.185 (Shah and London, 1971).

A grid size of ar = 5/100 and A8 = #/30 was used
in this study for cases of a Dean number less than 150.
For Dn > 150, the grid size was reduced to ar = 3/100
and A9 = n/60. Using the smaller grid size, the values
of f Re did not change by more than 0.5%. However,
the agreement between the left-hand side of Equation
(12) and its right-hand side was much improved using
the smaller grid size. In most cases, the agreement be-
tween both sides of Equation (12) was within 2%. This
type of comparison as provided by Equation (12) is
essential in checking the validity of the numerical solution.

Values for the average Nusselt number as evaluated
by Equations (25) and (27) varied as much as 20%
for the coarse grid. The disagreement was larger for
the case of high Prandtl and Dean numbers. However,
for Pr = 0.7 and Dn < 20, the values of Vu as obtained
by the two equations were in fair agreement. On decreas-
ing the grid size, little change (less than 19%) in the
value of Nu as given by Equation (25) was observed.
However, the Nu value as given by Equation (27) was
very much affected (a change of about 109 ) by the
grid size reduction. Close examination of the temperature

AIChE Journal (Vol. 25, No. 3)
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Fig. 3. Radiol variation of normalized dimensionless axial velocity
for . = 30 (and 5) at § = n/2.

profile along § = 0 for 0 = r = 1 indicates that as Pr
and Dn are increased, the temperature gradient at the
wall becomes very steep, and consequently differentiation
at the wall region gives rise to fairly large errors. These

errors are manifested in the values of Nu as given by
Equation (27), When Dn and Pr are small, the tempera-
ture gradient at the wall is not steep, and consequently

good agreement for Nu as given by Equations (25) and
(27) are expected.

The reported Nu values were evaluated using Equa-
tion (25).

DISCUSSION OF RESULTS

Fluid Flow

Contours of normalized axial velocity profile are shown
in Figures 2a and 2b for Dn = 3.47 and 289, respectively.
For the higher Dean number case, the axial velocity
away from the tube walls becomes fairly constant for a
given vertical surface of a radius less than about A + 34.
The profile is essentially linear near the central part of
the flow field with steep gradients close to the walls
corresponding to a boundary layer. This observation is
useful in confirming the applicability of the boundary
layer approximation at the high Dean number limit. Such
an approach has been used previously by Mori and
Uchida (1967). The abave-mentioned behavior is brought
out more clearly in Figure 3, where normalized axial
velocity is given as a function of position along § = =/2.
From both Figures 2 and 3, it is observed that as Dn
number increases, which may be due to an increase in
Re or a decrease in radius of curvature, the maximum
axial velocity occurs closer to the outer wall, and this
shift occurs along the # = /2 line. This is similar to
the case of flow in curved circular tubes (Austin and
Seader, 1973) but differs from the prediction of Joseph
et al. (1975) who observed that for flow in curved square
tubes beyond a certain Dean number (about 200), the
location of the maximum axial velocity moves away

AIChE Journal (Vol. 25, No. 3)
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Fig. 4. Contours of normalized dimensionless secondary stream func-
tion for . = 30.

from the horizontal line of symmetry, and four secondary
vortex® circulation are set up. Cheng et al. (1977) in
their experimental work on curved rectangular channels
also observed the formation of four secondary vortices.

¢ Extensive studies are being undertaken to determine the effect of
the shape of the outer wall on the flow field.
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It is probable that the shape of the outer wall influences
such a shift of location of the maximum velocity (Smith,
1976) and governs the formation of the four secondary
vortices. Also shown in Figure 3 are axial velocity profiles
corresponding to A = 30 and 5, but with the same Dean
number. Both profiles are quite similar, and this leads
to the possibility of characterizing the flow by Dean
number alone.

From the point of heat transfer enhancement, the sec-
ondary flow in such tubes is important. Contours of
normalized secondary stream function are shown in Figure
4 for low and high Dean numbers. As Dean number
is increased, the strength of the secondary flow increases,
and the location of the center of circulation shifts towards
the two corners of the sector. As the strength of the sec-
ondary flow increases, one would expect higher values for
friction factor, but this is accompanied by an increase in
heat transfer coefficient. The variation of friction factor
with Dean number is shown in Figure 5 for A = 5, 10,
and 30. For this range of curvature values, f Re is well
represented by Dean number alone and does not depend
on individual values of Re and A, For the case of circular
helical tubes, Austin and Seader (1973) and Tarbell and
Samuels (1973) found that f Re depends on A in addition
to Dn. Results for a rectangular curved tube having an
aspect ratio of 2 are compared with the present results.
Although for A = o (or Dn — 0) f Re for such a
rectangular duct is 15.517, which is close to the value
of 15.79 for a semicircular sector, deviations occur at
higher values of Dn, This is in spite of the fact that
equivalent diameter is used as the characteristic length.
This points out that equivalent diameter does not com-
pletely account for the difference in the geometries. In
other words, f Re is strongly dependent on the geometry
and cannot be correlated by the equivalent diameter alone.

It has already been shown that Dean number can
uniquely be used to characterize the normalized axial
velocity (Figure 3) and f Re (Figure 5). However, Dean
number is an implicit value that can be calculated only
after a solution of the flow field is obtained. The funda-
mental parameters are A and Q. These two parameters
explicitly appear in the momentum equations, and con-
sequently they govern the flow field. For the geometry
considered in this study, it was found that

Q/\5 = —10.5 Dnt18, Dn> 10
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Fig. 6. Radial variation of normalized dimensionless temperature ot
9 = n/2 for Pr — 0.7.

The above equation indicates that Dean number is
uniquely determined by Q/A'?. Indeed, this single pa-
rameter /A5 has been used for the case of A >> 1 to
characterize the flow in helical circular tubes (McCona-
loque and Srivastava, 1968; Collins and Dennis, 1975,
1976).

Heat Transfer

The normalized temperature profile for the first set of
thermal boundary conditions (case 1) is quite similar
to the normalized axial velocity profile. Figure 6a shows
the normalized temperature profile along r at § = =/2
for various Dn at Pr = 0.7 and A = 30. Compare this
with the axial velocity profile shown in Figure 3. As with
the axial velocity profile, decreasing A to 5 at the same

AIChE Journal (Vol. 25, No. 3)
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Dn (shown as full circles in Figure 6a) gives a profile
which is close to the case for A = 30. Consequently, Dn
appears to account quite well for curvature for heat
transfer. This is also true for the second set of thermal
boundary conditions, as is shown in Figure 6b. This
observation is brought out more clearly in the plots of
the average Nusselt number, shown in Figures 9a and 9.
The thermal boundary conditions have a significant
effect on the temperature field. This confirms similar
observations made earlier by Kalb and Seader (1974)
for a different geometry. Compare the temperature pro-

{a)

files for the two cases in Figures 64 and b. For case 1,
the maximum temperature Tpa.. occurs along § = #/2,
and this location shifts towards the outer wall as Dn
increases, resembling very closely the axial velocity pro-
file. However, for case 2, as is shown in Figures 6b, 7,
and 8, Tpax does not occur along § = =/2 for all Dn
values. For low Pr and Dn, the global Tpa, occurs at
r = 1and § = #»/2. But as Dn (or Pr) increases, the
location of Tmax shifts along r = 1 into the region
7/2 > @ > 0. Further increase in Dn or Pr causes the
maximum temperature to shift into the region 1 > r > 0.
Increasing Pr at a fixed Dn and increasing Dn at a fixed
Pr have a similar effect on the convective heat transfer,
and the corresponding temperature profiles are expected
to show similar qualitative changes.

Figures 9a and 9b show the variation of the average

Nusselt number Nu with Dean number for the two heat
transfer cases, At low Dean number, the curves for the
various values of Pr approach the asymptotic Nusselt
number value for the case of a straight semicircular duct,
and Nu becomes independent of Prandtl number. At
higher values of Dn, the Nu vs. Dn curves exhibit asymp-
totic behavior, .

Variation of the average Nusselt number with Dean
number for the case of a rectangular curved duct with
an aspect ratio of 2 is shown in Figure 9a. For high Dn
values, Nu vs. Dn curve falls below that for a curved
semicircular duct. As for the f Re variation, the equivalent
diameter does not seem to completely account for dif-
ferent geometries.

Akiyama and Cheng (1971) suggested that Nusselt

number could be correlated using Dn\/Pr. For the heat
transfer case (1), this work substantiates the findings of

inner wall T/Thax outer wall .
) inner wall T/Tmax outer wall
inner wall T/ Tax outer wall
Dn =105 A =30
=30 X =30 Dn = 105
Dn =347 Pr=07 Pr=8
Pr=07 Trmax = 0.194 Tmax = 0.113

Fig. 8. Contours of normalized dimensionless temperature for case 2.
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Fig. 9. Variation of average Nusselt number with Dean number.
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Fig. 10. Enhancement factors for helical semicircular ducts.

Kalb and Seader in that this type of correlation holds
true only for a Dn\/Pr less than 100. Moreover, for all

range of Nu values, the Dn\/Pr group was not found
useful in correlating the average Nusselt number for
case (2).

The fractional increase in heat or mass transfer co-
efficient relative to the fractional increase in friction
factor for curved semicircular duct is shown in Figure
10. In all cases considered, the enhancement factor was
higher than unity, and it increases with Dean and Prandtl
numbers. The magnitude of the enhancement factors for
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the case of circular helical tubes was found to be similar
to those found here (Kalb and Seader, 1972, 1974). This
suggests that the only advantage of using semicircular
tubes is in the increase of contact area between the
helical tube and the heat transfer surface and in the
reduction of the total space requirement for the helical
coils,

It should be noted that the present analysis is for
the case of a zero pitch coil, that is to say for coils that
are very tightly wound. For a large pitch coil, the heat
transfer enhancement is expected to be lower than the
values presented here.
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NOTATION

heat transfer area per unit ¢, dimensionless
wetted area per unit ¢, dimensionless
cross-sectional flow area, dimensionless
specific heat of fluid

equivalent diameter (4V,,/A,,), dimensionless

Dean number = Re/\/x

fanning friction factor

local heat transfer coefficient

average heat transfer coefficient

) + rsing, dimensionless

thermal conductivity

coordinate normal to heat transfer surface

average Nusselt number
pressure
Prandt]! number

heat transfer rate per unit transfer area of coil
dimensionless pressure drop = ap’/d¢ R%/vp.
radial coordinate, Figure la

radius of semicircular sector

radius of curvature of coil

Reynolds number based on equivalent diameter
temperature of fluid, dimensionless

mixing up temperature

wall temperature

velocity component in i direction, { = r, 4, ¢,
dimensionless

mean axial velocity, dimensionless
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<

vy
Greek Letters

Ar grid size in radial direction

ad grid size in angular direction

angular coordinate, Figure la
dimensionless radius of curvature, Re/R
fluid viscosity

kinematic viscosity

fluid density

dimensionless shear stress

axial coordinate, F' igure la

vorticity, dimensionless

stream function, dimensionless

L1 (T

ubscripts

bulk average value
curved tube

global maximum value
radial direction
straight tube

at the wall
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angular direction
axial direction
dimensional quantity
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A Study of Disaggregation

Effects in Sedimentation

Aggregates are considered as a porous medium. Stresses within the
porous solid matrix are calculated when the particle deformation is ignored.
The maximum size of the aggregates is derived from a yield condition, and
the settling velocity is deduced. The influence of the mechanical properties
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and concentration of the aggregates are detailed and discussed.

SCOPE

Sedimentation plays an important role in many chemi-
cal engineering processes and is also important in medicine
(where erythrocyte sedimentation has become a standard
clinical test) and in meteorology. The aggregation of parti-
cles or formation of clusters has long been recognized as
an important factor when dealing with particles suspended
in liquids.

Hence, the main objectives of this work are to gain in-
sight into the mechanisms involved and to predict the

0001-1541-79-2554-0487-800,.85. © The American Institute of Chem-
ical Engineers, 1979,
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maximum size of an aggregate when it settles. The aggre-
gate is broken by forces generated by the motion; the
larger the aggregate, the larger its settling velocity and
thus the larger are these rupture forces. Consequently, we
need a model to describe the flow within the aggregate
and a model to relate the breakup of the aggregate to
the flow field.

More precisely, the flow inside the aggregate, consid-
ered as a porous medium, is described by a Brinkman
equation. The free cell model is then used to predict the
velocity and pressure fields inside and outside the porous
medium. Stresses within the porous solid matrix are gen-
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