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ABSTRACT

Analysis of operation of apparatus with a movable packing and regular arrangement of
packed elements in the volume of contact zone allowed create designs of apparatus with a
combined regularly weighted packing, combining positive qualities of analogues.

The research results of hydraulic resistance of apparatus with a regular structure tubular
packing and with a combined regularly weighted packing were compared. Depending on the
gas flow velocity for apparatus with a regular structure tubular packing, the presence of three
hydrodynamic modes (film-drop, drop, and drop entrainment) is noted. For apparatus with a
combined regularly weighted packing, four hydrodynamic modes (stationary state of the
packing, transient mode, mode of developed turbulence, and drop entrainment) were defined.

Analysis of the research results of design apparatus parameters with a regular packing
elements arrangement in the contact zone volume allowed justify the steps of placing the
packing elements in the vertical and radial directions. So, for the regular structure tubular
packing apparatus, such steps aret,/d=2 and 4, and for the radial step t,/d=2.

Methods for calculating the hydraulic resistance, taking into account operating and
design parameters, are proposed for the studied apparatus.

Key words: combined packing, hydraulic resistance, gas velocity, operating modes,
design parameters, calculation method

INTRODUCTION

Currently, a large number of apparatus with a movable packing are known, among
which are apparatus with a weighted, flowing, circulating packing, etc. Their development
was aimed at creating their perfect designs that meet the basic requirements for heat and mass
transfer apparatus. These include high intensity, stability of mass transfer characteristics
under changing loads, constant efficiency during large-scale transition, simplicity of design
and operation, versatility, insensitivity to pollution of the gases and liquids being processed,
low energy intensity, material intensity, etc. [1].

However, apparatus with weighted and flowing packing have a number of
disadvantages, the main of which are increased hydraulic resistance and significant
longitudinal mixing. Apparatus with a circulating packing with a circular motion are difficult
to manufacture and also have significant hydraulic resistance. Apparatus with a regular
movable packing have no such disadvantages. The uniform distribution of packing on the
strings in the contact zone volume can significantly reduce the hydraulic resistance [1].
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One of the varieties of apparatus with a regular structure of the packed zone is an
apparatus with a bundle of regular tubular packing [2]. Implementation of the contact
apparatus in the form of a bundle of tubes, arranged across the gas-liquid flow motion,
provides additional advantages, since in this case it is possible to supply heat directly to the
contact zone of phases or to withdraw from it, which is a mandatory requirement for efficient
conduct of many heat and mass transfer processes and chemisorption [1].

Another variety that is included in this class of apparatusis an apparatus with a
combined regularly weighted packing [3,4]. Introduction of weighted ball contact elements to
the regular structure tubular packing zone allows carry out mechanical cleaning of the internal
packed zone surfaces, which may be important when working with gas and liquid flows
polluted with solid particles that have enhanced adhesion properties.

MATERIALS AND METHODS

The known methods of measuring the hydraulic resistance using a well-type manometer
and micro manometer were used for the research. To visualize the gas-liquid layer,
photographing the working apparatus area was carried out.

RESULTS AND DISCUSSION

The hydraulic resistance research results were analyzed depending on the operating-
design parameters of apparatus with a regular structure tubular packing and with a combined
regularly weighted packing.

It is known that the main parameters determining the operation of packed heat and mass
transfer and dust collecting apparatus are gas and liquid flows and design features of the
contact zone [5].

The research results of the hydrodynamics of apparatus with a bundle of regular tubular
packing are available in the works [6-8]. There was also carried out research of the hydraulic
resistance of apparatus with a combined regular-weighted packing (tubular-weighted (TW)
and tubular-flowing (TF)), depending on the operating parameters.

Figure 1 shows a graph of the hydraulic resistance against the gas flow velocity in a
logarithmic grid of coordinates for apparatus with a combined regularly weighted packing
(TW and TF), as well as apparatus with a regular structure tubular packing [9].

As can be seen from the graph, as the gas flow velocity increases, the hydraulic
resistance values increase. This is natural, since increase in the gas flow velocity affects the
gas flow dynamic pressure growth and the gas-liquid layer high turbulization. Increase in the
amount of liquid supplied leads to increase in the gas flow consumption to overcome the
liquid friction.

In the specified ranges of change of operating parameters, the authors of the works [5-8]
for apparatus with a regular structure tubular packing noted the presence of three
hydrodynamic modes (film-drop, drop, and drop entrainment). We have defined four
hydrodynamic modes (stationary state of the packing, transient mode, mode of developed
turbulence, and drop entrainment) for apparatus with a tubular-weighted and tubular-flowing
packing.

In the apparatus with a regular structure tubular packing at the gas flow velocity from 1
to 2.2 m/s, in a film-drop mode, the gas flow motion does not break the liquid flow nature that
flows through the tubes in the form of a film.In the lower part of the tubes, the film
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disintegrates into large drops, which fall onto the lower layer and merge into a film. In the
inter tubular space, the liquid is also in the form of large drops and jets.
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Gas velocity Wy, m/s

Experimental conditions: TW and TF apparatus (one support-distribution grid; t,/d=4;
t/d=2; p,= 600 kg/m®, d, = 0.015 m; Hg=0.03m; Sy/S;=0.28 m’/m* L=15 m*m’h);
apparatus with a tubular packing (t,/d=2; t,/d=2; L=10 m%*m?h) [9]

1 - APR,, - tubular-weighted packing; 2 - AR — tubular flowing packing; 3 —AP —
apparatus with a regular structure tubular packing [9].

Fig. 1. Dependence of the hydraulic resistance of apparatus with a combined regular-weighted
packing and with a regular structure tubular packing on the gas velocity

In the apparatus with a tubular-weighted packing, the AB area (w; from 0.5 to 1.8 m/s)
and in the apparatus with a tubular-flowing packing, theA'B'area (w, from 0.5 to 1 m/s)
correspond to the stationary state of the packing layer. The existence of this mode for the TF
apparatus in a narrower w, range is due to the presence of a pyramidal (conical) plate in it,
which contributes to the increased velocity of the introduced gas flow in the central part of the
layer, where the packing begins to acquire mobility. This state corresponds to the beginning of
the wy . Layer weighting [10].

When the gas velocity iswg= 2.2-4.0 m/s for the apparatus with a regular structure
tubular packing, the drop mode is noted in which the dynamic pressure is sufficient to form
waves on the film surfaces. The liquid films are first crushed into jets and then into drops. In
the entire contact zone volume, there is a chaotic motion of drops, their collision between
themselves, with the liquid film, and entrainment to the above rows of tubes.

At w.= wy gthe lifting force in the TW apparatus becomes sufficient for separating the
packing elements from the grid. With increase in w,, the number of weighted elements
increases over the entire cross section, and the weighing in the TW apparatus has an uneven
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oscillatory character. This unstable mode is called transient. In Figure 1 it corresponds to the
BC and B'C' areas.

As against the apparatus with a regular structure tubular packing, where the drop mode
Is maintained up to wy = 4.0 m/s, in the apparatus with a combined regular-weighed packing
within the CD, C'D' areas, an intense turbulent phase interaction is observed. Therefore, here
begins the next mode called the developed turbulence mode, which is characterized by an
intense motion of the packing, a significant layer expansion and a noticeable uniformity of
phase distribution.

The critical gas velocity in all of the research counter-flow apparatus is limited by the
amount of permissible drop entrainment (in the absence of a drop catcher) or by pressing a
part of the packing to the upper grid to form a hanging dense layer, which leads to a sharp
jump in the hydraulic apparatus resistance. This mode is called the drop entrainment mode (D,
D', and D" points).

The increase in the amount of liquid supplied in all ranges of change in the gas flow
velocity leads to increase in energy consumption due to more work on its breakdown, and
beginning of the modes is shifted towards lower gas velocities.

The beginning of flowing, or weighing in apparatus with a combined regular-weighted
packing (B and B'transition points), substantially depend on the irrigation density L. The
increase in the L leads to the change in wys, or w,, towards lower values w,. In the transient
mode, the AP growth depending on w; somewhat slows down. This is explained by the
oscillatory nature of the layer behavior, the liquid falls through the grid in large portions and,
as a result, its delay decreases [10].

Research of hydraulic resistance, other hydrodynamic characteristics, and Euler number
on the design parameters of a tube bundle [5-7, 9] have revealed the regularities described in
the works [11, 12]. At flowing around solid bodies that are regularly arranged in the direction
of flow, it is possible to achieve simultaneous vortex formation modes (in-phase modes) when
the formation time and the vortex motion time behind the body chain coincide [11].This
phenomenon is accompanied by increase in energy consumption. At the same time, the
apparatus operation in the in-phase mode allows achieve significant efficiency of the
processes (absorption, contact heat exchange and dust collection).

For the apparatus with a regular structure tubular packing, the extreme points
corresponding to the achievement of simultaneous vortex formation modes are the tube
positions in the vertical direction t,/d=2 and 4 [5-8]. Therefore, in the work [9], studies of
hydrodynamic characteristics, mass and heat transfer were carried out with a tube step in the
vertical direction equal to t,/d=2.

In order to carry out the research, in view of the weighted contact elements motion
peculiarities in the tubular bundle intertubularspace, there was chosen the tube arrangement
step in the vertical direction equal tot,/d=4, which also ensures the in-phase mode
achievement.

When studying the effect of radial steps between the tubes [6, 7, 9], another regularity
was established [12]. The critical step value between solids, which determines the size and
frequency of vorticesformation is the gap width between adjacent bodies. Exceeding the
critical step leads to the fact that each solid body forms vortices on its own and the width of a
solid body determines their frequency. The critical step value in the radial direction for a
tubular packing is t,/d=2.

For the apparatus with a regular structure tubular packing, the loss of flow pressure
spent on the vortices formation and interaction in the tubular bundle, on changing the gas flow
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direction, on the gas friction on the packing elements surface and the liquid film can be
calculated as follows [13,14]:

H pWy
t, 2el

AP =& - 1)

Where H is the packing height, m;p, — gas density, kg/m*;¢, — resistance coefficient, taking
into account the pressure loss in the interaction of vortices in the vertical and radial directions,
on the gas friction on the packing elements surface and the liquid film; £, — porosity of the
packing row

& :1—i (2)

tp

AP,experimental data processing[6,7,14] allowed obtain practically identical calculated
dependences to define the coefficients &, :

£ =0,25-6,-6 ~Re|°'1, 3)
In the formula (3) Re; — Reynolds number:

U, -d
Rej= — (4)

Vi

whereU,=L/3600 - the liquid velocity, m/s; v,— kinematic liquid viscosity coefficient, m?/s; L
— irrigation density, m®m®h; dec — equivalent packing diameter, m.

The equivalent packing diameter is defined as an equivalent diameter of channels
through which the gas moves [6, 7, 14]:

4.t -t —7d?
d,, = br—”, (5)
zd
The volume tubular packing porosity is defined by the formula:
7d?
4t -t ®)

The coefficient characterizing the vortices interaction degree in the vertical direction
g, for all types of packing elements regularly arranged in the gas motion direction [6, 7], is
defined by the equation:

6, =0.85+0.15sin| Z| 3L 49 (7)
b 2 m ,
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where Sl- Strouhal number for the tubular elements SI=0,2; m,—parameter taking into

account the vortex formation, form of streamlined elements and decrease in the vortices
velocity. For the tubular elements

m, = 0.44(1-exp(-t,)) (8)
The coefficient, characterizing the vortices interaction degree in the radial direction and

taking into account the change in the vortex formation frequency, &; can be defined by the
formula [6,7]:

b =1 4 (9)

The pulse elements arranged in the same row perpendicular to the streamlined flow
contribute to the vortices formation with scales A. There are two cases for discretely arranged
bodies in the same row perpendicular to the streamlined flow: att,>2d A=d; att,<2d A= t,-d.

The hydraulic resistance of apparatus with a combined regular-weighted packing
consists of the resistance of a tubular bundle and a weighted ball packing:

AP_ = AP, + AP, (10)

The flow pressure losses spent on the vortices formation and interaction in the tubular
bundle of the apparatus AP, can be calculated by the equation (1).

By processing the experimental hydraulic resistance data, practically identical
calculated dependence was obtained to determine the coefficients &, :

& =0,53-9,-0 -ReM (11)

In the equation (4) to calculate the Reynolds number by the liquid, the equivalent
diameter of a tubular-ball packing entering it, is defined [15] by the formula:

S 2:m 12t -t —x-(6-df +n,-n,-d]) |

d. =
o 3-7(m-d, +d,) 12)

In this formula:
the relative height is h=n, -d,. The amount of balls is h/d,, =n, ;

the relative width is 6 = (¢, +d,,) =n, -d, . The amount of balls is(t, +d,)/d,, =n,;

the relative layer length .
The hydraulic resistance of the irrigated ball packing weighted layer consists of the
resistance of the balls and the liquid retained by them:
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ARy :(1_5sh)'pn'g'Hst+ks'p|'h| (13)

Where k; — adjusting coefficient. For the apparatus with a tubular-weighted packing
ks =0.558; for the apparatus with a tubular-flowing packing ks =0.65-S,/S,; h - the
amount of the liquid retained by the weighted-ball packing.

CONCLUSION

Thus, the analysis of the operation of the apparatus with a movable packing and regular
arrangement of packed elements in the contact zone volume allowed create designs of
apparatus with a combined regularly weighted packing, combining positive qualities of
analogues.

The research results of the hydraulic resistance of the apparatus with a regular structure
tubular packing and with a combined regularly weighted packing were compared. Depending
on the gas flow velocity for the apparatus with a regular structure tubular packing, the
presence of three hydrodynamic modes (film-drop, drop, and drop entrainment) is noted. For
the apparatus with a combined regularly weighted packing, four hydrodynamic modes
(stationary state of the packing, transient mode, mode of developed turbulence, and drop
entrainment) were defined.

The analysis of the research results of the design apparatus parameters with a regular
packing elements arrangement in the contact zone volume allowed justify the steps of placing
the packing elements in the vertical and radial directions. So, for the regular structure tubular
packing apparatus, such steps are tp/d=2 and 4, and for the radial step t,/d=2.

Methods for calculating the hydraulic resistance, taking into account the operating and
design parameters, are proposed for the studied apparatus.

REFERENCES

1 Balabekov O.S., Volnenko A.A. Raschyot i konstruirovanie teplomassoobmenny’x i
py leulavlivayushhix apparatov s podvizhnoj i regulyarnoj nasadkoj. Monografiya
[Calculation and design of heat and mass transfer and dust collecting apparatus with movable
and regular packing. Monograph]. Shymkent, M. Auezov SKSU, 2015. 184 p.

2 Volnenko A.A., Balabekov O.S., Sarsenbekuly D., Zhumadullayev D.K., Korganbayev
B.N. Apparat s nasadkoj dlya teplomassobmena i py leulavlivaniya [Apparatus with a
packing for heat and mass transfer and dust collection]. Innovative patent RK, no. 30217,
2015.

3 Bishimbayev V.K., Volnenko A.A., Yeskendirov M.Z., Protopopov A.V., Zhantasov
K.T., Anarbayev A.A. Apparat s nasadkoj dlya teplomassobmena i py leulavlivaniya
[Apparatus with a packing for heat and mass transfer and dust collection]. Useful model
patent RK, no. 2092, 2017.

4 Volnenko A.A., Yeshzhanov A.A., Abzhapbarov A.A., Yeskendirov M.Z,
Zhumadullayev D.K. Apparatus with a packing for heat and mass transfer and dust collection.
Useful model patent of the Republic of Kazakhstan, no. 3656, 2017.

5 Volnenko A.A. Nauchnyye osnovy razrabotki i rascheta vikhrevykh massoobmennykh i
pyleulavlivayushchikh apparatov. Diss. Dr. tex. nauk [Scientific bases for development and
calculation of vortex mass transfer and dust collection apparatus. Diss. ... Dr. Tech. Sciences].
Shymkent, KazXT]l, 1999, 300 p.

Industrial Technology and Engineering. 2019, 1(30): 49-56



Yeshzhanov 4., Volnenko A4., Zhumadullayev D., Abzhapbarov A., Sarsenbekuly D., Levdansky A. Operating-
Design Parameters Analysis and Hydraulic Resistance Calculation of Vortex Packed Layer Structure Apparatus

6 Bekibayev N.S. Nauchny'e osnovy™ razrabotki i raschyota vixrevy x massoobmenny x i
pyleulavlivayushhix apparatov. Diss. doct. texn. nauk [Scientific bases of coupled heat and
mass transfer processes in the in-phase-vortex apparatus: Diss. ... Dr. Tech. Sciences].
Shymkent, M. Auezov SKSU, 2008, 240 p.

7 Serikuly Zh. Razrabotka i raschyot teplomassoobmenny x apparatov s podvizhnoj
nasadkoj s uchyotom masshtabnogo perexoda: dis. ... doktora PhD [Development and
calculation of heat and mass transfer apparatus with a movable packing, taking into account
the large-scale transition: dis. ... PhD. Shymkent, M. Auezov SKSU, 2015, 141p.

8 Volnenko A.A., Balabekov O.S., Altukhov A.V., Bazhirov T.S., Serikulyzh.,
Sarsenbekuly D. lzuchenie osnovny x parametrov raboty  sushil'nogo i gazoochistnogo
oborudovaniya [Study of the main parameters of the drying and gas cleaning equipment].
Ximicheskij zhurnal Kazaxstana - Chemical Journal of Kazakhstan, 2014, No. 2 (46), pp.
331-343.

9 Sarsenbekuly D. Metodologiya raschyota i proektirovaniya apparatov s trubchatoj
nasadkoj regulyarnoj struktury™: dis. ... doktora PhD [Methodology of the calculation and
design of apparatus with a regular structure tubular packing: dis. ... PhD]. Shymkent, M.
Auezov SKSU, 2017, 143 p.

10 Absorbciya i py leulavlivanie v proizvodstve mineral’ny’ x udobrenij /O.S.Kovalev,
I.P.Mukhlenov, A.F.Tubolkin, O.S.Balabekov i dr.; pod red. I.P. Mukhlenova, O.S. Kovaleva
[Absorption and dust collection in the production of mineral fertilizers / O.S. Kovalev, I.P.
Mukhlenov, A.F. Tubolkin, O.S. Balabekov, et al.; under the editorship of I.P. Mukhlenov,
0.S. Kovalev]. Moscow, Ximiya, 1987. 208 p.

11 Balabekov O.S., Petin V.F. Zakonomernost™ vzaimodejstviya vixrej, voznikayushhix pri
otry vnom obtekanii potokom gaza ili zhidkosti diskretno raspolozhenny x vdol™ nego tel [The
regularity of interaction of vortices that occur during a detachable gas or liquid flow discretely
arranged along its bodies]. Certificate of scientific discovery, No. 144. M.: International
Association of Authors of Scientific Discoveries, 2000.

12 Balabekov O.S., Volnenko A.A., Praliyev S., Korganbayev B.N., Balabekova M.O.,
Viktorov S.V. Zakonomernost™ formirovaniya parallel ' no vixrevy x struj pri techenii potoka
gaza ili zhidkosti cherez sistemu poperek k nemu raspolozhenny'x diskretny x istochnikov
[The regularity of formation of parallel moving vortex jets with the flow of gas or liquid
through the system across to it arranged discrete sources]. Certificate of scientific discovery
No. 269. M.: International Association of Authors of Scientific Discoveries, 2004.

13 Volnenko A.A., Serikuly Zh., Balabekov O.S., Khussanov Zh.Ye., Bazhirov T.S. O
edinom posxode k raschyotu gidravlicheskogo soprotivleniya i kolichestva uderzhivaemoj
zhidkosti v apparate s regulyarnoj nasadkoj [On a unified approach to the calculation of
hydraulic resistance and the amount of fluid retained in the apparatus with a regular packing].
Ximicheskij zhurnal Kazaxstana - Chemical Journal of Kazakhstan, 2012, No. 4 (40), pp.
216-222.

14 Balabekov O.S., Korganbayev B.N., Sarsenbekuly D. Purification apparatus with types of
regular packing for chromium salts production. Chemical engineering transactions, 2015,
Vol.43, pp.1147-1152,

15 Yeshzhanov A.A., Volnenko A.A., Levdansky A.E., Korganbayev B.N. K raschyotu
e kvivalentnogo diametra kombinirovannoj regulyarno-vzveshennoj nasadki [To the
calculation of the equivalent diameter of a combined regularly weighted packing]. Izvestiya
NAN RK. Seriya ximii i texnologii - News of NAS RK. A series of chemistry and
technology, 2018, No. 1 (427), pp. 87-91.

Industrial Technology and Engineering. 2019, 1(30): 49-56



