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We present  a mathematical model o f  heat and mass transfer in a chemically reacting medium-multi-  
component vapor-gas mixture system with decrease h7 partial pressures of  vapor-gas components in a 

f ree  reactor volume. 

Technological processes occurring with a pressure decrease are implemented in hermetically sealed ap- 
paratuses and are characterized by minimum ejections of a vaporable liquid into the surrounding medium [1]. 
By the degree of  change in the mechanical equilibrium in systems with a different phase state of the media it 
is possible to separate two groups of processes: processes occurring with decrease in the residual (total) pres- 
sure of a vapor-gas medium over the surface of a moist material or solution [2, 3] and also processes occurring 
with decrease in the excess (partial) pressure. Among the latter is the chemical interaction of the reagents in 
liquid multiphase media which is accompanied by liberation of a great amount of gases and reaction heat, re- 
suiting in an increase in the temperature and intense evaporation of components of a reaction mixture. 

A mathematical description of heat and mass transfer in chemically reacting media with decrease in the 
vapor pressure is based on the Umov equation [4], which represents a generalized model of potential transfer 

o~__~ (1) 
01: + div (q)w) = - div q + Y, 

where the first term on the left-hand side is the intensity of change in the transfer potential % while the second 
term is the macroscopic potential motion; the first term on the right-hand side of Eq. (1) is the potential-trans- 
fer flux q, while the second term is the potential source (sink) y. 

In order to take into account all the factors affecting the heat and mass transfer, we consider a vapor- 
gas mixture-multicomponent liquid system with chemical interaction of the reagents in the latter. As the as- 
sumption that concretizes Eq. (1), we adopted the model of ideal mixing of components in coexisting phases. 
This circumstance is attributable to the decrease in the partial pressures of the components of the mixture that 
decreases the resistance to the transfer of vapor-gas components into it [5], and also to the intense volumetric 
interaction of  the reaction-mixture reagents and high degree of turbulence of the liquid phase. 

Vapor-Gas Phase. The difference in the partial pressures of the vapor of the moisture removed over 
the solution surface and in the surrounding medium [6] is the driving force of all the processes occurring with 
decrease in the medium pressure 

~i(/') ~ti(j) 
= (Pi(I)S -- Pi(13)" 

Jio R*Tliq.s 
(2) 

The equilibrium values for the partial pressures of the vapor in close proximity to the reaction-mixture 
surface Pi(/)s are established instantly in conformity with the liquid-phase temperature and concentration of the 
reaction products. 
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The partial pressure of the component in the surrounding medium Piq) is determined from formula (1), 
which is represented by a system of differential equations of  mass and energy transfer [7] with the volume 
sources (sinks) of heat and ma~ss. For the case of ideal mixing of  the components in the vapor-gas phase [8] 

dPi(f ) ( d  Yi(l")inl d Yi(i) 
d'c = PiO [ ~ d'~ )' (3) 

dp~ = 0 ,  (4) 
dr 

m/l x 
ClamixPmix'd~-T = o~(T,q.~-n+ Tr~q,~ j, ci+ ~ jjcj 

i=1 j=l 

n m - -  

X E d-fi+ E dyj 
dz d'c 

i= l j= l 

- crt v.g Pv.g T × 

(5) 

The left-hand side of Eq. (3) characterizes the rate of change in the mass of  the i(j)-th component of  
the vapor-gas phase per unit free volume of the apparatus; the first term on the right-hand side determines the 
rate of  the supply of the i(j)-th component mass into the vapor-gas phase due to evaporation and chemical 
reaction; the second term on the right-hand side determines the rate of the component removal into a system 
of withdrawal of the vapor-gas mixture. 

As the source of rarefaction for the processes occurring with decrease in the partial pressures of vapor 
and gases, in practice use is made of liquid-jet ejectors [9]. A liquid jet, issuing from a nozzle into a receiving 
chamber, entrains the vapor-gas mixture from a reactor; here the working liquid is an absorbent relative to the 
liberated gases. Because of the high intensity of the heat and mass transfer, absorption and condensation of  the 
vapor-gas mixture are provided on the jet. 

The index of the efficient operation of the liquid-jet ejectors is the volumetric coefficient of injection 
[9] 

Qv.~. 0.35 (p w -  Pm) (6) 
Uv'max= Ow - 0-37pm--Psat ' 

which depends on the structural parameters of the equipment and the temperature of the working liquid. 
In the short-term starting operation period, the liquid-jet ejector provides the maximum possible rare- 

faction in the hermetic chamber. Hereafter, according to Eq. (4), the composition of the inert gas (air) in the 
chamber remains constant, and the mixture of vapor and gases, liberated due to the reaction, is the injected 
medium. 

In the equation of energy transfer (5) the left-hand side is the rate of change in the heat content of  the 
multicomponent vapor-gas mixture; the right-hand side characterizes the heat exchange of  the vapor-gas mix- 
ture with the surface of the coexisting phase, the heat inflow per unit free volume of  the apparatus with the 
vapor of the vaporizable liquid and gas components formed due to the chemical reaction, and also the heat 
removal with the vapor-gas mixture into the system of its withdrawal. 

We determine the extensive quantities entering into Eqs. (4) and (6) by the rule of additivity [10]. The 
densities of the vapor-gas mixture contained in the free apparatus volume and removed into the mixing cham- 
ber of the ejector will respectively be written by the equations 
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P m i x  - -  

Pv.g 

the molar heat capacities, by the equations 

Cg v.g = 

'-t R*T gPg 

n m / 
+ Z ",p,+ Z ";p; , 

i=1 j = l  

. m "JPJl Z . i P i + Z  ' ' ;  
i=1 j=-l 

n m 

Cggpg+ Z c.iPi+ Z c.jpj 
i=l j=l  

n m 

i=I j=l 

(7) 

(8) 

(9) 

and the molecular mass, by 

Cia v .g  - -  

tl m 

Z c.,p, + Z c.jej 
i=1 j=l 

n m 

p~ + Z p, + Z pJ 
i=1 )=-1 

(10) 

n m 

.~po+ Y~ .,F,+ E "Jp: 
/=-t )=-1 (11) 

~'lmix = ,1 m 

Pg+ Z Pi + Z PJ 
i=1 j = l  

After the reduction to the free volume of the apparatus Vf, in which the vapor-gas mixture is located, 
substitutions in the form of relations (7)-(11), the Mendeleev--Clapeyron equation [10], and also of  the equa- 
tions 

d Yiq)inl 
Vf p/if) dx - j i o F '  (12) 

n d-~i m 
vf 2 +2 --ein,, 

i=l j=-i 

and differentiation and corresponding transformations, the system of equations (4)-(6) can be represented as 

dPio ~ FR*T (Ov4 l dT'] 
d'c - Vf ~liO ) Jio - Pio) I Vf T dz ) '  (14) 
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pg=cOnst ,  (15) 

dT 
dx 

I~(Tli q - T ) + T l i  q Z j  iC i+ Z jjcj rR* n m 
i=l j=-I E cI.tiPi + Z cgj pj 

i=l j=-i 
t'/ m n m 

CpgPg+ZCBiPi+Zcpjp  j ~ IgPg+ZBiP i+E~jP  j 
i=1 j=l i=l j=l 

. m | 

Z P'iPi+ Z gJPJ [ 
i=-1 j=-I [ T 

x ° , .  

cog Pg + E c~ ti Pi + Z crtj PJ [ 
i=l j=l J 

(16) 

Liquid Phase. For the liquid phase the differential equations of energy and mass transfer with allow- 
ance for the assumptions taken have the form 

d T l i q  
Cliq Piiq d"~ I /i m/ = ~ (T - Tliq) - -  Tl i  q Ji ci + Z JJ Cj - -  

i-=--I j=l 

n d X/ch'r 
+ Pliqqch.r Z dx ' 

i=l 

hi, Z jiri R_~,= + 
v.liq 

i=1 

(17) 

(dxi dxieh r ~ dPliqi = -  Pliqi U-~x + ~ j (18) 

The left-hand side of Eq. (17) determines the heat content of the liquid mixture; the first term of the 
fight-hand side characterizes the heat exchange of the vapor-gas phase with the liquid-mixture surface; the sec- 
ond term characterizes the heat removal with the vapor-gas mixture into the free apparatus volume; the third 
term, the heat consumption caused by a phase transition of  the reagents of the liquid phase; the fourth term 
characterizes the heat supply due to the exothermal reaction. 

In Eq. (18) ,  the left-hand side is the rate of change in the mass of the i-th component per unit volume 
of the liquid phase; the first term on the right-hand side is the rate of removal of the liquid-reagent mass into 
the vapor-gas phase due to evaporation; the second term is the rate of chemical transformation of the compo- 
nent. We present the density and mass heat capacity of the liquid mixture by the relations [ 10] 

T/ 
X i 

Pliq = E Pliqi B--~ ' (19) 
i=1 

n 

,'liq= Z ;/ci. 
/=-1 

(20) 
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The intensities of  change in the mass of  the liquid-mixture reagents and of the chemical-interaction 
products will be calculated on the basis of the kinetic equation of reaction [1 I]: 

for homogeneous systems 

n 

dCi(i) 
+ = k  H CiX~" (21) 

dz " 
i=-I 

for heterogeneous systems 

+ dCio  3 n 
d., 1-I c?', (22) 

i=1 

in Eqs. (21) and (22) the minus sign refers to the reagents, while the plus sign refers to the reaction products. 
We express the volume concentrations of the components in terms of the mass fractions [8] 

C i -- PfiqXi 

~1 i 
(23) 

or  

dCi _ Pliq d xi (24) 

d ' t  ~i  d"~ 

Substitution of  relation (24) into Eqs. (21) and (22) gives 

II  

dxicn.r a(zi-l) , (t-Z) v - (25) 
dx - I-'liq I.~i " H Xi)~' " 

i=l 

?1 

d xich'rdx = P~- l )  Di" O-Z)I~S I - I  xi xi . (26) 

i=1 

After the reduction to the volume Vliq in which the liquid mixture is contained and after transforma- 
tions, Eq. (17) takes the form 

(T  - Tliq) - Tli q ~ Ji ci + JJ 9 -- 

dTli q = i=1 " 

dz Cliq Pliq 

/ . /  . ( 1 - - ' ~ i )  
qch.r p ~1 i k "X i X i 

i=1 i=1 
+ 

Cliq Pliq 

Ji " 
i=1 

j Vuq + 

(27) 

The thermal effect of the chemical reaction qch.r is calculated by the Hess law [ 11] depending on the 
nature and state of the initial substances. 
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The rate of the removal of the liquid-reagent mass into the vapor-gas phase due to the evaporation can 
be determined from the Raoult law [10], which with account for the Antoine equation [12] will be written as 

xi (,4 Bi ) 
- - - e x p  i - ~ q  P i -  ~i 

(28) 

o r  a s  

exp i -  d x i dx ~ti T~ q d"c (29) 
- -  = P - i  • 

By substituting relations (25) and (29) into Eq. (18) we obtain an equation which determines the 
change in the mass of the i-th component of the liquid mixture: 

1 exp i -- 
dPliqi l d'r'lai~qd(A~liq) P(liXq i-l) n d'c = -  Pliqi ~ i  + i . Bi ktX~ k I'I xz 

e x p  i - i i=1 j 

(30) 

Changes in the temperature of the liquid mixture and in the mass of its component reagents will be 
determined for the heterogeneous systems from Eqs. (27) and (30) with allowance for the interface considered 
from Eq. (22). 

The constant of the reaction rate k that characterizes the occurrence of the process at a microlevel de- 
pends on the nature of the reacting substances and temperature. The dependence of the reaction constant on the 
temperature is usually represented in the form of the Arrhenius law [ 13] 

k= [ R T, iq J (31) k 0 exp - - 7 - - -  • 

The preexponential factor k0 is determined by a numerical method according to the recommendations given in 
[13], while the activation energy Eact has numerical values lying within the limits of 40-400 kJ/kmol [14]. 

The solution of the system of equations describing a change in process parameters was carried out for 
the vapor-gas phase (14)-(16) and liquid mixture (27), (30), and (31) by a numerical method with the following 
conditions: 

boundary conditions 

dvio3 [ dxi I 
T (0, x) = Tnq (0, ~), Yio~lo = Yio~inl, ~ I = 0,  -~z = 0 ; 

O+z 0-z 

initial conditions 

T ( 0 )  = Tli q ( 0 )  = Tliq.init ; x i (0)  = xiirfi t ; Pi (0)  = x i e x p  (A i - ni/Tliq.init ) " p g  = Pa tm  ; Pj ( 0 )  = 0 ; Ji(j) ( 0 )  = 0 .  

The adequacy of the mathematical model is verified on an experimental setup which includes a chemi- 
cal reactor, a capacitor, a water-jet ejector, a chromatograph, and devices for recording the temperature and 
absolute pressure. 

Figure l presents the experimental data and calculated curves of change in the liquid-mixture tempera- 
ture and partial pressures of the components as functions of the duration of a refining process of fats. By the 
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Fig. 1. Experimental data and calculated curves of change in the partial 
pressures of the components of a vapor-gas mixture: 1) steam; 2) vapor of 
sulfuric acid; 3) inert gas (air) in the reactor volume and in the liquid 
phase temperature (4) as functions of the duration of the fat-refining proc- 
ess. Pi, kPa; Tliq, K; "r, sec. 

Fig. 2. Calculated kinetic curve of change in the mass concentration of 
tetrafluoroethylene in the free volu__me of the hermetic chamber in thermal 
decomposition of fluoroplastic-4. Cy, kg/m 3. 

technology of [15], one heats the fat with a live steam to a temperature of 363-368 K and introduces a con- 
centrated sulfuric acid into it. Because of the condensate formed in heating, the acid is diluted to 30-40% and 
acts in this form on the impurities. As a result of the interaction of the liquids with different densities, the heat 
of  dilution is liberated: 

H2SO 4 + nH20 ~ H2SO 4 . nH,O + Q,  

which favors the intense evaporation of the water and acid. The excess pressure in the reactor after 600 sec 
amounted to 140-150 kPa, and the temperature of the liquid mixture was increased up to 376-378 K. 

The heat of dilution of the sulfuric acid can be approximately calculated from the Thomson equation 
[16]: 

Q = 4 " 1 9 (  17800n ) " n + 1 . 7 9 8 8  (32) 

The mathematical model that includes Eqs. (14)-(16), (27), (29), and (32) is used in calculating and 
designing the equipment of gas purification [17] introduced at the "Nefis" Corporation, Kazan. The removal of  
generated vapor from the reaction zone by the suggested scheme eliminated the probability of its entry into the 
working zone. 

The system of equations (6), (14)-(16), (22), and (31) is applied to the designing of a device [18] for 
the production of fluoroplastic cotton wool by means of laser decomposition of fluoroplastic-4. The decompo- 
sition of the polymer begins at a temperature of 695-698 K, while the entire liberating gas (tetrafluoroethylene) 
is a monomer [19]: 

[ -  CF2 - CF: 

Figure 2 presents the calculated kinetic curve of change in the mass concentration of tetrafluoroethy- 
lene in the hermetic chamber. In the processing of one disk with a diameter of 80 mm and a thickness of  30 
mm, up to 0.25 kg of a gaseous product capable of forming explosive and toxic products in oxidation is liber- 
ated for 1.3 h [20]. 
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By the scheme suggested in [18], the decomposition process of the polymer occurs under vacuum con- 
ditions, while the trapping of the gas formed occurs in the ejector. In the interaction of tetrafluoroethylene with 
liquid bromine (which serves as a working medium), the gas is utilized by transforming it to 114V2-grade 
freon [20]. 

Moreover, based on a simultaneous solution of the internal and external problems, engineering solu- 
tions are developed [21-23] that provide environmental safety of technological processes for similar produc- 
tions. 

N O T A T I O N  

p, partial pressure of the component, Pa; Pw and Pm, pressure of the working liquid and surrounding 
medium, respectively, Pa; x, time, sec; F, heat- and mass-transfer surface, m2; R*, universal gas constant, 
J/(kmol.K); Eact, activation energy, J/krnol; T and Tliq, temperature of the vapor-gas mixture and the liquid, K; 
j ,  mass flux, kg/(mZ.sec); Qv.g and Qw, volumetric flow rates of the vapor-gas and working media, respectively, 
m3/sec; Vf, free volume of the apparatus, m3; ~t, molecular weight of the component, kg/kmol; Z, order of the 
reaction in the reagent; c, mass heat capacity, J/(kg.K); c o, molar heat capacity, J/(kmol.K); Rv.g and Rv.liq, 
reduced dimensions for the volumes with the vapor-gas and liquid media, respectively, m; k, constant of the 

~-1)~ homogeneous reaction rate, l/(sec-mol ,; k', constant of the heterogeneous reaction rate, m/(sec-mol(Z-~)); ko, 
preexponential factor; Uv, volumetric coefficient of injection; 13, coefficient of mass transfer, m/sec; p, density, 
kg/m3; y, mole-fraction of the component in the vapor, kmol/kmol; Y, mass fraction of the component in the 
vapor, kg/kg; x, mass fraction of the component in the liquid, kg/kg; Q, heat of dilution, J; qch.r, SpeCific heat 
of the chemical reaction, J/kg; oq coefficient of heat transfer, W/(m2-K); S, interface, m2; r, latent heat of va- 
porization, J/kg; A and B, empirical coefficients in the Antoine equation; % transfer potential; q, potential flux; 
w, rate, m/sec; 7, density of the potential source (sink); n, number of molecules, moles, and vapor components 
in the mixture and the polymerization depending on the context degree; m, number of gas components in the 
mixture; z, coordinate in the liquid-vapor system, m. Subscripts: liq, liquid; i, component of the vapor or the 
liquid; j, component of the gas; s, surface; f, free; v.g, vapor-gas mixture; sat, saturated; init, initial; cap, ca- 
pacitor; la, molar; inl, inlet; mix, mixture; g, gas; w, working; m, medium; v, volumetric; max, maximum; ch.r, 
chemical reaction; y, vapor-gas phase; act, activation; +z, vapor phase; -z,  liquid phase; 0, phase interface. 
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