HEAT TRANSFER DURING BOILING ON HEATING
SURFACES IN A DISPERSE LAYER OF SOLID
PARTICLES: ANALYSIS AND GENERALIZATION
OF EXPERIMENTAL DATA

M. I. Berman and Z, R. Gorbis UDC 536,423,1:66.096.5

An analysis is given and experimental results are generalized for the boiling of water, etha-
nol, and aqueous solutions at reduced pressures on heating surfaces in a disperse layer of
unbound solid particles for limiting (with respect to heat-transfer intensity) conditions.

Earlier {1], if was suggested that the natural motion of vapor and liquid in boiling be used to bring
particles of a bed to a mobile state, known as a state of "thermal fluidization" [2].

In the present work, the results of an experimental investigation of this process, some of which were
published in [2-5], are generalized. The experimental conditions are given in Table 1,

In the given conditions, the realization of a particular set of hydrodynamic conditions is determined by
the relation Ep, H w=q/ rp,S=1(q, p, geometry of the apparatus, kind of liquid).

By visual observation and photographic recording of the conditions of motion of the components and
phases in the given disperse system and comparing these with experimental heat-transfer data (Figs.1 and 2),
itis possible to establish, in the givén conditions, the characteristic values H = Hijm, 4 =q*, ws. ¢ = wW(Q*),
Ep at which change in the disperse-system structure and the heat-transfer laws are observed, and o develop
a classification of the conditions of motion of the components and phases during boiling in the given condi-
tions.

According to this classification, shown in Table 2, each of the three experimentally observed structure
groups has a specific heat-transfer law. For example, w1th increase in height of the disperse layer from 0 to
H = H{jm (conditions 1-3 in Table 2), increase in heat-transfer intensity is observed, while for H= Hhm (con-
ditions 4-9) heat transfer is self-consistent with respect to H [2, 4]. The heat-transfer intensity when =
Hlim may exceed by a factor of 2-3 the heat-transfer intensity during boiling in free c%dltpns for the same
4, p. Approximate evaluation of the forces acting on a vapor bubble in the conditions H = Hjjyy, leads to the
expression

Hym =V olagloy — o) — g (I—m)py—p, )

In the given conditions py, »> gy, m, pp =idem, according to experimental data, Hyjy, = (6—7)J67g77'f, Be-~
cause of the small practical value of mechanically unstable conditions of thermal fluidization with H< Hhm»
the subsequent discussion refers mainly to data obtained with H = Hhm These conditions correspond to
structure groups with vapor motion along individual vapor channels (conditions 4-7 in Table 2) and the struc-
ture with circulational thermal fluidization of the disperse layer (set of conditions 9 in Table 2). The effect on
the heat transfer of pressure, the kind of liquids, the boundary conditions, and the material and thickness of
the heating surface is found to be qualitatively analogous to that observed for boiling in the same conditions
without a disperse layer of particles (H = 0). This indicates a certain analogy in the occurrence of the two
processes. Conditions 4-5a and 7 in Table 2 correspond to boiling curves of the form a ~ qz/ 3 {(with decrease
in pressure, a weak rise in the power to which ¢ is raised occurs), conditions 4-6b to « ~q’ 2 (Fig. 1), and
conditions of circulational thermal fluidization (9 in Table 2) to @ ~q®, The effect of particle size on heat-
transfer intensity at g < g* is clear from Fig. 2, according to which the range dp = 0.8-1.,3 is optimal from the
point of view of intensifying heat transfer. At q > g¥, heat-transfer is self-consistent with respect to dp
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TABLE 1, Experimental Conditions

Heating Material and

Heating > R jo
condi= | surface thickness of | ™@’{ 1,0 .9 | p, bar 1231:1 Shape| r Cdy):
tions | shape heating sur- |pm mater. mm

face

Direct |Horizontal [copper, 0.1 mm0,28| Water  |0,035-1,0{Glass [Spherelo,624(0,027
electrical| plate, 100x/xhigN10, * 8’12 Ethanol | ©0,1—1.0] % . A i,asfojon;
1

heating |15 mm Nichrome, - | " " 2,28(0,16)
o 0.2 mm " 3,42(0,28)
Convec= |Horizontal |copper, 1.0~ (0,27 Water  {0,035—0,7|alumi~| * 2,77(0,93)
tive wbe,10 mm| 1,5 mm 0,27|Ethanol | °0,1—1,0|nosili- .
. fdiam., L = |Kh18N10; Sol'n of 10,035—0,5|cate
620 mm | 1.0 mm (l;zagio y Mullitd * | 5,61(0,24)
T (]

Mullita ® | 9,24(0,43)

Cor- |Imeg-i{ @1

undum | ular
Sol'n of |0,35—0,5 |Cor- * 1 0,05
C,H,0, undum
20%
Yeast |0,035—0,5/silica | * 0,002
suspen-
" Horigontal sion - )
orizontal | copper, 0,27 — lass ;
Hiveton 1.%Pmm 27| Water 0,1—0,5 |G Sphere} 2,77(0,93)
tubebundle
F =017 m? Sel'n of
NaCl
0--20%.1 0,2
Seawater
119, 0,2

Visual observations indicate that during boiling in conditions of channel formation the fraction of the
heating surface covered by a vapor —liquid layer is close to unity and rises with increase in q, tending to
unity. The boiling curves are then the upper limits for the boiling curves in conditions 1-3 and 8-9 of Table 2
(Fig. 1). ’

On the basis of the high heat-transfer intensity (curve 1 in Fig.1), the small pulsation amplitude Ty
and also the stable (without overheating) operation of the thin-walled heating surface at q = const which are
observed in conditions of channel formation (conditions 4-7 of Table 2), it may be concluded that under the
vapor —liquid layer visually fixed at the heating surface (Table 2) there is a thin nonsteady liquid film. Be-
tween this film and the liquid-immersed particles there is a vapor—1liquid layer including layer particles
in the structure or not including them (in conditions 5 and 6 of Table 2, with removal of the layer). The ther-
mal resistance of the vapor—liquid layer is due to the hydraulic drag on the vapor motion App, 4 (hydrodyna-
mic depression) and may be taken into account in the value of AT}, 4. Inthe conditions considered above,
App g < p, and hence ATh 4 =~ 0. The heat-transfer law in these conditions is determined to a considerable
. extent by the thermal resistance of the liquid film at the wall, as in the case of the similar ' coalescing-~
bubble" conditions for free conditions [6].

In conditions of circulational thermal fluidization (9 in Table 2), the heat-transfer intensity is due to the
combined effect of heat transfer in the vaporization of the film at the wall and of convective heat transfer to a
fluidized disperse layer. Following [6, 7], the mean heat flux for the given conditions is written as the result
of summing heat transferred from the heating surface in the vaporization of the liquid microfilm and the heat
transferred convectively from the free parts of the surface to those with the microfilm:
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The presence in the liquid of a disperse particle layer may affect both components of the total heat flux in
Eq. (1), both because of the change in geometric conditions of the occurrence of transfer processes @, Qconv)
and because of the change in effective transfer properties of the disperse system (Aef) in comparison with the
properties of a homogeneous liquid. Consider now the data for end methods of determining the effective



TABLE 2, Classification of Conditions of Motion of Components
and Phases in Disperse System on Boiling

] Type of vapor motion
y [EXperimental 7 State of particle :
M| conditions p layer through layer at surface
1 ' : £ >2 Motionless
—_— ;: !
2 % |0,2—1,5| Unstable thermal
v fluidization Isolated bubbles
1B
3| & <0,2 | Suspension
L
g :
4 % 1—2 | Motionless a) g < g*
5 2 0,2—1 | Partial removal | Periodically ap~ , vapor — liguid
§ ] from surface by | pearing vapor layer of coalesc-
2 5 vapor cavities channels ing vapor cavities
[} ! N
—_— ot t
j=Td]
6 g A <0,2 |Complete removal b) g=>¢*
= Constantly open [Practically con~
vapor channels |tinwous vapor flow
' along heating
surface
7 W< wg o = 0.3 m/sec: motionless particle state,
Ep ~ | periodically appearing vapor channels
_ opt =
8 % g lo 85) 13 | W0~ Wsc= 1.4 m/sec: beginning of thermal
g .4 ©7 7 | fluidization of particle layer
—_— 0 : -
9 2 A W >Wg, ¢t stable circulational thermal fluidization;

& | at the center of the evaporator, upward motion of
vapor~liquid mixture with particles and at the wall, -
downward motion of dense immersed layer. The
vapor passes through the central region as individual

{ bubbles,

characteristics 6—, )-\;f, and AE in the limiting case when =1, £eopy = 0. Then Eq. (1) takes the form

g=c¢ B_ef (Ty —Ts — ATg g — ATy g)- @

Evaluation of the effective liquid—film thicknesses 6 presents the greatest difficulty. A rigorous mathematical
approach is practically impossible in this case, Therefore, structural dependences for & in the given condi-
tions are obtained from an analysis of literature dependences for the thickness of the microfilms forming in
the relative motion of a solid wall and vapor (gas) phase in a liquid [8-11], Despite the difference in organiza-
tion conditions and the processes in [8-11], it may be concluded that in these cases

d=08(v,, d, o, go, w o 7). 3

In conditions of motion along a solid surface by a vapor-bubble meniscus [10,11], the initial microfilm
thickness 6, ~ 71/2, where 7 is the time from initial bubble formation. In [6], the effective film thickness in
bubble-~coalescence conditions is taken to be 6 ~ yiL/Z-,-i/ 2= yiL/z(l/w")i/ 2,

One of the differences arising when a disperse particle layer is present is the determination of the quan-
tity d, a linear dimension characterizing the geometric structure of the disperse system in the region at the
wall. In conditions when capillary forces have the predominant influence on microfilm formation, which are
untypical of the majority of the present experiments (small g, compressed layer grid with small Ep), the
analysis yields an expression 6 = 6(d). For the case of negligibly small capillary forces (large q and dp),

6 =6(vL, I/w"). When capillary, viscous, and inertial forces are commensurate, 6 = 5(0/g0L,, d, VL, Mw").
From dimensional considerations, taking the most common value 1/2 for the power to which vy, is raised, the
following three expressions are obtained for the three cases just considered:

= gz I\ I \1/2 S
§~d ,6~(VL w—) ;6~(VL F) (/Y oTgop . “)
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Fig. 1. Boiling curve at a heating surface in a dis-
perse layer of particles: 1) boiling curve with H =
H}jm in conditions of channel formation; 2) boiling-
curve region in conditions of thermal fluidization;
3) boiling curves in free conditions (H = 0).
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Fig. 2. Effect of ~par't‘;'lcle size on heat transfer during boiling
in the conditions H = Hjjm: 1) water; 2) ethanol; 3) 20% NaCl;

4) 20% C,H,0,; 5) yeast suspension. Surface material:Kh18N10,
Nichrome, and copper, p = 0.035-1 bar; I, II) compléiely and
partially removed particle layer; III) motionless layer.

As the defining dimension d for the case of a motionless particle layer (conditions 4 and 7 in Table 2, com-
pressed layer grid), the characteristic dimension of the threshold space in the region at the wall should be
chosen to be dy = 2mdp/3(1 — m). In conditions of a completely removedlayer (6 in Table 2), the maximum layer-
removal heightd, = [1 — (1 — my)/(1 — myy;,)1H]jm May be chosen as d, where m, is the porosity of a random cover-
ing, mpin is the minimum possible porosity, The coicidence of boiling curves for d; =d, confirms the correct-
ness of this choice. In systems with H = Hyj, formed from particles with similar physical properties, the
existence of a definite disperse-system structure is determined by the value of dp (Table 2), which varies
over broad limits in the present investigation. For these conditions, in accordance with Fig. 2, the complex
(d/\/o/gpL)a may be written over the whole of the range dy, = 2 in the form of a continuous function ¢'(dp): con-
stant in conditions of a completely removgd layer ~(8p = (. 2), decreasing whe;r‘l 0. E = dp = dpopt’ and rising in
conditions of a motionless particle layer dpopt = dp =< 2, The minimum ¢' (dp = dPopt) corresponds to the

conditions of maximum heat-transfer intensity in Fig. 2.

In conditions of liquid-film formation, as a result of the coalescence of the menisci of adjacent vapor
bubbles (q < q*), 3 may be defined as a quantity proportional to the characteristic time interval from the
appearance of vapor bubbles to their coalescence T = l/w". Here ! is the characteristic distance between
active centers [6, 7). According to [12-14], I ~w'(oTs/rvaT)k, where ¢' depends on the material and thick-
ness of the heating surface and the means of heating, while k is 1-1. 5 at pressures of the order of atmospheric.
Substituting & ~ (le/w")i/2 into Eq. (2), with I ~ (0Tg/rpyaT) (i.e., k = 1), leads to a structural dependence
for the heat transfer from which it follows that a ~ q*%p%*!?  which is in good agreement with the present ex-

perimental data for heat transfer at pressures close to atmospheric.

For the minimum pressures investigated, the empirical dependence for the heat transfer takes the form
a ~ q""%p®5, Within the framework of the model adopted, this pattern of change in the form of the dependence
of @ on q and p has a natural explanation: with decrease in pressure, the number of active centers and the
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Fig. 3. Effect of particle-ma-
terial heat conduction onthe effec-
tive heat conduction of the dis-
perse-system wall region: I, II,
II) calculation from Eq, (7) for
Ap > AL, Ap = AL, Ap & AL; the
points give the data of electrical
modeling for Ay = Ap.

distance I between them depend more strongly on (0Tg/rpyAT). For example, change in k as I changes from
1 to 3 leads to change in the approximating structural dependence of the form @ ~qPp8 from a ~¢q%87p012 to

a ~ q8p"45 It may be supposed that the existence of well-founded data for k allows calculational relations
for the heat transfer to be obtained within the framework of the model adopted. Since there are no data on

1 and k for the given case at present, the relation I ~ w'(aTs/rvaT)k for thermodynamically similar liquids
[15] is taken in the form

o~ "TjT)f()w. -

which leads to the appearance of the empirical functions f and ¢ in the resulting dependence — Eq. (9).

With increase in AT, ! decreases. However, if at AT = AT*{g* a practically continuous vapor flux
arises at the wall, then further change in I with increase in AT > AT* cannot have any significant effect on
the formation of the liquid film at the wall. For these conditions, I is taken to be the characteristic value
which it has at the point of change in the hydrodynamic conditions, i.e., ! = [(AT*). Following [15], it may be
assumed for thermodynamically similar liquids that AT* ~ Terpf" (S) and

fo 9T
( TPVTcrf" (E)
Thus, the lack of information on the patterns of distribution and activation of vapor-formation centers at the
heating surface means that it is necessary to resort to the concept of approximate thermodynamic similarity
in order to close the system of interrelations in the given model. It must be emphasized that generalization
of the experimentally obtained information on the heat-transfer laws in the investigation conditions is also pos-
sible using only the concept of thermodynamic similarity. However, invoking a model of the detailed process

characteristics @, d, Aef) permits a more well-founded treatment of the influence of the disperse-layer char-
acteristics on the heat transfer.

)f@v- (6)

Passing now to the analysis of Aef —. see Eq. (2) — note that in conditions of removal of the layer a homo-
geneous liquid film remains at the surface, and Aef = AL. Inthe case of a motionless disperse layer, there
is aliquid microfilm with particles partially immersed in it at the wall, Particles leavingthe surface mic rofilm enter
the vapor—liquid layer. Preliminary estimates of 5 from experunental heat-transferdata indicate that, for the
investigated layers of motionless particles (Table 2), § does not exceed 0. 2d,,, and the larger part of the sur-
face of the particle layer at the wall is then found to lie in the region of intense vapor —liquid-mixture motion,
the temperature of which is close to Tg. Analysis of the quasisteady heat-transfer process in a representa-
tive cell of the layer at the wall was carried out in [3] under the assumption that the temperature of the exter-
nal film surface and of the particles escaping from it is Tg. Then heat transfer occurs in the direction normal
to the heating surface, and heat transfer radially over the film may be neglected, while for g/dp =90.2

ne-ral(g)-(4) ] i
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Fig. 4, Generalization of experimental data on heat transfer during
boiling on heating surfaces in a disperse layer of solid particles with
f= H)jm. The continuous curves correspond to calculation from
Egs. (9)-(11). The experimental points are as follows, For water,

q = const: 1, 2) corundum, dp = 0,05, 0.1 mm; 3, 4, 5, 7) glass,

dp =0, 62, 1,33, 2,28, 3.42 mm; 6) aluminosilicate, dp =2,77 mm,
For water, convective heating (c.h.), copper, Kh18N10: 8) corun-
dum, dp = 0.1 mm; 9, 10, 11, 13) glass, dp = 2. 77 mm; 12) alumino-
silicate,dp = 2.77 mm; 14) mullite, dp =56 mm, For NacCl solu-
tion, c.h., copper, glass, dp = 2,28 mm: 15) 20% NaCl; 16) 10% NaCl;
19) 5% NaCl. For C,H,0, solution (20%), c.h,, Kh18N105: 20) glass,
dp = 2,28 mm. For suspension, c.h., copper: 17) aluminosilicate,
dp =2.77 mm. For ethanol, c.h., copper: 18) glass, dp = 2.28 mm,
For ethanol, c.h., Kh18N10: 21) glass, dp =2.28 mm; 22) corundum,
dp = 0.1 mm,

where ¥ = 7 when Ap >> AL, and ¥ = —7 when Ay < Ar, (Fig. 3). This assumes the result of electrical modeling
that distortion of the temperature field in the film is observed only in the vicinity of the point at which the
particles touch a surface of radius rg = [d2/4 — (dp/z - 6)"’]1/2 For the present case (A, > A1), electrical
modeling of the heat transfer in a representative cell was carried out on an EGDA-9/60 electrical integrator.

In contrast to [3], heat transfer was modeled in an axisymmetric volume cell, The electrical-modeling data
are approximated to Eq. (7) with v =—1.4 (Fig. 3). It follows from Fig. 3 that for the given conditions (Ap = Ay,
5 < 0, 2dp) the deviation of Aef from Ar, is less than 20% Therefore, )\ef A1, is assumed below in generaliz-
ing the experimental data,

Good agreement is found 1f taking Eq. (7) into account, the present experimental data for a compound
glass-particle layer Pp = AL, = 0.2) with a ~ q® are compared with the data of [16] on boiling in a layer of
Monel particles (A\p > AL). This may be taken as confirmation that the heat-transfer model adopted is ade-
quate and Eq. (7) is sufficiently accurate.

According to Eqs. (1) and (2), AT =Ty, — Tg — ATq 4 — ATh,d4 In conditions of channel formation,
the hydraulic drag of the vapor —liquid at the wall and the vapor channels Apy g is considerably less than the
pressure above the vaporization meniscus p. In this case, AT} 4 may be neglected in calculating AT. This
conclusion is in good agreement with experimental data on the self-consistency of a with respect to H for
H = Byim [2].

On the basis of the given analysis, in accordance with Eqgs. (2)-(7), structural expressions may be ob-
tained for determining the heat-transfer coefficient for the following conditions:

1) when capillary forces have the predominant effect on 3_, i.e., when particles of small dimension are
motionleas over the whole bulk of the layer (these conditions are characteristic of [16), for example, and for
a whole series of the present experiments with compressed small particles),

— 3{l—m) )& 8
“=Alef[ (2md;l]' ;

2) when capillary, viscous, and inertial forces are comparable (conditions 4-6a and 7 in Table 2) with
q<q*,
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3) for conditions in which capillary forces are negligible (conditions 4-6b in Table 2) with g > g*,

o = Ay, 22T o)

The boundary value q = q* separating these two sets of conditions is determined by equating @ in Eqs. (9) and
(10):
SRR A

=TT )\ A
Here ¢, ¢, and f are corresponding power functions of the parameters ¥', ¢', f', and " introduced earlier
and reflect the influence of the heating-surface characteristics, the relative layer-particle size dp, and the
relative pressure p. The values of A; and A, and the explicit form of the functions fj, f,, ¢, and ¥ are found
by comparing Eqs, (9) and (10) with experimental data, The value of § determined from thgy experimental data
for copper and stainless-steel surfaces also depends on the relative pressure in the range p <1073, The effect
of the surface on the heat-assimilation coefficient ew is taken into account for the experimentally observed
self-consistency conditions for « with respect to the heating-surface wall thickness 8y, In determining the
form of ¢, by analogy with [8, 17], it is assumed that a is related to gy by a smooth dependence o ~ &y, where
the constant # > 0 for thick walls oy > 5W1im’ for which o is self-consistent with respect to dw, and n = 0
when 6y < 6W1im' The expressions for estimating A, ¢, ¢, and f determined from approximately 600 experi-
mental values of a take the form

f,_034——154 o= 0015 — — 0% .

@ = 0.79 - 0.24 sin (2,824, — 1,55);

$=1-05F — 1){1 — th(3.5-10% - 1,58)];

Ay =0.62, A, = 0.45 for a wall of thickness of 0.1-0.2 mm and q = const; Ay =A, =1, nw=10,3fora wall of thick-
ness 1 mm or more and convective heating,

According to Fig. 4, the maximum scatter of the experimental data with respect to the approximating
dependences (9) and (10) obtained taking Eq. (11) into account does not exceed *25%.

Equations (9)-(11) may be recommended for calculations of the heat transfer on boiling in conditions of
channel formation (H = H}jn,) for water, aqueous solutmns ethanol, and thermodynamically similar liquids
at heating surfaces in a disperse layer of particles dp < 2withp=1.6107%-1.6-1072 and q = 10%-10° W/m?.

In [18], model concepts and calculational dependences for heat transfer based on earlier experimental
data [2-4] were proposed. It is of interest to consider the correctness of the model concepts and dependences
of [18] on the basis of the whole wealth of experimental data underlying Eqs. (9)-(11). The concepts of [18]
coincide in part with the assumptions of {4, 5] considered in the present work., The basic features of the model
in [18] are that boiling at a horizontal slit of width s and length b is taken as an analog of boiling in a layer at
a wall, and that the rate of onset of particle-layer fluidization is taken as one of the basic parameters, It is
incorrect to use these assumptions in the given case (H > Hj}jn,), since it leads to considerable qualitative and
quantitative discrepancy between the calculational dependence of [18] and the experimental data of the present
work, For example, in the given case the release of vapor generated at the horizontal surface through the
granular layer (in contrast to a slit system) may occur with equal probability from any point of the heating
surface. Therefore, the dimensions of the heating surface may not appear in a number of significant param-
eters, which is confirmed by experiment. In [18], also, it was concluded that g ~ b and Hjjm = (2-3)b, where
b is the plate width or the tube diameter. Experiment indicates that q and Hjjm, are independent of b, and that
Hlim depends significantly on the physical properties of the liquid. The calculational dependence of [18] was
constructed on the basis of the data of [2-4] for the case H > Hjj;. It was shown above that for these condi-
tions d (s in [18]) is a complex function of dp, which corresponds to the presence of an extremum on Fig, 2,
In [18], s(d) ~ d, was assumed without justification for the entire region of Fig.2, and for qualitative agree-
ment with experiment (Fig. 2), the rate of onset of fluidization was artificially introduced. However, experi-
ment indicates that the motion of components of the system with H = Hjjy, (Table 2) is absolutely dissimilar
in form to fluidization in the filtration of liquid through the layer. In [18] it was also asserted that in boiling



at a horizontal tube bundle, q depends on b, and no account is taken of the influence on q of the geometry of the
bundle and the apparatus, and the layer height, the effect of which on the heat transfer is significant [5, 19].
The calculational dependence of [18) also disagrees with experimental data on the influence of the heating-sur-
face characteristics on the heat transfer, approximated by Eq. (11).

Attempts to calculate heat transfer from the dependence of 18] and comparison with direct experimental
data show that the discrepancy amounts to a factor of 10°. By introducing correction factors into the calcula-
tion (assuming, e. g., that nonsystem units, kJ, have been used instead of J in [18]), the calculation can .
be made to agree with experiment in order of magnitude, but even in this case the discrepancy reaches a
factor of 3-5, Thus, in contrast to Eqs. (9)-(11), the calculational dependences introduced in [18] are neither
qualitatively nor quantitatively in agreement with known experimental data,

NOTATION

is the specific heat;
are the linear dimensions;
is the mean particle dimension;
is the particle-layer height;
is the porosity;
. is the pressure;
is the heat-flux density;
see Fig. 1; )
is the specific heat of vaporization;
is the mean-square deviation of fraction-particle diameters from dp;
is the temperature; N o
is the reduced vapor velocity; = p/poy; dp = dpAo7geL; H = HAG/goL;
is the heat-transfer coefficient;
is the thickness;
is the heat-assimilation coefficient;
is the thermal conductivity;
is the kinematic viscosity;
is the density;
is the surface tension;
is the time; T, = &/ swKh1sN10s
is the number of given conditions of motion.
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Subscripts
h.d is the hydrodynamic depression;

L is the liquid;

cd is the concentrational depression;
conv convective;

cr critical;

lim limiting;

g saturated;

v vapor; =

w is the heating wall;

P is the particle material;

ef effective.

A bar above a symbol denotes the mean.
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MASS TRANSFER IN A HORIZONTAL GAS — LIQUID FLOW

P, M. Krokovnyi, O. N. Kashinskii, UDC 532,529.5
and A, P. Burdukov

A method and results are presented for local mass transfer from a wall to a two-phase gas-
liquid flow; electrochemical techniques are used,

Much research is currently being done on two-phase flows, mainly to provide a detailed description of
the turbulent-transport processes and to provide an adequate physical model, which can ensure the develop-
ment of better methods of calculating two-phase systems, This research on purely hydrodynamic charac-
teristics such as the velocity distribution or the local gas content should be accompanied by research on the
turbulent heat and mass transport, in view of its considerable interest, An important aspect is the analogy
between the transport of momentum, heat, and mass in a two-phase flow, The rather scanty data on heat
transfer in two-phase flows [1-7] are largely incomparable (see, e.g., [7]).

A detailed study has been made [8, 9] of the frictional stress at the wall in a horizontal two-phase gas—
liquid flow; we have examined the behavior of the mass-transfer coefficient under similar conditions at large
values of the Schmidt number. An electrochemical method was used [10] with an apparatus described in [8].
The working section was a horizontal tube of internal diameter 19 mm and length 6 m. The reduced velocity
of the liquid varied over the range 0.1-4 m/sec, while the same for the gas was 0-110 m/sec.

The mixture was produced in a T-shaped mixer, with the liquid supplied through an annular slot of
variable width under various conditions. The following flow conditions were implemented: stratified, bolus,
bubble, and dispersed-annular (Table 1),

The working section of Fig.1a was used to measure the local mass-transfer coefficient; this was a
nickel block of length 230 mm with a hole of diameter 19 mm separated into two electrically insulated sec-
tions. The smaller section of width 6 mm acted as the cathode, while the larger part, which occupied the
rest of the perimeter of the tube, was the anode. The part of the cathode adjoining the anode was insulated
with a film of foam plastic of thickness 30~50 um. The cathode contained local mass-transfer transducers
(nickel wire of diameter 2 mm and plates of size 0.2 X 2 mm). Thesetransducerswere cemented into holes
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