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Improvement in Separation of Concentric-Tube Thermal
Diffusion Columns with Viscous Heat Generation under
Consideration of the Curvature Effect

HO-MING YEH and SHAU-WEI TSAI

CHEMICAL ENGINEERING DEPARTMENT
NATIONAL CHENG KUNG UNIVERSITY
TAINAN, TAIWAN, REPUBLIC OF CHINA

Abstract

The separation efficiency of concentric-tube thermal diffusion columns with
viscous heat generation has been investigated under consideration of the
curvature effect. The results were obtained graphically and were compared with
those obtained by Yeh and Cheng in which they neglected the curvature effect.
Considerable improvement in separation was obtained by employing a rotary
column instead of a stationary one.

INTRODUCTION

Thermal diffusion is a well-established method for separating isotopes.
It was used to separate uranium isotopes at Oak Ridge Laboratory in
World War II. For separation of hydrogen isotopes, this method is
particularly attractive because of the large ratio in molecular weight (20).

The convective currents in thermal diffusion columns have two conflicting
effects: the desirable cascading effect and the undesirable remixing effect.
It has been found that proper adjustment of velocity profile and tempera-
ture profile might effectively improve separation. Several improved
columns (2-6, 9-14, 16) have been developed for this purpose.

Sullivan, Ruppel, and Willingham (7) found from their experimental
work that the rotary thermal diffusion column gave better separation
than the stationary one, especially for highly viscous fluids. Later, the
column theory was given by Yeh and Cheng (/3). In their theoretical work
the effect of curvature on the transport coefficients of thermal diffusion in
the rotary concentric-tube column was neglected. However, as the ratio
of tube diameters is far from unity, the effect of curvature must be taken
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into consideration to prevent a serious error from occurring. It is the
purpose of this work to develop the complete theory and investigate the
improvement in the degree of separation of a rotary thermal diffusion
column under consideration of the curvature effect.

COLUMN THEORY

Consider a concentric-tube thermal diffusion column with the surfaces
of the inner and outer cyclinders maintained at T, and T, as shown in
Fig. 1(b). As the outer cylinder rotates, each cylindrical shell of fluid
rubs against an adjacent shell of fluid. This rubbing together of adjacent
layers of fluid produces heat. The temperature distribution for an incom-
pressible Newtonian fluid may be solved from the energy balance Eq. (1).
The solution is

T=T,+AT(-NE2 + SIné + N+ 1) )

Cold wall
Hot wall

outer cylinder moves
with tangential
velocity V

inner cylinder is stationary

FiG. 1. Schematic diagram of a concentric-tube thermal diffusion column with
inner cylinder stationary and outer cylinder rotating with tangential velocity V.
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where
N =k?Br/(k? — 1)? ®)
N1 — k) — &
S=""Fmk ®

Applying the appropriate equations of motion and energy gives the
following steady-state velocity profile. In the enriching section:

v, = ﬂL’fw@‘—Tl{u, + 5= N=-D@E = 1)~ S + 2N(n &?
1
- %—E[Al(kz ~ 1)+ Sk* - kK*Ink - 1)
+ NQ(nk)> — k* + 1) — k* + 1]} C))
where
T-T
Ay = AT
=1+ (In k){Suae/nR“pﬂTg(AT) + S[%k“ -k - % ~k*Ink
2 1\2
- Klﬁ"—k—l)j}r N[Z(kz + Dlnk —2k* —k* + 3 +(k—h;ki]}
/ {(k* — DIkK* =1 ~ (kK* + 1) Ink)} 5

The above equations apply to the stripping section with o, replaced by
—a,. The equation of separation may then be obtained by following the
same procedures performed by Yeh (10, 17). The solution is

H —oL
A, = 5;[1 — exp (—2%—” (6)
in which

H = HyF(k, Br) Q)
K = K,G(k, Br) ®

2nR ATY[R(k — D]P
Hy =2 apﬁrg(élu)T[ (k= DI ©)

2 292 ATY[R(k — DY’
K, = ZRePrg (9 !17)‘3‘2[ (k - 1] 10)
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180 [* 1 1
F(k, Br) = (k—_T)'gjl[N<? e &7) + Slng}[(Az +S—-N- 1)

x (2 — 1) — SE*In & + 2N(In &)* — ﬁ-j-cln c]c de (1)

_ k
G(k,Br)=(-kz_L6f;-)7j[(A2+s—N—1)(52-1)+2N(1n¢)2
1
4 2
_szlng—lg—%lnk]{(Az+S—N 1)(3_%
1 4 2 2 2
+zIn é—l£6—+p>+2N[§—(lné)2—-€—ln§
+§(62 2)—-ln‘—f-)——pz(lnp)z+Tlnp:|
¢ 1 1 ¢ pt A
S[ 36 & - 4)+—1n —Tgnp - (ln3k>]
5215 & - p? 1 é——1 d 12
n—4( —p)+4np np|eédé (12)
4, = Alla’,=0 = A1|0,=0 13)
Ay = A(k* — 1) + S(k* — k*Ink — 1) + N[2(In k)* — k* + 1]

-k +1 (14)

In obtaining the above solution, several assumptions were made:

—_

The feed was introduced at the midpoint of the column.
2. The flow rates in both sections were kept the same, i.e.,

6, =0,=0

3. The concentration anywhere in the column was between 0.3 and 0.7
weight fraction.

4. Practically, moderate flow was considered and the flow rate terms
in the transport coefficients could be neglected.

5. Diffusion in the transport direction was neglected compared with
the convective term.

The integration of the modifying factors F(k, Br) and G(k, Br) is
simple in principle but more complicated in execution. For convenience,
the integration was performed numerically with the Brinkman number
as a parameter. The results were plotted in Figs. 2 and 3. It is shown in
both figures that F(k, Br) and G(k, Br) increase as the £ value or the
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26

F (k,8r)

FiG. 2. Graphical representation of modifying factor F(k, Br).

Brinkman number does. When the k value approaches unity, the
concentric-tube column is nearly a flat plate. Atk = 1.0, either the annular
spacing or the curvature of the concentric-tube column is zero and the
thermal diffusion column is exactly a flat plate. Since the values of the
modifying factors cannot be calculated at the singular point k = 1.0,
the extensions of both values are shown by dotted line in the direction
toward k = 1.0.

For a nearly flat-plate column, k— 1, the solution was obtained by Yeh
and Cheng (13) as

’ I 2
Ho(l + *ITOBI‘ )

~olL
A, = AT {l — exp ] ] (15)
i —_— 2
20(1 + 127, Br) 2KD(1 + 1100 Br)
in which
2nRapBfrg(AT)*[R(k — D}?

The term (1 — (11/400)Br?) in the solution of Yeh and Cheng (13) is
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26

G(k, Br)

Fi1G. 3. Graphical representation of modifying factor G(k, Br).

now corrected to (1 + (1/1100)Br?) after careful calculation. Besides,
during the derivation of equations, Yeh and Cheng (13) considered T as
the average temperature and obtained the relation T= T,(1 +
(AT/12T,,)Br). Since the actual reference temperature 7 should be cal-
culated from Eq. (5) once the flow rate is known, the correct form of

Eq. (15) must be

1 2
H0<1 + 1-4—0B1' >
20

A3=

—oL
1 — exp 1
2Ko(1 + W)Brz)

THE IMPROVEMENT OF SEPARATION
Let us define dimensionless flow rate and reduced seperation by
o = ol/K,
A = Ac/H,

(17)

(18)
(19
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100
Eq.(20)
go|l Eafan —=—
Stationary  Column -e=aw
} g56257
X } 7' =5.6257
-
-
<
A
Q
<
-9
q g
bo'uiearr
}a'-uzsn

10}

FiG. 4. Effect of Brinkman number on the separation with flow rates as the
parameter.

Equations (6) and (17) can be rewritten as

. F(k,B) ~o
A= [1 ~exp (ze(k, Br)ﬂ @0
(1 + —1-Br2>
140 —
Ay =1 - exp - @1)
2
2(1 + 755 B" )

Figure 4 shows some examples of graphical representations of Egs.
(20) and (21). It is found that the reduced separation increases as the
Brinkman number increases at any value of k. When the dimensionless
flow rate is greater than unity, the effect of curvature on the degree of
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separation should be considered. Improvement is also found by employing
a rotary column instead of using a stationary one.

The improvement in separation of concentric-tube columns with their
outer wall rotated is best illustrated by calculating the percentage increase
in separation based on the stationary column:

A - A
I = A
where A, is the degree of separation obtained from the stationary column
(16) or from Eq. (6) by setting Br = 0.

For the purpose of illustration, let us assign the numerical values for
separation of heavy water as follows: « = 0.0184, g = 10° cm/s?, 7 =
5 x 1073 g/lem®)(°C), p = L g/em®, D = 5 x 1073 cm?/s, L = 500 cm,
AT =60°C, u=12cP, R=05cm, T=330K, k=11, Br=71.
Substituting these values into Eqs. (8) and (10), we obtain

H, = 2.74 x 1073 g/min
K, = 5.07(g)(cm)/min

From the above values the degree of separation and the improvement
of separation can be calculated under different flow rates. The results are
presented in Table 1.

(22)

CONCLUSION

On the basis of this study, the following conclusions and discussions are
reached:

1. The effect of curvature on separation must be taken into considera-
tion once the reduced flow rate is greater than unity.

2. The solution obtained by Yeh and Cheng (13) is a special case.
The original equation of separation has been corrected.

TABLE 1

Comparison of Separation

Rotary column

Stationary column,
g X 103 Ao Al Il
(g/min) %) (GA] 67)
1 6.60 8.20 24.24
2 6.43 8.04 25.04
3 6.27 7.88 25.68
4 6.12 1.72 26.14
5 5.99 7.58 26.54
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During the derivation of equations, the most important assumptions
are that the concentration in the column is anywhere between 0.3
and 0.7 weight fraction, and that only moderate flow rates are
considered. Separation theories applicable to the whole range of
concentration in flat-plate thermal diffusion columns have been
developed (J, 18, 19).

Although the degree of separation increases as the Brinkman
number increases, there still exist critical values of this number for
the laminar flow range. The critical values were obtained experi-
mentally by Schultz-Grunow (8).

Considerable improvement in separation was obtained by employ-
ing a rotary column instead of a stationary one, especially for
highly viscous ftuids.

SYMBOLS

A, Ay, Ay system constants, evaluated by Egs. (5), (11), (12)

Br  Brinkman number, defined by pV2/A(AT)
D ordinary diffusion coefficient

F(k, Br) modifying factor, evaluated by Eq. (13)
G(k, Br) modifying factor, evaluated by Eq. (14)

gravitational acceleration

g
H, Hy, H system constants, evaluated by Egs. (7), (9), (16)

I improvement of separation defined by Eq. (22)

Jo_op mass flux of composition 1 in r-direction due to ordinary

diffusion

Jr—1p mass flux of composition 1 in r-direction due to thermal
diffusion

J.—op mass flux of composition 1 in z-direction due to ordinary
diffusion

K, K, system constants, evaluated by Eqgs. (8), (10)

L column height

N dimensionless group defined by Eq. (2)
P (k+ D2

R outside radius of inner tube

R inside radius of outer tube

r axis of radial direction

S dimensionless group defined by Eq. (3)
T absolute temperature

T, T, temperature of hot, cold wall

T, Ty + T2
AT Tl - Tz
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T  reference temperature defined by Eq. (5)
V' tangential velocity of outer tube rotated
v, convective velocity distribution
z axis of transport direction

Greek Letters

o thermal diffusion constant
Br  —(0p/0T)r
A difference of fraction of component 1 between top and
bottom products
A A obtained from stationary column

ALA, A, A obtained from Egs. (6), (15), (17)

A reduced separation defined by Eq. (19)
A thermal conductivity of fluid
I viscosity of fluid
¢ r/R
p mass density
o mass flow rate

G, Oy mass flow rate in the enriching, stripping section
o dimensionless flow rate defined by Eq. (18)
Acknowledgment

The authors wish to express their thanks to The Chinese National
Science Council for financial aid.

PN RN

10.
i1,
12,
13.

REFERENCES

R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, Wiley,
New York, 1960, p. 325.

P. L. Chueh and H. M. Yeh, AIChE J., 13, 37 (1967).

S. Kazuo, Y. Tsutimu, and M. Norio, Bull. Chem. Soc. Jpn., 49(2), 363 (1976).
S. Kazuo, Y. Tsutimu, and M. Norio, Ibid., 50(4), 788 (1977).

J. E. Power and C. R. Wilke, AIChE J., 3,213 (1957).

J. H. Ramser, Ind, Eng. Chem., 49(1), 155 (1957).

L.J. Sullivan, T. C, Ruppel, and C. B.Willingham, Ind. Eng. Chem., 47, 208 (1955).
F. Schultz-Grunow, “Zur Stabilitat der Couette-Stromung,” ZAMM, 39, 101
(1959).

T. A. Washall and F. W. Molpolder, Ind. Eng. Chem., Process Des. Dev., 1, 26
(1962).

H. M. Yeh, PhD Thesis, Georgia Institute of Technology, 1969.

H. M. Yeh and H. C. Ward, Chem. Eng. Sci., 26, 937 (1971).

H. M. Yeh and C. S. Tsai, Ibid., 27, 2065 (1972).

H. M. Yeh and S. M. Cheng, /bid., 28, 1803 (1973).



13:51 25 January 2011

Downl oaded At:

CONCENTRIC-TUBE THERMAL DIFFUSION COLUMNS 3

14.
15
16.
17.
18.
19.
20.

e ekt
RE2ZXRRRX

. Yeh and T. Y. Chu, Ibid,, 29, 1421 (1974).

. Yeh and T. Y. Chu, Ibid., 30, 47 (1975).

. Yeh and F. K. Ho, Jbid., 30, 1381 (1975).

. Yeh, Sep. Sci., 11(5), 455 (1976).

. Yeh and C. C. Lu, Sep. Sci. Technol., 13(1), 79 (1978).
. Yeh and C. F. Chiu, Ibid., 14(7), 645 (1979).

. Yeh, Chin. Ind. Chem. Eng. J., 10, 89 (1979).

Received by editor May 5, 1980



