MASS-TRANSFER PARAMETERS OF CAPILLARY-POROUS
BODY IN REGIONS OF ADSORPTION, CAPILLARY,
AND OSMOTIC MOISTURE

L. G. Chernaya and E, A. Raskina

A thermodynamic method is proposed for the calculation of the specific isothermal mass capacity
and thermal-gradient coefficient of a colloidal capillary-porous body in a hygroscopic region,
taking into account adsorption, capillary, and osmotic moisture.

By determining the mass-transfer parameters ¢y and 6 of a capillary-porous body as a functionof the
moisture content (for T = const), the form of binding of the moisture with the material can be analyzed and
the material can be classified according to its colloidal-physical properties.

UDC 66.047

The dependence ¢ (u)y and Op(u) can be determined from sorption and desorption isotherms, but this

involves graphical differentiation of the curves of u(i )t and u(T)y, which is laborious and insufficiently
accurate,

TABLE 1. Specific Isothermal Mass Capacity and Thermal-
Gradient Coefficients for Wood and Cellular Concrete According to
the BET Equation in the Adsorption-Moisture Region

- 108
; 7, °K kg/k °m* Y, 6,-103, 1/°K
Material u, kg/kg moles/] D

Wood 253 0,05 10,2 0,216
0,06 11,4 0,234
0,08 20,9 0,23
0,1 38 0,22
273 0,038 8,8 0,216
i 0,05 11,6 0,246
0,06 14,9 0,25
0,07 20 0,262
0,08 2 0,23
293 0,03 6,25 0,181
0,053 14,1 0,278
0,063 19 0,282
0,08 31,4 0,362
333 0,02 5,77 0,179
0,05 16,4 0,294
0,06 2,8 0,358
0,08 38,9 0,506
Cellular con- 253 0,021 3,03 0,091
crete . 0,025 5,65 0,12
0,027 6,9 0,118
0,03 9,55 0,115

0,032 11,3
273 0,018 3,44 0,114
0,021 5,06 0,132
0,025 8,1 0,140
0,027 9,7 0,152
293 0,015 3,34 0,136
0.018 4,87 0,150
0,021 6,45 . 0,153
0,025 9,7 0,157
313 0,615 4,18 0,153
0,018 5,1 0,159
0,021 7.9 0,168
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Fig. 1. Dependence of thermal-gradient coefficient 6ps
(°K)~!, on the specific moisture contentu, kg/kg, of wood
at various temperatures, °K: 1, 1') T = 253.18; 2, 2')
273.16; 3, 3') 293.16; 4, 4') 313,16,

In [4], analytical expressions for the coefficients cy, and 6p were obtained in the form of functional
dependences on the specific moisture content and temperature:

e BT "
bp=— l;nl U4 1:’;1”;1’12 u? = an — Pu?, (2)
<0
where

The starting point for the derivation ol Zgs. (1)-(3) is Posnov's empirical formula [3]
L1 i Bing, )
u

u (]

corresponding to a smooth isotherm u(¢)T, characteristic for a colloidal capillary-porous body in the presence
of polymolecular-adsorption, capillary, and osmotic moisture. Graphical dependences of 6, on u, constructed
in accordance with Eq. (2) and on the basis of experimental adsorption isotherms of wood and cellular concrete
[2], are shown in Figs. 1 and 2,

In Figs, 1 and 2, the curves of op(W)y obtained by graphical treatment of experimental desorption iso-
therms are shown as continuous lines, while those calculated from Eq. (2) are shown as dashed lines,
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Fig. 2. Dependence of thermal-gradient coefficient
64, (°K)~1, on the specific moisture content, u, kg/
kg, of cellular concrete at various temperatures, °K:
1, 1) T = 233.16; 2, 2') 253.16; 3, 3') 273.16; 4, 4')
293.16; 5, 5') 313.186.
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Fig. 3. Dependence of (1/u)[¢/(1—¢)] on ¢ for wood (a) and cellular concrete (b) at
different temperatures, °K: 1') 233.16; 1) 253.16; 2) 273.16; 3) 293.16; 4) 313.16; 5)
333.16.

Fig. 4. Dependence of Ink,, and uy,, kg/kg, on T, °K, for wood (1, 2) and cellular
concrete (3, 4).

As already noted in [4], there are several discrepancies between dpcale and 6p graph, most notably in
the region of high moisture content corresponding to ¢ close to 1 and in the temperature range T ~ 233-237°K.
This indicates that the different forms of binding of moisture have a considerable effect on the coefficients
¢y and b, and this effect cannot be completely taken into account by the single empirical relation in Eq. (4),
which is valid only in the limited region 0.1 <@ < 1, ‘

Therefore, it is of interest to determine analytical dependences cpy(u, T) and Op(u, T) by differentiation,
taking into account the forms of binding of the moisture with the material.

In the region of adsorption moisture, the isotherm of polymolecular adsorption is often described by the
BET equation [6]

— ) = + - ¢, (5)

where k , = exp{(@Q, —Q)/RT].
On the basis of Eq. (5) and the expression for the chemical potential
uw=RTIng, (6)
the coefficients 0p(U, T) and cm(u, T) can be determined in the adsorption-moisture region.

After appropriate rearrangements, Eq. (5) gives

_IZJ;EP;(_L+ka_1>, 7
u k., e
2u 1. 2+ kg, — kot + VB2 (4 —u,, )P+ dkuu,, . (8)

P
On the basis of Eqs. (6), (7), and (8), expressions can be written for the specific isothermal mass
capacity ¢y, the temperature coefficient (du /dT)y, and the thermal-gradient coefficient 6'p:'

cm:(/_?i) ________L_t____r’ (9)
ou /r RTku,,
op ) 2+ kyt, —ku+r-
Cmfk=—Rm %
ku—rk,+2u,—1  dk, k, du,
+RT 5k, —1) S/ iy S (10)
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u u+tkuy, —kut+rT

8, =— I'lin
k,Tu, 2u
N u . kau —‘kaum -+ 2um —r . _dkl_ _— i— . dllm ’ (11)
LR, 2(k,— 1) dr AT

where

r=y R —u,)? + 4k uu, -

Thus, Egs. (9) and (11) are functional dependences of the specific isothermal mass capacity and the
thermal-gradient coefficient on the moisture content and temperature in the region of polymolecular-adsorp-
tion moisture, As follows from Eq, (11), the dependence 6p(T)uis mainly determined by the temperature
dependences k,(T) and up, (T).

In order to use Egs. (9) and (11) fo/r the materials studied in [4] (wood and cellular concrete), it is
necessary to verify that the BET equation is valid for their isotherm u(@)p. According to the BET equation,
tne dependence of (1/wlep/(1— ¢)] on ¢ is a straight line,

From the given desorption isotherms of wood and cellular concrete, graphical dependences of (1/u)+
{¢/ (1 —¢)lon g are drawn (Fig.3a,b). These graphs are straight lines, and hence it is obvious that the BET
equation is satisfied for the investigated materials in the range ¢ ~0.1-0.4. The coefficients ka and u,, are
determined graphically at different temperatures.

As shown in Fig. 4, the temperature dependences of In k4 (T) and u,, (T) are given by
Ink, = A, —,T, (12)
Uy, == By f'ﬁoT. (13)

The derivatives dk,/dT and duy,/dT appearing in Eq. (11) may be determined from Egs. (12) and (13):

dk
Shasid S , 14
dr ke (14)
du

m _ 15
dr o (19)

The values of o, and 3, are determined graphically from Fig. 4:
| % ywood = 0.0183; % ¢,cone = 0.0196;
Bowood= 0-0002; By c.conc = 0-00011.
Taking into account Egs. (14) and (15), Eq. (11) for the thermal-gradient coefficient takes the form

f —ku--
5, = — u ' 2u 4 ko, —ku-+-T
k,Tu,, 2u
u ku—ku, +2u,—T u
—— d——— o
ko, 2(k,— 1) U,

From Egs. (9) and (16), values of ¢y, and oy were determined for wood and cellular concrete in the region of
polymolecular-adsorption water at various temperatures, The results obtained are shown in Table 1.

(16)

As is evident from Table 1, Egs. (9) and (16) predict that, in the region of polymolecular-adsorption
moisture, the specific isothermal mass capacity and the thermal-gradient coefficient of wood and cellular
concrete will increase with increase in moisture content and temperature. However, calculation according to
Eq. (2) indicates principally an insignificant increase in 6p(T)y. Hence, Posnov's equation [3], on the basis
of which Eq, (2) was derived, is not entirely reliable in the region of small u, ¢. However, it should be noted
that the temperature variation ép(T) is small, and the use of Eq. (2) for approximate estimates of the mean
value of oy is acceptable, Since the BET equation is not correct for ¢ = 0.4 for the investigated materials,
Eg. (16) may only be used when u is small.

In the capillary-moisture region, the moisture content of the body may be determined from the formula
[1] (for a nonswelling capillary-porous body)

m

u=2 (', (ndr = 2 FO7. an
Yo Yo

To
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The mean pore radius may be expressed by the Thompson formula
: 2v,0c0s8 ) (18)

RT In 1
P
Then Egs, (17) and (18) give

—-— @Cos 0 (19)
1.RT Ing

or taking into account Eq. (6)
__ 2Mf,(r) ocosB

(20)
Yol
and hence
o 2Mf, (r) o cos® . (21)
Yot

On the basis of Eg. (21), the specific isothermal mass capacity of the body in the capillary-moisture
region is determined:

Ou Yo 2 . 2
C, = — = ——— U == K uc.
" ( ap )T 2Mof, (r) cos® cap (22)
According to Eq. (22), the temperature dependence of ¢y, is determined by the temperature dependence
of the surface tension v, which (in the first approximation) decreases linearly with increase in T:
o =o0,—o,T. (23)
Thus, in the capillary-moisture region, the specific isothermal mass capacity rises with increase in
temperature, which agrees with Eq. (1).

Similarly, differentiating u in Eq. (21) with respect to T with u = const, for o as in Eq, (23), gives the
temperature coefficient

ap ) 2oy Mf, (r) cos B (24)
(GT « ol

On the basis of Egs. (22) and (24), the value of the thermal-gradient coefficient in the capillary-moisture
region is written in the form

§ - Calt (25)
o

From Eq. (25), it follows that for a fixed value of the moisture content, in the capillary-moisture region,
the value of 0p should rise with increase in T.

It remains to complete the analysis by a similar consideration of the osmotic-moisture region.

The body, as it absorbs liquid, has a swelling pressure similar to the osmotic pressure of a dissolved
material [5, 7]:

cq : y
—< RT 4 A2, 26
M RT 4 3¢ (26) ,

swel

where cg is the concentration of dry material in the liquid, the inverse of the moisture content of the body:

u

and A gisa coefficient depending on the nature of the solvent.

In [1], on the basis of the usual thermodynamic equations, a relation was established between the swell-
ing pressure and the relative vapor pressure of the given liquid in the form
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RT
swel™ 'sz Ineg. (28)
In the hygroscopic region, Eqgs. (6) and (28) give
_ _RT _ 4, RTMyq (29)
u u?

Substituting Eq, (27) into Eq. (29) and performing the appropriate differentiation gives the specific isothermal
mass capacity of the body and the temperature coefficient in the osmotic-moisture region:

us ’
= 3
C'n aAd ’ ) ( O)
RT (u —Muy, —— 4+ 24dMy; )
_ Ou
(_57&) _ R _ARMy; __RTMw 04 (31)
oT /, u u? u? oT

Thus, starting from Eqgs. (30) and (31), the thermal-gradient coefficient in the osmotic-moisture region
can be written in the form

u (th - AgRMy; - RTMWYV %i)

5, = : ) (32)
RT (uMyl ——a;—d — 24 My; —u )
u

From Eq. (32) it follows that for u = const the thermal-gradient coefficient decreases in absolute value with
increase in temperature, ‘

In a colloidal capillary-porous body, all of the considered forms of binding moisture are present.

The temperature dependence dp(T)y in Eq. (2), obtained on the basis of Posnov's equation [3], is in the
main characteristic of osmotic moisture. This is because the dependence 6p(T), was determined on the basis
of empirical dependences ug(T) and B(T) for the considered body, and the value of u, corresponds to ¢ = 1,

i. e., to the osmotic-moisture region, Ther=fore, once again, there are discrepancies between the curves of
op(u, T) obtained from Eq. (2) and those obtained by graphical treatment of isotherms.

From curves of op(u, T) obtained by graphical treatment of desorption isotherms of the investigated
body, it is evident that for u = const the change in 6p with change in temperature is insignificant. This is
because capillary moisture and osmotic moisture have opposite effects on the temperature dependence of the
thermal-gradient coefficient, as is apparent in Eqs, (25) and (32), Therefore, when both capillary and
osmotic moisture are present in the colloidal body, both increase and decrease of op(T)y in this region are
possible, and a clearly expressed temperature dependence ap(T)u indicates a predominance of either capillary
or osmotic moisture in the body. Thus, Egs. (30) and (32) may be used to explain the effects of different
forms of binding of moisture in modifying the dependence of the mass-transfer coefficients on temperature
and moisture content.

NOTATION

u, chemical potential; R, universal gas content; T, absolute temperature; ¢, relative humidity of air;
u, specific moisture content; uc, maximum hygroscopic moisture content; By, Ugg, ny, Ny, coefficients in-
dependent of temperature; um, moisture content of body at total monolayer filling; Q 4, heat of adsorption of
first layer; Q,, latent heat of vaporization of liquid-phase adsorbing material; cm, specific isothermal mass
capacity; dp, thermal-gradient coefficient; fy(r), differential curve of radial pore distribution; ry, rm, r,
minimum, maximum, and mean pore radius; M, molecular mass of material.
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EXPERIMENTAL DETERMINATION OF PARAMETERS
OF A PLASMA JET

A, S. Sakhiev, G. P, Stel'makh, UDC 533.9.07
E. 1. Ryabisev, V. A, Kosarenkov,
V. P. Shumchuk, and N. A. Chesnokov

Experimental results from the diagnostics of argon plasma flows used for an ablation investiga-
tion of materials in the range of Mach numbers M = 3.5 and deceleration enthalpy up to 7,000
kcal/ kg are presented, A schematic diagram of the equipment and the procedure of measure-

ments are given,

Ablation investigations of different materials under the action of high-energy flows, in particular, plasma
jets, have been extensively used in research practice [1, 2]. In all the cases it is very important to organize
plasma flows (of a high-enthalpy gas) with uniform distributions of pressure and temperature (enthalpy) over
the cross section of the flow in the zone of its action on the sample, and to determine the region of the flow for
placing the sample. This information can so far be obtained only from experiment,

In the present work we give the results of such measurements obtained during the study of the behavior
of samples in high-enthalpy supersonic flows.

In [3, 5] results of thermal and electrical measurements are presented; these measurements were
carried out on plasmotrons with a segmented channel operating with argon and intended for creating high-
energy flows.

The overall scheme of the gasdynamic bench is shown in Fig. 1, After heating in the plasmotron channel
and passing through the damping chamber the operating gas flow enters the nozzle device (8) and flows out of
the nozzle in the form of a supersonic plasma jet (10) into the operating vacuum chamber (1). The required
pressure in the operating chamber is maintained with the use of a VN-300 vacuum pump (3).

The damping chamber with 50 mm diameter and 70 mm height is placed immediately after the discharge
channel of the plasmotron; its diameter is 20 mm and it is water-cooled just as the section of the plasmotron
channel. The use of the damping chamber makes it possible to ensure mixing of the flow at the entrance into
the nozzle and toobtain a plasma flow with sufficiently uniform distribution of the parameters along its section
in the operating vacuum chamber behind the nozzle. The diameter of the critical section of the operating

TABLE 1, Operating Regimes of the Plasmotron

Regime . 9o L, Lo:

number LA | ¥ kW m. % | Potorr | G.g/sec i(:cal/m; keal/kg |kcal/kg
1 170 8 41 l 32 j 0,8 630 1000 2100
2 300 16 35 23 0,8 1400 1700 3000
3 400 24 34 23 0,85 2000 2300 3900
4 500 33 32 24 0,85 2800 3000 1900
5 600 43 32 28 0,9 3300 4000 5900
6 700 54 32 29 0,9 4000 4300 7100
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