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Apparatuses for the heat and mass transfer processes must be designed so that they have a maximum contact sur-
face. Classification of heat-mass exchange apparatuses provides geometric features of the apparatus and the hydrodynamic
condition they create. However, the main trend which remains dominant in the design of such apparatus is to create
a thin film of liquid on the surface of the nozzle.

The work was aimed at choosing the solution in which the MN of the heat-mass exchange apparatuses can be used
to implement the contact handling process of gases and liquids with density values clarification of the nozzle elements
(pne) and the column dynamic height (H.,) and obtain the specified calculated dependences which describe the hydrody-
namics and mass transfer in the apparatuses with a movable nozzle, that is to create bases for engineering calculations.

Research methods were theoretical study and experimental studies on heat and mass transfer devices with movable
nozzle.

The best ranger for mass transfer processes implementation is that of puey (p = 200-700 kg/m’), which is distin-
guished by a wide working area according to w,, acceptable values of fluid withdrawal and a relatively small dynamic
layer height. Within the described mode, we can distinguish the area wy = 4.7—6.0 m/s, where there is no dependence
of H,on w,.

Specified calculated dependence obtained which describes the hydrodynamics and heat and mass transfer in the
apparatuses with a movable nozzle.

Keywords: movable nozzle, fluidization, heat-mass exchange apparatus, critical speed, loss of pressure in the work
area, dynamic height of nozzle layer, stationary mode.
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Annapamel 015 npoGedeHUss nPoYeccos MenioMaccoOOMeHa O0JINCHbI KOHCMPYUPOSAmMbsCsi Mak, ymoobvl y HuX 6ulia
MAKCUMATBHO pazeumas noeéepxnocme konwmaxma. Kuaccugukayus mennoobmennvix annapamos (TMA) npedycmam-
pusaem Kak ceomempuieckue 0CoO6eHHOCU annapama, max u co30a8aemyio 8 HUX cUOPOOUHAMULECKYI0 0OCMAHOBKY.
O0nako 0CHOGHAs MeHOeHYUs NPU KOHCMPYUPOBAHUU MAKUX ANRAPAMO8 — CO30aHUe MOHKOU NJICHKU HCUOKOCHU
Ha NOBEPXHOCMU HACAOKU — ocmaemcs domunupyiouell. Lleavio pabomer — gvibpams peuwtenus, npu komopvix TMA
¢ PH modcem Goimb ucnonb306an 0is peanu3ayuu npoyecco8 KOHMAKmHol 0opabomru 2a308 u JcuoKocmell ¢ ymou-
HeHueM 3HAUeHULl RIOMHOCIU JJIEMEHMO8 HACAOKU (p,,) U OuHamuyeckoll evlcomst cmonba (H.,), a maxoice nonyuenue
VMOUHEHHBIX PACUEHBIX 3A8UCUMOCIEI, ONUCBIBAIOWUX 2UOPOOUHAMUKY U MENIOMACCONEPEHOC 8 aNNapamax ¢ noo-
sudchol Hacaokou APH, m. e. coz0amb 6azvl 0151 uHdICeHepHbIX paciemos. Memodamu ucciedosanus Oviiu meopemu-
yeckoe UsyueHue U IKCNEPUMEHMANbHOE UCCIe008aHUe HA HAMYPHbIX 00pasyax meniomaccooOMeHHbIX annapamos
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¢ nodeudicHou Hacaokoil. beino ycmanosneno, umo ayvwum O pearuzayuy MaccooOMeHHbIX NPoYeccos npeocmasis-
emcs OUanason NIOMHOCIU SNEMEHMO8 HACAOKU P, = 200—700 ke/m’, omauuarowuiicss wiupokum ouanaszonom paéouet
CKOpOCMU W,, NPUEMAEMBIMU ZHAYEHUSMU BbIHECEHHOU HCUOKOCIU U CPASHUMENLHO HeOONbUOU OUHAMUYECKOU BbICO-
moti cros. [Quanason 2,5 < w, < 6,0 m/c obecneuusaem 803modcHocmb ycmouuugou sxcnayamayuu APH 6 pescume
8bICOKUX Hacpy3ok. [Ipakmuueckas 3HAUUMOCTb 3aKTIOUACCA 8 NOTYYEHUU YIMOUHEHHBIX PACYEeMHbIX 3A8UCUMOCTEl,
ONUCHIBAIOWUX 2UOPOOUHAMUKY U MENTOMACCONEPEHOC 8 ANNAPAMNAX C NOOBUNCHOU HACAOKOU.

Knrouesvie cnosa: noosudicnas Haca()ica, I’lC€6()OCOfCUOfC€Hu€, MenioMaccoo0dMeHnHbll annapam, Kpumudeckas
CKopocnib, nomepst Hanopa 6]?(160‘{611 30He, OUHAMUHECKAsL 8bICOMA HACAOOUHO20 CloA, cmaquHaprlﬁ peostcum.

Introduction. The defining feature of heat and mass
transfer processes, which occurs in the three-phase flows,
is the interaction phase, which determines the value of the
interfacial surface. Therefore, apparatuses for the heat and
mass transfer processes must be designed so that they
have a maximum contact surface. Classification of heat-
mass exchange apparatuses (HMEA) provides geometric
features of the apparatus and the hydrodynamic condition
they create. However, the main trend which remains domi-
nant in the design of such apparatus is to create a thin film
of liquid on the surface of the nozzle.

Apparatuses with a movable nozzle (AMN) were
developed in relation to the implementation process
of dedusting and degassing and absorption in a number
of countries: Canada, the USA, Germany, Japan, CIS-
countries [l; 2]. AMN advantages over other types
of contact devices, which determined their widespread
occurrence: steady operation in the polluted environments
of self-cleaning nozzle surfaces and walls of casing, low
sensitivity of the device characteristics to sudden load
fluctuations of gas and liquid; indiscriminateness to the
initial liquid distribution, which is important for industrial
AMN; high lateral uniformity simplifying scalability;
a wide range of workload (in [3-7] a value ¢, up to
200 m*/(m*h is reported) and Wwg up to 8 m/s at an empty
AMN intersection); high intensity of exchange processes
in the layer; constructive design simplicity; compactness;
low weight and cost of the nozzle.

So far published information about the interaction
of the three phases in the HMEA varies by the difference
in the representation quality and experimental data
discrepancies in all major aspects of the movable layers
behaviour, so that its practical use in the engineering cal-
culations is complicated. The study of the quite complex

“gas—liquid—solid” system behaviour remains largely ex-
perimental. Prospects of AMN use for evaporative
water cooling require special consideration. AMN is ad-
visable to apply for the organization of such mass transfer
processes in which the main resistance of mass transfer
is focused in the gas phase, typical for the process
of evaporation cooling in the cooling towers [4].

Therefore, the work was aimed at choosing the solution
in which the MN of the HMEA can be used to implement
the contact handling process of gases and liquids with
density values clarification of the nozzle elements (p,.)
and the column dynamic height (H,) and obtain the
specified calculated dependences which describe the hy-
drodynamics and mass transfer in AMN, that is to create
bases for engineering calculations [8—12].

Studying of evaporative water cooling processes
was carried. Studying of evaporative water cooling proc-
esses was carried on a laboratory model using different
nozzle elements (see table).

From a scientific and practical point of view, the issue
concerning the nature of the transit of nozzle layer from a
stationary to a moving condition seems important. The
issue is complex and poorly studied. Typical modes of
movable nozzles (MN) behaviour in the apparatuses are
shown in fig. 1.

Fixed layer porosity does not depend on the load of
the gas and the liquid. Traditionally, the critical transition
velocity (wy,  wy') is determined by visual pseudo-
fluidization curve analysis that is described by the
dependence A p = (w,, q;). We conducted its specification
by constructing selective La (w,, g;) under the following
conditions: Hy, = 0,1 m, d,, = 0,04 m, p = 300 kg/m3,
¢,= 15 m’/(m*h) (fig. 2).

Studied nozzle elements characteristics

Ne NE type Nozzle material Geometry O Note
dnm mm kg/ m3
1 Foamed 40.1 248 Commercialization of
olypropylene elements
2 poyproPY 40.3 305
3 36.6 335
e
4 35.6 367
5 Empty celluloid ball 37.1 100-1000 Size p,, for the empty
which is partly filled with in increments |
ter of 100 units © ement3
wa 91 kg/m
dIIE
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Fig. 1. Typical AMN modes: a — stationary; b — stationary nozzle flooding;
¢ — initial pseudo-fluidization; d — developed pseudo-fluidization

Puc. 1. Xapaxrepusie pexumsl AIIH: a — cranmonapHslif; 6 — 3ax1eObIBaHIE CTalMOHAPHOM
HACaJK1; 6 — HAYAJIbHOE MICEBJOOXKIDKEHHE; 2 — PA3BUTOE TICEBIO0KIIKCHUE

Speed wy is given to the empty column crossing; fixed
(1, a) and initially compacted layer of nozzle elements (1, b)
having the ability to expand is considered. Value w, '
Werp — the maximum speed at which the curves coincide
Ap for fixed and movable layers; w, — the beginning
of stationary nozzle flooding; w,, w,’ — the beginning of
pseudo-fluidization; w; — the beginning of active pseudo-
fluidization; w; — inversion beginning. Let us specify
some definitions through the variety of existing formula-
tions for wg*: w;, corresponds to the intensive growth Ap,
layer turbidity, foam formation atop of the layer (partially
inverted cocurrent). For the fixed layer speed w, is un-
changed for specific loadings; for an extending layer w,
depends on the porosity and cannot be described by the
known dependencies; w, is the minimum gas velocity
at which steady vertical oscillations of several adjacent
NE are observed; w; corresponds to the active movement
and mixing of NE; w; is the beginning of NE inversion —
their concentration near restrictive gates. The latter mode is
almost immediately transformed into “upper” NE flooding,
which is typical for the fixed layer (fig. 1, b).

Value w,' is clearly recorded on vibrocurve L, (w,) as
a leap (= 20 dB or 30 %) and mild stated on fluidization
curve (column walls vibroacceleration is defined by the
movable nozzles state). Almost constant vibro-

acceleration level (L, = 5.5 wgo’og) corresponds to the

stationary layer state. The NE transition to movable state
was much more difficult, as compared to the traditional
presentation. If w, w," then the described unstable
pseudo-stationary NE states are formed during periodic
movement of an individual NE (layer alteration with
changing porosity) at a constant load. Their duration
ranges from tens of seconds to several minutes. The layer
structure is changing and fluid retention therein varies,
i. e. the w,’ value is characterized by a certain range of
existence. The width of this range depends on the initial
layer density which is determined by NE own weight and
the action of external loads and vibrations. For example,
for NE with p,. = 300 kg/m’ and d,,. = 0,037 m, this value
is 0.4 m/s.

~
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We found that the elements with p,, < 200 kg/m’
transferred to a moving state, bypassing flooding in a sta-
tionary state, for p,. > 200 kg/m’ pseudo-fluidization
is carried out in pseudo-stationary flooding condition of
the extending layer; for p,. > 700 kg/m’ this pattern per-
sists for larger values of H,, and the part of liquid is taken
outside of the layer and placed on top of its upper limit as
the layer of foam with thickness H, over 0.02 meters.

Gas and liquid layer load effecting movable nozzles
retaining ability Hy, = 0.1 m is shown in fig. 3.

The best range to implement mass transfer processes
seems to be that of puer (pe = 200700 kg/m”). Partial
fixed layer flooding precedes the beginning of pseudo-
fluidization; the nature of the transition determines the
entire future behaviour of the system. The speed of the
apparatus starting to flood wj is quite high (= 6 m/s); lig-
uid withdrawal AG, from the working area is slow until

the speed value is w;, This range differs by a wide work
area of speed w,, acceptable values of fluid withdrawal
AG, and a relatively small dynamic height of the layer H,.

Regarding this area let us consider the characteristic
pseudo-fluidization modes:

1.0 < wy < 2.0 m/s — Stationary system state with
characteristic local restructuring of fixed layer structure
and some porosity growth. Linear growth H,(w,) until the
beginning of the pseudo-fluidization speed w," with the
progressive flooding of the fixed reconstructed layer.

2.2.0 < wy, £ 2.5 m/s — Initial pseudo-fluidization
mode (transitional mode). There is a characteristic peak
H, by the speed of gas wy' (fig. 3, a) with the consequent
restoration to the previous value; the system is unstable,
the part of the layer remains stationary and its periodic
restructuring occurs. Fluid retention for ¢, <5 m’/ (m*-h)

(fig. 3, b) in active pseudo-fluidization mode decreases to
values which are characteristic of the stationary layer.
This is a border g, for cooling towers with movable nozzle

(CTMN) related to layer drainage; here CTMN operation
is not feasible, despite the liquid being in the layer for
a long time.
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3.2.5 <wg< 6.0 m/s — Developed pseudo-fluidization
mode. The entire nozzle layer is movable, the system is
homogeneous. Comparison of system characteristics with
the similar mode for the zone p,. shows that the new
transition patterns to mobility impacted the behaviour of
the system as a whole: the initial flooding state is sup-
ported. However, it does not further develop with the in-
crease of w, to the developed flooding due to a mecha-
nism that compensates the layer expansion. This kind of
situation when the initial flooding supported in a wide
range of w,, provides the possibility of stable AMN op-
eration in the high loads mode. Within the described
mode, we can distinguish the area w, = 4.7-6.0 m/s,
where there is no dependence of H; on w,. This new area
precedes a sharp increase of H,.

4.6.0 < w, < 8.0 m/s. In fact, that is the previous
mode with a sharp increase of flooding component. Con-

L, & Ap,
dB kPa
110 0.3
90 - 0.2
70 + 0.1
50 0 |

ventionally, it can be called a movable layer flooding
mode, noting a significant difference from the same mode
with a stationary nozzle. Whereas, under the latter condi-
tions, the flooding mode means the practical impossibility
of further employment, but concerning the apparatuses
with a movable nozzle this possibility remains, due to the
liquid capacity of the apparatus and very high intensity
of the process.

Processing of experimental information. The most
important hydrodynamic characteristics of cooling towers
with movable nozzle (CTMN), which are required for
engineering calculations, are critical speeds (wy/, wy),
pressure loss in the working area (A p), fluid retention
(H)) and dynamic layer height (Hj). This information
allows selecting the operating mode of heat-mass exchange
apparatus (HMEA), calculating the height of the columns
and fan power [13-15].

| >
4 w,,m/s

Fig. 2. Experimental dependences: / — pseudo-fluidization curve Ap = f'(wy); 2 — vibrocurve L, = f'(wg)

Puc. 2. DxcriepuMeHTaIbHbIE 3aBUCHMOCTH: | — KpUBas MCEBAOOKIKEHUA Ap = f (w,); 2 — Bubpoxpusas L, = f(w,)

H1~102, A
m
6 -
4 +
2 -
1
1 1 1 >
2 4 6 W, m/S
a

| | | -
50 g m/m’h

b

Fig. 3. Dependence of retaining ability of the movable nozzle on gas and liquid loads at H, = 0.1 m:
1 —p,e =100 kg/m’, 2 — p,,, = 500 kg/m’; 3 — p,,, = 800 kg/m’; a — H; = F (wp); b — H; = £ (qy)

Puc. 3. 3aBHCHMOCTD yIeP)KUBAIOLIEH CIIOCOOHOCTH CJI0s TTOJJBU)KHON HAcaJIKH OT HArpy30K IO ra3y M KHIKOCTH
put Hy, = 0,1 M: 1 — p,e = 100 kr/a; 2 — p,e = 500 Kr/M°; 3 — e = 800 kr/n’; a — H, =flwg); 6 — H; = f(q,)
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For non-irrigated layers the equation is obtained:

d Ar,
Reo — (DO ne _ 8 , (1)
v 1— Ar,
S 1| R
€y €

where, in order to record the peculiarities of the com-
pressed flow of balls with gas stream the stationary layer
porosity is used. Equation (1) provides the calculation w,
for the layer of balls with diameter of the nozzle elements
d,e = 35..42 mm and density p.,, = 90...1000 kg/m3
for H.,, > d,. Nozzle irrigation leads to a decrease

of wz, (w(,'), and with the increase of p,. the w, value

decreases. With regard to the influence ofg;, and p,, let
us write down:

4320-p,%" - @,

— . 74 :
4320p;é’21 +q,( 1,2510™p,,,+0,275)

'_
Wy =

2

This equation is fair for 200 < p,, < 1000 kg/m? and
5 < g, < 25 m*/(m*h). For p,. <200 kg/m’ dependence of
wy' = F (pne) appears to be bigger. The w, value character-
izes the transition to the developed pseudo-fluidization,
i. e. to the uniformly pseudo-fluidized layer:

o =14 0. (3)

The width of the area of initial pseudo-fluidization
sharply increases with p,, growth and the layers of nozzle
elements (NE) with density p,. > 500 kg/m’ operate
in practice only in this mode.

Dynamic height is characterized by a mean value
of oscillating movable nozzle (MN) level, and was deter-
mined visually. In the stationary state, these oscillations
are characterized by constant amplitude:

Hy = Hyy +Hyy (0, - of)x

x[16,2exp(-0,002p,, —70d,,)+0,007¢, |.  (4)

If wy = w(,', then value H; = Hg, This formula pro-
vides a calculation of H, for dry layer of MN, as well; it is
fair in the range of w, = W, —4.5m/s; g, < 25 m®/(m*h);
Hy,=0.5-0.2 m; p,,. = 90-1000 kg/m’, d,.= 0,035-0,042 m.

The gas stream pressure loss value Ap determines
the capacity of the electric fan motor (excluding energy
consumption for separation and loss in communication).

Traditionally the ratio (ﬂl is used, but the main MN
hd

layer characteristic is its dynamic height H,. Complex

(ﬂJ leads to a distortion of the physical scene, as,
hd

for example, with p,. = 1000 kg/m’ this value exceeds
10* Pa/m. This maximum value corresponds to the weight
of the fixed layer NE, where voids are completely filled
with liquid. This should result in the inverted cocurrent
if losses are greater than 10 Pa/m, which in practice is not
observed even at w, > 8 m/s. So it is worthy using

. . . A
the specific dynamic pressure loss, i. e. the value (H_pj .
d
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. . . . M,
It consists of a dynamic specific NE weight §%ne | and
F, K H d
pressure loss Ap,, that characterize the contribution to the
general value of the detained fluid pressure loss and fric-
tion due to the elements mixing in the pseudo-fluidized
layer:

M
Ap = ApyH , +E2re
Fk

Apy =0,8H,7 %0, x 5)

x exp(1,85-107p,, +1,56-102 ¢, +2,86),

where M, — NE layer mass.

The equation is adequate to the experimental data with
an average relative error 0.11 and is fair in the ranges:
005 < Hy £ 02 m; wo < w, £ 45 m/s;
5 <q, < 25 m’/ (m* - h); 200 < p,, < 1000 kg/m’.

Increase of Hy, leads to the decrease of Ap,, which indi-
cates pseudo-fluidization quality deterioration. For the
elements with p,. = 90 kg/m’ the Ap, value does not

depend on w,; for w, = w, the smallest difference of Ap,
occurs, which was obtained for different densities p,.
Heavier NE correspond to the greater value Ap,, which
match physical presentations. For g, <5 m’/(m*h) the

exponential nature of equation (5) is disturbed.

Conclusion. The apparatuses with a movable nozzle
are a promising solution of column HMEA, which en-
ables operation in the extreme conditions (contaminated
environment, sharp fluctuations of loads), increased limit
loads, high lateral uniformity of fluid (scaling task simpli-
fication), and lack of demands to the flow distribution
quality. The best ranger for mass transfer processes
implementation is that of p,en (per = 200-700 kg/m’),
which is distinguished by a wide working area according
to w,, acceptable values of fluid withdrawal and a rela-
tively small dynamic layer height.

Necessary dependencies for engineering calculation
were obtained, which determine the critical speed value
(wo"), the pressure loss in the working area (Ap) and the
dynamic NE layer height (H}).

It remains necessary to study the dynamics of gas-
droplet flows in the system to provide for calculation
of fluid distribution units, drop moisture separation, envi-
ronmental emission and scattering therein, to consider the
issues of the applied nature (scale factor, work in long-term
inclines and tossing; the accumulation of impurities in the
recirculation liquid, etc. An improved constructive design
of devices with the movable nozzle shall be developed.
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