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Abstract-The wetted columns both with tangential nozzles and turbulence promoters are of great interest. 
The spiral rnotion of a liquid film gives a good stability and a great turbulence to the tihn. It results in the 
increase of the rate of transfer processes compared with those both in smooth and rough wall columns. 
The liquid phase mass transfer coefficients for the absorption of carbon dioxide into water have been 
measured on three types of threaded surfaces. The enhancement film mass transfer criteria have been 
proposed. The positive effect of surface ribbing in a helix in comparison with similar form incisions 

perpendicular to apparatus axis has been shown. 0 1997 Elsevier Science Ltd. 

INTRODUCTION 

The imposition of the spiral motion on a liquid layer 
increases both the uniformity of the surface wettability 
and the stability of the film flow. It significantly affects 
both the inlet section length and the increase of tur- 
bulence of thin layer in comparison with these ones in 
a falling film apparatus. The following two methods 
can be used to induce the passive swirlization of a 
liquid film: application of the wetting device with 
tangential nozzles or incisions along the helix and 
imposing of regular wall roughness in a form of 
incisions or wiring in a helix on the total active height 
of an apparatus. In the first case it is more reasonable 
to use the qualitification of “pre-swirlization”, since 
the “spiral film” in Carre and Bugarel formulation [l] 
exists only in the upper part of a column on so-called 
“effective” length. Below this length the film flows 
gravitationally. In experimental studies [l] the hyd- 
rodynamical characteristics, interface phenomena as 
well as the rate and the efficiency of carbon dioxide 
absorption from air into water and sodium hydroxide 
solution at Re, ~(106 ; 10 600) have been investigated. 
For low inlet velocities of liquid the falling film with- 
out smooth entrance length has existed practically 
on the whole active height of apparatus. For inlet 
velocities of the magnitude of 10 m s-’ the waves have 
been decayed. The higher turbulization of film flow 
induced the more complex interference phenomena 
than these observed in falling film. The mean film 
thickness was lower than in falling film. The rise of 
turbulent mechanism was observed at lower Reynolds 
numbers. The efficiency of the column with tangential 
nozzles increased four times in relation to falling film 
apparatus and the minimal wetting rate decreased 
from four to five times. The maximal increase in the 
value of liquid phase mass transfer coefficient was 3.5 

times. The measurements reported in [2] showed that 
the appearance of the unitary interface surface 
depends on : the distance from liquid inlet, the velocity 
of liquid in a mass nozzle, the Reynolds number in 
gas phase and the surface wetting rate. The gas phase 
mass transfer coefficient, dependent on the increase of 
interface area and the effective height of a column, 
was on the average from 2 to 3 times greater compared 
with this one in an apparatus with falling film. The 
maximal gain in heat transfer was from 2 to 2.5 times 
while the maximal gain in liquid phase mass transfer 
was equal to 3.5 times. 

Another way of pre-swirlization of a liquid layer is 
the wiring in a helix in upper part of wetted tube [3], 
or the use of wetting device of special construction as 
in study of Kochetov and Bubnov [4]. Both the 
incision in a helix and the contraction in area permit 
us to obtain the enhancement of liquid phase mass 
transfer coefficient. The effect depends on the follow- 
ing parameters: the Reynolds number value, the 
height of a column, the spiral lead and the factor of 
contraction in area. 

The wiring on the total active height of the appar- 
atus was used by Saveanu et al. [S-7]. The studies 
were performed on determination of hydrodynamical 
characteristics of a spiral film. The enhancement of 
both gas and liquid phase mass transfer coefficients 
as well as the heat transfer intensification has been 
observed. The results obtained for mean thickness of 
a liquid film for Re, ~(200 ; 1600) [5] are described by 
the following dimensionless formula : 

s 
&,s = - 4 

= 4.277+2.7. lo-’ *f 
e 

3.849*10-‘+5.0*10-“.; 
> 

*Rc, (1) 
c 

where 
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NOMENCLATURE 

UF surface area per unit volume of 
packing [m’ m-‘1 

A exponent 
C, C* constants 
D diameter [m] 
D.4 molecular diffusivity [m’ s- ‘1 

> 
roughness element width [m] 
threaded tube surface [m’] 

F0 smooth or equivalent to smooth tube 
surface [m”] 

9 gravitational acceleration [m s-*1 
90 superficial mass velocity of the liquid 

[kg m -= s-‘I 
CA mass exchanged [kg SK’] 
h roughness height [m] 
H apparatus height [m] 
ki. average mass transfer coefficient 

[m s-l] 
I distance between surface elements [m] 
II* rotational speed [s-l] 
N number of surface elements on 

apparatus active height 
Re, film Reynolds number, 4I/q 
s mean film thickness [m] 
s, reduced film thickness, defined with 

equation (1) 
SC Schmidt number, q/pD, 

Sh, modified Sherwood number, k, * 6,/D, 
t pitch of roughness elements [m] 

average velocity [m s-l] 
criterion of swirlization effect on mass 
transfer. 

Greek symbols 
l- wetting rate [kg m-’ s-l] 

I-g characteristic geometrical modulus for 
rough surface 

6, equivalent linear dimension, defined 
with equation (3) [m] 

4A mass transfer intensity factor 
surface increasing factor 

Z: overall mass transfer enhancement 
factor 

&L liquid phase mass transfer 
enhancement factor 

‘I viscosity [kg m-’ s-‘1 
P density [kg m-‘1 
0 characteristic angle of a 

helix. 

Subscripts 
A medium A 

modified quantity 
: gaseous phase 
k critical value 
1 laminar region 
L liquid phase 
0 smooth surface 
r reduced value or rough surface/falling 

film 
S film thickness or spiral film 
t turbulent range 
* the value designed for real 

surface. 

Re, = ‘$ (2) 
times. The studies of liquid phase mass transfer in 
spiral film [5] suggested the extreme character of the 
function of enhancement factor ^ . . . . . 

and the quantity d, expresses the equivalent linear 
dimension for liquid [8] 

2 

a,=3 2m. d- gVP [ I 
(3) 

The maximal value of the factor of film thickness 
increase, expressed by 

& =z (4) 

amount to &,,, = 2.1 at h = 0.5 mm and Re, = 1600. 
At the same time the factor of film area increase was 
equal to 1.102. The studies of gas phase mass transfer 
at Re, = 482 showed that the enhancement effect will 
increase with a decrease of the surface elements dis- 
tance and an increase of both the gas velocity and wire 
diameter. The maximal increase of friction factor was 
14.3% at the gas phase mass transfer increase of 1.78 

(5) 

on Reynolds number. The maximal values for mass 
transfer in liquid phase, dependent on wire diameter, 
at Re, = 1450 have been observed. In this place one 
ought to emphasize that from two various papers of 
Saveanu et al. [5, 71 the different values of mass trans- 
fer enhancement factor & result for a given diameter 
of metallic wire for Reynolds number values of 
Re, < 1100 [9]. 

The spiral motion of thin liquid layer was obtained 
in the studies of desorption performed by Roj and 
Aksel’rod [lo], but the nature of this motion was 
different. The water flowed down the spiral with diam- 
eter of 0.0397 m from the wire with diameter of 0.0023 
m. The location of a spiral in the column axis affected 
the shape of a film in the form of so-called “liquid 
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tube”. As resulted from visual observations, for small 
values of wetting rate the liquid flowed between the 
spiral elements. In the case of greater wetting a 
synchronous vertical flow down the film surface co- 
existed. The mass transfer coefficients, calculated for 
the doubled surface of “liquid tube”, in authors’ opi- 
nion [lo], were comparable with results obtained by 
Davies and Warner [12] on the plate roughened with 
large-scale elements in the form of sharp-edged ridges 
of height running across it. The juxtaposition of 
the results of Roj and Aksel’rod [lo] performed 
for Re,E(60 ; 320) with these obtained for 
Re, ~(680 ; 6000) in [13], in my opinion, is a rather 
approximate conclusion. 

From the above analysis it follows that in all pre- 
viously known studies the additional liquid layer tur- 
bulization, the change of mean film thickness and the 
intensification of transfer processes, as a result of the 
presence of centripetal forces in spiral liquid films, 
have been observed. The present study is concerned 
with the experimental comparison of the liquid phase 
mass transfer coelhcient enhancement for three types 
of surface configuration which caused the additional 
flow of a film along the helix. 

EXPERIMENTAL 

Experimental studies were carried out in equipment 
depicted schematically in Fig. 1. The main element of 
the test installation was an absorber constructed from 
organic glass pipe with an inside diameter of 0.140 m 
and a height of 1.7 m. In its axis the experimental 

FY5 
/6 -1 .4 

outside wetted tubes were placed centrally. The out- 
side diameter of a wetted tube was D ~(0.0264 ; 0.0392) 
[ml. The ratio of the inside diameter of a column to 
the outside diameter of the studied tubes .with liquid 
film varied from 3.57 to 5.30 which warrants that the 
column wall effect will not take place. The height of 
the studied tubes was fitted by a suitable fastening of 
the stabilizer cap of the wetting device. The real value 
of effective length was determined from local values 
of carbon dioxide concentration when the change of 
those was negligible for greater values of H. The maxi- 
mal values of this length attained to about 1.5 m. In 
Fig. 2 a schematic diagram of threaded tubes and in 
Table 1 a detailed characterization of the geometry of 
the studied pipes, have been presented. The overflow 
receiver prevented the pressure fluctuations in the 
water supply system and provided the stable tempera- 
ture for a given measurement. The gas inlet pipe was 
equipped with the ring of the diameter of 0.120 m, on 
the perimeter of which the 36 inlet holes of diameter 
of 0.001 m have been machine-made. The measured 
quantities were: the water flow rate by calibrated 
rotameters with the scales of [(0.83 - 5.00) + 0.081. lo-’ 
[m’ s-l] and [(LO-20.0)+0.2] * 10M5 [m’ s-‘1; the 
inlet and outlet temperatures of the both phases with 
measurement accuracy of + 0.05 K ; the overpressure 
of carbon dioxide in apparatus ; the ambient pressure 
and the concentration of CO2 both in the inlet water 
and in the solution after absorption. The overpressure 
of a gas in apparatus was AP = 196-392 [Pa]. The 
carbon dioxide content in inlet water was determined 
using the titration method with the sodium hydroxide 

Detail “b” 

m 

Detail “a” 

T’T’T 
Sleeve 

Studied 
tube 

Fig. 1. Schematic diagram of experimental equipment : (1) absorber ; (2) studied tube ; (3) liquid distributor ; 
(4) water inlet ; (5) overflow tank ; (6) water outlet; (7) rotameter; (8) deaeration valve ; (9) liquid discharge 
after absorption ; (10) three-way valve ; (11) liquid spout ; (12) reception of samples for analysis ; (13) CO, 
gas cylinder; (14) pressure reducing valve; (15) heat exchanger; (16) gas inlet; (17) water seal; (18) gas 

outlet. 
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(a) (b) (cl 
Fig. 2. Studied tubes; (a) triangular threading; (b) ribbon 

ribbing ; (c) helical wiring. 

solution of 0.05 [kmol mm31 in the presence of 30% 
solution of Seignette’s salt. The content of CO2 in the 
solution after absorption was measured by potent- 
iometric titration using of NaOH solution of the con- 
centration of 0.1 [kmol m-9. The concentration of 
the absorbed gas on interface was calculated from the 
Henry’s law constant for the average liquid tem- 
perature in a column. The measurements were carried 
out in the range of the mean process temperature from 
281.5 to 286 K and of wetting rate IY~(0.075 ; 1.094) 
Fg m-' * s-l]. F was calculated from the following 
formula : 

r=--$ 

The studies were performed for following process and 
geometrical parameters : Re, ~(240 ; 3307), SC ~(833 ; 
1126),&/H-lOj~(3.57; 5.81), h/H* 104~(2.67; ll.OO), 
l/ho(l.OO; 8.00) and tgpE(O.0142; 0.1170). The tan- 
gent of characteristic angle of a helix was determined 
from the formula : 

tge = 
t 

n*(D-2h)’ (7) 

First the experimental data were treated math- 
ematically, being reduced to dimensionless relation- 
ship : 

Sh e,s = C* Re* - So.5 e (8) 

with the general assumption that the mass-transfer 
surface is equal to the external surface of undeformed 
pipes. Next the values of modified Sherwood number 
were calculated from the relation 

S/r* = C*.R&-&“.5 e,s s (9) 

taking into account the real surface of threaded tube. 
The correlation values of coefficients C and C* as well 
as of the exponents A of equations (8) and (9) are 
listed in Table 2. It must be emphasized that in the 
majority of previous works, instead of unknown sur- 
face of gas-liquid interface, the surface of smooth 
tube has been used. Only in studies of Davies et al. 
[ 12-161 is the real surface increase of rough tubes 
taken into account. The effect of surface growth was 
presented in the form of following ratio : 

4F =$ 
0 

where for triangular threaded tubes (Fig. 2(a)) 

Table 1. Characteristics of the studied tubes 

Tube no. Material D/H*l@ N h-10’ h/H* 10“ 0 tlh tge* 1 o* +r 
- - - - [ml - - - 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

steel 
copper 
copper 
copper 
brass 
brass 
brass 
brass 
brass 

2.250 515 
2.520 775 
2.513 704 
2.538 507 
2.013 1160 
2.013 875 
2.013 727 
2.025 570 
2.013 460 
2.527 500 

11 steel 2.313 235 
12 steel 2.512 205 
13 steel 2.213 150 
14 brass 1.602 276 
15 brass 1.609 227 
16 brass 1.599 189 

17 copper 2.003 832 
18 copper 1.981 555 
19 copper 2.009 416 

1.50 10.01 
0.90 6.00 
1.10 7.33 
1.50 10.02 
0.60 4.00 
0.80 5.33 
1 .oo 6.67 
1.30 8.67 
1.60 10.67 
1.50 10.00 

Ribbon ribbing 
0.40 2.67 
1.05 7.00 
1.65 11.00 
0.60 4.01 
0.85 5.67 
1.20 8.00 

Helical wiring 
0.90 6.01 
0.90 6.00 
0.90 6.01 

1.939 1.939 3.0162 
2.150 2.150 1.7109 
1.937 1.937 1.9108 
1.969 1.969 2.6856 
2.155 2.155 1.4192 
2.143 2.143 1.9076 
2,063 2.063 2.3286 
2.012 2.012 3.0170 
2,038 2.038 3.8445 
2.000 2.000 2.7362 

8.000 15.925 5.9810 
6.982 6.971 6.5630 
4.212 6.061 10.6460 
5.217 9.050 7.5810 
4.706 7.765 9.3790 
4.200 6.617 11.7010 

1.000 2.000 2.0318 
2.000 3.000 3.0804 
3.000 4.000 4.0492 

1.5953 
1.6122 
1.6489 
1.6047 
1.6247 
1.6050 
1.6014 
1.5801 
1.5403 
1.5955 

1.1126 
1.2531 
1.2512 
1.1883 
1.2104 
1.2303 

1.6130 
1.3885 
1.2776 
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Table 2. Correlation constants and exponents in equations (8) and (9) 
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Material Tube .no. Range of validity A C.10” c**103 Range of validity A c* 10’ c* * 10’ 

Steel 
Copper 
Copper 
Copper 
Brass 
Brass 
Brass 
Brass 
Brass 
Aluminium 
Steel 
Steel 
Steel 
Brass 
Brass 
Brass 
Copper 
Copper 
Copper 

1 Re,o(317; 822) 0.510 8.119 5.089 
2 Re, ~(255 ; 900) 0.425 10.93 6.779 
3 Re, ??(262 ; 884) 0.448 10.83 6.570 
4 Re.o(240; 816) 0.465 11.52 7.176 
5 Re.o(261; 938) 0.426 7.349 4.523 
6 Re,o(280; 914) 0.452 7.495 4.670 
7 Re. o(323 ; 879) 0.468 7.654 4.779 
8 Re.o(335 ; 832) 0.494 7.918 5.010 
9 Re, ~(3 12 ; 794) 0.508 8.195 5.321 

10 Re. ~(308 ; 845) 0.494 9.328 5.846 
11 Re, ~(280 ; 676) 0.648 3.011 2.705 
12 Re. ~(284 ; 764) 0.634 3.259 2.600 
13 Re, ~(296 ; 923) 0.589 3.975 3.176 
14 Re,@290 ; 870) 0.600 3.630 3.054 
15 Re.c(290 ; 892) 0.592 3.129 3.081 
16 Re.e(284; 911) 0.581 3.825 3.109 
17 Re, ??(321 ; 935) 0.426 14.23 8.822 
18 Re.@320 ; 968) 0.400 15.10 10.88 
19 Re,$350; 1024) 0.383 16.42 12.85 

Re,@822; 2810) 1.003 0.2968 
Re, ~(900 ; 2473) 1.056 0.1495 
Re,E(884; 2612) 1.072 0.1571 
Re,o(816; 2729) 1.095 0.1686 
Re,Q938 ; 2740) 0.927 0.2384 
Re,o(914; 2847) 0.948 0.2548 
Re, ??(879 ; 2400) 0.967 0.2599 
Re, ~(832 ; 2538) 0.991 0.2800 
Re, ~(794 ; 2674) 1.011 0.2851 
Re, ~(845 ; 2490) 1.036 0.2551 
Re,E(676 ; 2570) 1.036 0.2403 
Re, ~(764 ; 2600) 1.028 0.2383 
Re,@923 ; 3209) 1.007 0.2290 
Re,e(870; 3180) 1.006 0.2325 
Re, ~(892 ; 3214) 1.003 0.2285 
Re, ~(9 11; 3307) 0.997 0.2248 
Re, Q935 ; 2580) 0.769 1.362 
Re, ~(968 ; 2700) 0.746 1.399 
Re, E( 1024 ; 2820) 0.720 1.588 

F=N..I.J(4h2+1*).(1+cfg*e) (11) 
for ribbon ribbing (Fig. 2(b)) 

F= N.[t.(t+2h).~~+2n.h.(e+h)] 

(12) 
and for helical wiring (Fig. 2(c)) properly 

In Figs. 3-5 the experimental results of the present 

0.1860 
0.0927 
0.0953 
0.1050 
0.1468 
0.1588 
0.1623 
0.1773 
0.1851 
0.1600 
0.2159 
0.1901 
0.1830 
0.1956 
0.1888 
0.1825 
0.8444 
1.008 
1.243 

study have been presented. For better presentation of 
the enhancement of mass transfer in spiral film, the 
limit of theoretical probability of the process in 
smooth-wall apparatus [ 1 l] has been additionally dis- 
tinguished (designed with axis-lines /-.-.-.I). The 
values of Sh,, for all studied tubes except two (tube 
no. 5 for Re, < 1050 and tube no. 6 for Re, < 505) 
are greater than the maximal values of She,0 charac- 
teristic for a falling film. The best result taking into 
account the values of S/r,, has been observed for the 
tubes with triangular threading no. 1 and 10 
(r, = 10). The modified Sherwood number values 
Sh& lie particularly in the region of the theoretical 

4 6 8 ld 2 4 6 8 103 2 

Ree Ree 
Fig. 3. Experimental results for chosen triangular threaded tube presented for T = 284 K (designation of 
the lines corresponds with the tube numeration given in Table 1). -. - -. theoretical relations for smooth- 
wall film-apparatus : (I) Pigford [17, 181 and Brdtz [19,20] ; (II) Brotz [19,20] ; (III) Stirba and Hurt [21] ; 

(IV) Yih and Chen [22,23] ; (V, VI) Kulov et al. [24]. 
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6 

4 

3= -3 
III * 

2 ’ I”“’ I ‘1”” II<.“’ 
2 

4 6 8 103 2 4 6 8 I03 2 

Be, Be, 
Fig. 4. Experimental results for chosen ribbon ribbed tubes presented for T = 284 K (designation of the 
lines corresponds with the tube numeration given in Table 1). - - - theoretical relations for smooth-wall 

film-apparatus as in Fig. 3. 

6 

2 
4 6 8 10s 2 4 6 8 IO3 2 

Be, Be, 
Fig. 5. Experimental results for helical wired tubes presented for T = 284 K (designation of the lines 17- 
19 corresponds with the tube numeration given in Table 1). - - - theoretical relations for smooth-wall 

film-apparatus as in Fig. 3. 

probability of mass transfer in a film flowing down 
smooth surface [ 1 l] and particularly on the upper side 
of the limit of this region. The maximal values of 
S/r:, have been obtained for ribbon ribbed steel tube 
with characteristics: rg = 8 and tg6’ = 0.05980. An 
analysis of the experimental data showed that the 
spiral motion of a liquid thin layer causes the decrease 
(in comparison with falling film) of the Reynolds num- 
ber value characteristic for the beginning of turbulent 
process mechanism. This effect is described by the 
following general formula : 

AR&,, = Re& - Re:,p * r, + b (14) 

where Re&, is the critical value of Reynolds number 
for spiral film ; Rez,,, is the critical value of Reynolds 
number for film flowing down smooth surface (for 

steel Re&t = 1060 ; for copper Rez,,, = 1050 ; for 
brass Rez,,, = 1030 ; for aluminium Re&, = 970 from 
[12]); rg is the factor of the surface characteristics 
(for triangular threading Fg = h/H* 104; for ribbon 
and wiring : rg = Z/h). 

DISCUSSION 

In order to compare the presented data with the 
results of other studies, the heights of mass transfer 
unit have been determined too. In Fig. 6 the values of 
Hr. =f(ReJ for three tubes of various surface con- 
figuration with the maximal effect of mass transfer 
coefficient increase have been compared with the rep- 
resentative data for packed columns [26-281 and 
“liquid tube” [lo]. The equivalent Reynolds number 
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2.1 

g 1. 
d 

1. 

0. 

.i 

Roj and Aksel’rod 

I I I 
locul 2000 3000 

Re, 
Fig. 6. Comparison of the HL values for chosen studied tubes 
with the representative values for the packed columns (- - -) 
and for the “liquid tube” [lo] (. .). (Sl) Van Krevelen and 
Hoftijzer [26] ; (S2) Fujita and Hayakawa [27] ; (S3) Sher- 

wood and Holloway [28]. 

for packing was calculated from the following for- 
mula : 

(15) 

where go is the superficial mass velocity of the liquid, 
referred to the cross-section of the “empty” tower 
and a-the surface area per unit volume of packing. 
Obtained values of liquid phase mass transfer unit 
heights for spiral films are comparable with the data 
known for packed1 columns. 

In [l 1, 251 it has been stated that in a liquid film 

flowing gravitationally down smooth and rough tubes 
the wall effect on transfer processes is evident. The 
significant discrepancies between different data known 
from literature called for inquiries about the esti- 
mation criteria of real enhancement of mass transfer 
in spiral films. Two types of the criteria have been 
analysed : the first, based on the values of quantities 
calculated for the surface of smooth tubes (Sh,,) and 
the second, with respect to wall surface increase factor 
(S/r&). The values for equivalent smooth tubes formed 
the first datum level. The criteria taken as the mass 
transfer enhancement factors were defined as follows : 

(#+; (#+g&. 
0 e,O 

The values of S/r,, calculated from the formula 

she,0 = Co * Re$ - SC’.’ (17) 

with correlation values of Co and A0 for studied 
materials are listed in Table 3. The second datum level 
was found on the basis of the values of S/r,, and S/r:, 
in a film flowing gravitationally down triangular and 
ring grooved tubes [25]. The criteria on the film swir- 
lization effect are introduced as the following ratios : 

In Figs. 7 and 8 the relations of & =f(Re,), 
&’ =f(Re,) and the effect of parameters of surface 
characteristics for a given Re,, have been presented. 
For triangular threading the mass transfer enhance- 
ment factor increases with increasing of surface wet- 
ting rate as well as of the values of both Ig and the 
characteristic angle of a helix. For ribbon ribbed flow 
surfaces the increasing of the enhancement factors 
with increase of both the Reynolds number values and 

3 
t 9 10 1 4 

i, 
0 

2- 

1- 

L I I I I I I 
1000 2w 3000 loo0 2000 3000 

Re, Re, 
Fig. 7. Reynolds number effect on the process enhancement factors pL and &’ for the tubes with triangular 

threading (designation of the lines corresponds with the one given in Table 1). 
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Table 3. Values of constants and exponents in equation (17) from [l l] 

Material Range of validity A,, C,, - lo* Range of validity A0 Co* lo* Range of validity A0 c,* lo4 

Steel Re, < 370 0.383 1.029 Re,c(370; 1060) 0.250 2.259 Re,E(1060; 2643) 0.714 8.923 
Copper Re. < 320 0.309 1.795 Re,E(320; 1050) 0.213 3.122 Re,~(1050; 2708) 0.802 5.187 
Brass - - - Re,c(300; 1030) 0.244 2.‘188 Re,E(1030; 2810) 0.707 8.817 
Aluminium - - Re, ~(308 ; 970) 0.230 2.552 Re, ~(970 ; 2490) 0.738 7.750 

I 
1000 

I I I I I 
2ooo 3ooo loo0 moo 3ooo 

Re, Re, 
Fig. 8. Reynolds number effect on the process enhancement factors FL and 6~’ for the tubes with ribbon 

ribbing (designation of the lines corresponds with this one given in Table 1). 

Table 4. The correlation values of the coefficients in equation (19) 

Surface type Range of Re, Cl Al C, A2 C, A3 

Triangular threading Re. < Re:,,,, 0.520 0.102 0.110 0.375 0.386 0.148 
Re, > ReL 0.652 0.202 0.142 0.316 0.483 0.247 

Ribbon ribbing Re, < Rek 0.422 0.391 0.235 0.253 0.276 0.295 
Re, > ReL 0.214 - 0.082 0.233 0.153 0.139 -0.178 

Helical wiring Re, < Re’.,,, 0.995 0.202 0.214 -0.203 2.323 0.542 
Re, > Re:.E,t 5.842 0.210 - 0.0328 0.801 13.65 0.550 

the geometrical modulus rg and decrease of the angle 
0, has been observed. The functions of CpL =flRe,) 
and &’ =f(Re.) for helical wired tubes were of an 
extreme character with maximum for Re, = 
R&,, = 1050. As a result of the elaboration of exper- 
imental data the general formulas for the enhance- 
ment factors : 

(19) 

have been obtained. In Table 4 the correlation values 
of the characteristic coefficients of equation (19) have 
heen presented. 

In Figs. 9 and 10 (with the legend listed in Table 5) 
the enhancement of mass transfer obtained in present 
study was compared with the studies performed for 
film pre-swirlization [ 1,291. The factor @A in the study 
of Carre and Bugarel [l] was defined as follows : 

(20) 
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Fig. 9. Comparison of the process intensification factor FL 
values for triangular threading with results from various 

papers. The legend of the lines is given in Table 5. 

-5 

: 

Reo 
Fig. 10. Comparison of the process intensification factor Qt 
values for ribbon ribbing with results from various papers. 

The legend of the lines is given in Table 5. 

From the patterns showed in Figs. 9 and 10 it fol- 
lows that the enhancement of the process for passive 
turbulization of liquid film depends on Reynolds num- 
ber. The values of &’ for some studied tubes are 
comparable with the data of Carre and Bugarel [l]. 

In this place one ought to emphasize that the values 
of & are on the average about 57% greater than the 
values of &. 

The analysis of the criteria of film swirliition effect 
was made for two types of wall shape: triangular 
threading and ribbon ribbing. Accordingly the quan- 
tities of ez and FL’, have been calculated from the 
adequate general relations for triangular and ring 
grooved surfaces [25]. The values of X,,S (Figs. 11 
and 12) for all tubes studied (except tube no. 5 for 
Re, -c 840) were X,,S > 1. For ribbon ribbed tubes 

p z X = 0 6814 - Re”~0487’~“” > 1. r,s r,s . c (21) 

The values of X& > 1 were obtained for the triangular 
threaded tubes for tg0 = 0.02 in total studied range of 
surface wetting rate. For the characteristic angles of a 
helix ~~(0.01419x;0.01911n) this effect is limited 
from below by the correlation : 

Ree,c.x = 1.826. 1O-9 .(tg0)-6.645. (22) 

As a result of mathematical elaboration of the present 
data for mass transfer into a liquid film flowing down 
tubes with triangular threaded surfaces the general 
relations have been obtained. These are as follows ; 
for transitional range of a process 

X,,S i= 0.928 .(fgQ)o.102. Re,0~04’2’~.‘*‘; 

x;r, = 0.921 .(fgqo.~48 . ~~50.0412-ri.48’ 

for turbulent range of a process 

(23) 

X,,* = 0.0567 .(tg@)-“,4’2 * Re~.0676’r~6” ; 

Xf’ = 0.0712*(tg0)-“~412 ??Re~.0676’r~‘6”. (24) 

The maximal values of the criteria of film swir- 
lization effect have been obtained for the triangular 
threaded tubes no. 10 (Xr,s~,=~ooo) = 2.37; 
P r,s(Re,= 3000) = 2.02) and no. 9 (Xr,S~Rc,_~ooo, = 2.26 ; 

x r,s(Re,-3000) = 2.00). Accordingly for the best of the 
ribbon ribbed tubes (no. 11) for Re, = 3000 these 
values were X$ z X,,S = 1.50. These numerical exam- 
ples show that the effect of the spiral motion of a film 
is stronger in the case of triangular incisions than in 
the case of ribbon ribbing. 

It is not possible to compare the obtained values of 
the criteria of film swirlization effect with other exist- 
ing data. Most of the previously published studies 
have been confined to one type of regular wall rough- 
ness. As an exception, the paper of Moalem-Maron, 
Sideman and Horn [30] may be pointed out. These 
experimental studies have been performed on liquid 
phase mass transfer on horizontal tubes of both ellip- 
tic and circular cross-sections, smooth as well as ring 
grooved and ribbon ribbed. In common ranges of 
Reynolds number Re, a(300 ; 600) the analogy of the 
effect of characteristic angle of a helix on X,,S values 
has been observed. The increase of the angle 0 causes 
the decrease in the value of the criterion of film swir- 
lization effect. 
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Table 5. Legend for Figs. 9 and 10 

No. Results Process enhance type Quantity I. ts6 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

own triangular threading 
own triangular threading 
own triangular threading 
own triangular threading 
own triangular threading 
own ribbon ribbing 
OWn ribbon ribbing 
own ribbon ribbing 
own ribbon ribbing 
own ribbon ribbing 
Sergeev [29] preswirlization 
Carre and Bugarel [l] preswirlization 
Carre and Bugarel [l] preswirlization 

4.0 
6.0 
7.3 

10.0 
10.67 
4.2 
4.7 
5.2 
7.0 
8.0 

&,;9‘i’ - 
- 
- 

0.01419 
0.01711 
0.01911 
0.02686 
0.03845 
0.11701 
0.09379 
0..0758 1 
0.06563 
0.05981 

I I I 
loo0 2ooo 3ooa 

Ree Re, 
Fig. 11. Dependence of the criterion of liquid film swirling effect on Reynolds number (designation of the 
lines corresponds with the tube numbering given in Table 1) : - triangular threading ; - - - ribbon ribbing. 

CONCLUSION 

The experimental studies of mass transfer process 
intensification in a liquid film for three types of the 
outside tube surface configuration, forced by the 
additional flow along the helix, have been presented. 
The positive effect of the ribbing in a helix in com- 
parison with the incisions perpendicular to apparatus 
axis of the similar form, has been found. The process 
intensification factors as the functions of Reynolds 
number and characteristic for a given surface con- 
figuration geometrical parameter as well as of charac- 
teristic angle of a helix have been presented. It has 

been shown that the maximal value of process 
enhancement factor with respect to smooth surfaces 
from the given material was 3.75 (with regard to sur- 
face expansion factor of 3.19) and the liquid film swir- 
lization can improve the process kinetics even by 2.4 
times (with regard to wall surface expansion about 
twice) in comparison with the effect obtained for a 
respective ribbed surface, while not forcing the spiral 
motion of a layer. 
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