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HEAT AND MASS TRANSFER DURING VAPOR ABSORPTION
BY A STAGNANT SOLUTION LAYER

V. E. Nakoryakov, N. S. Bufetov, N. I. Grigor’eva, and R. A. Dekhtyar’ UDC 536.423.4

Based on simple models of nonisothermal absorption for the cases of long and short times, the effect
of the heat-generation and heat-extraction rates on vapor absorption by a stagnant solution layer is
analyzed. Models taking into account and ignoring the motion of the interface between the phases are
considered. Results of an experimental study of steam absorption by a stagnant water/LiBr solution
are described. Time dependences of temperatures at various heights inside the liquid layer and of
the absorbed mass, and also temperature and concentration profiles at various times, are reported.
A comparison of predicted values with experimental data is given.
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Introduction. Absorption of steam by salt solutions accompanied by intense heat generation is widely
used in heat pumps and absorption refrigerators. Most frequently, absorption proceeds on solution film flows
down surfaces through which the heat released during the absorption is extracted. For this reason, most of works
treated the case of film absorption. For instance, based on simple models of nonisothermal film absorption, exact
analytical solutions were derived [1-4], including self-similar solutions [2, 4]; numerical data were presented in [5-9].
Experimental studies of film absorption were reported and a comparison between numerical and experimental data
was given in [10, 11].

The present-day requirements to high-performance technical apparatus necessitate further search for new
methods of intensification of transfer processes in absorbers. One of such methods employs surfactants introduced
to solutions and giving rise to small-scale surface convection, which intensifies heat and mass transfer. However, it
is extremely difficult to discriminate between the contributions to heat and mass transfer due to the main flow and
due to convection caused by the surface-tension gradient in experiments aimed at revealing the effect of surfactants
on film absorption. In this case, it is of interest to study vapor absorption by a stagnant solution layer without
any forced flow [12]. The theoretical and experimental data on local heat- and mass-transfer characteristics in
absorption without surfactants can be used as reference data to be compared with similar results obtained with
surfactants added to solutions. In [12], such a comparison was made only for one integral characteristic (variation
of the absorbed mass in time). A study of vapor absorption by a stagnant solution layer is also of interest in
view of the fact that, in this case, it is possible to take into account the contributions due to individual factors
affecting heat and mass transfer, such as generation of heat, motion of the interface, heat removal through the wall,
and surfactants present in the solution. With all these factors except for the effect due to surfactants and under
some additional assumptions, it is possible to derive simple analytical solutions [13, 14], which can be conveniently
analyzed and compared with experimental data. In addition, in the case of vapor absorption by a stagnant liquid
layer, it is possible to more adequately reproduce experimental conditions close to those assumed in theoretical
models.

Model of Nonisothermal Absorption. The problem about heat and mass transfer in a binary solution
is considered under the following assumptions which, in particular, are valid for systems used in absorption heat
pumps and refrigerators. During the whole process, the density of the solution, thermophysical parameters, and
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transfer coefficients remain constant. During the absorption, the vapor pressure remains unchanged. The absorption
heat is released at the interface to be spent only on heating of the liquid phase (solution). The bottom-surface
temperature T, is maintained constant and, in the general case, can differ from the initial temperature of the
solution Ty. The solution is composed of two components, one being absorbed from the gas phase bordering on the
solution, and the other being neither consumed nor added to the solution. Thus, the interface is impermeable for
the second component and moves with a certain velocity V (t).

The vapor—solution two-phase system at the interface is in an equilibrium state described, for a binary
solution under constant pressure, by the temperature dependence of the absorbed substance concentration C' = f(T).
In sufficiently narrow concentration and temperature intervals, this dependence can be approximated by the linear
function C; = k1 — k2T, where ki and ko are pressure-dependent coefficients.

The heat released during the absorption causes time variation of the equilibrium temperature at the interface
and, as a consequence, time variation of the concentrations according to the conditions of equilibrium. Thus, the
point with the coordinates (C;, T;) travels along the equilibrium curve. At each time, including the initial one, the
exact position of this point is unknown beforehand.

According to the assumptions stated above, heat and mass transfer in the solution layer obeys the equations
of energy and mass conservation, which can be conveniently written in the coordinate system attached to the moving
interface:
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The initial conditions are
t=0: TZT(), C:CO;

the condition at the interface between the phases are
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the boundary conditions at the bottom surface are
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Here V(t) = —(D/(1 — C;))0C/0z (x = 0) is the velocity of the interface determined by the condition of interface
impermeability for the second component my = (1 — C;)pV — pDI(1 — C)/0x = 0, m, is the density of the mass
flux of the absorbed substance,
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t is the time, § is the thickness of the liquid layer, a is the thermal diffusivity, D is the diffusivity, A is the thermal
conductivity, p is the density of the solution, and r, is the absorption heat.
Solution over Short Times. In [13, 14], absorption is considered over the time interval during which heat

removal through the bottom does not affect the temperature variations near the interface, i.e., during which the

thermal boundary layer propagating, as it forms, from the interface has not yet met the thermal boundary layer
on the rigid wall (bottom surface). In addition, systems are considered for which the Lewis number Le = D/a is
much smaller than unity, i.e., for which the thickness of the diffusion boundary layer is small (much smaller than
the thickness of the thermal boundary layer). Thus, either the case of short times or the case of sufficiently thick
liquid layers is treated. In this situation, the system of governing equations and the boundary conditions can be
written in dimensionless form, in terms of the self-similar variable ¢ = x/(2v/at ):
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Here 0 = (T — Toy)/(Te — To), K = 14/[Cp(Te — Tp)], Le = D/a, v = (C' — Cy)/(Ce — Cy), Ce is the equilibrium
concentration at the initial temperature [C. = f(Tp)], Te is the equilibrium temperature corresponding to the initial
concentration [Cy = f(T)], and C, is the specific heat capacity.

The temperature and concentration fields acquire the form

Ol -ef(€+B)] oyl af(E+B)/Vio) "
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where B = (VLeDt/(1 — C;))0C/dx| . The constants 7;, 0;, and B, independent of ¢, are defined by system
(2)-(4). i

If we approximate the equilibrium condition by the linear function C; = ki — koT; having the slope ko =
(Ce — Cy) /(T — Tp), then relation (2) becomes 6; ++; = 1 and the constant B can be found from the equation

VLe (Ce — Cy)viexp (—B?/Le)
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in which the dimensionless concentration at the interface can also be expressed in terms of the constant B:
v =1+ KB(1 — erf (B))y/7 exp (B?).

Thus, the value of B can easily be determined in an iterative manner.
The mass-flux density at the free surface of the liquid layer is given by the formula

m. — pvV'D (C. — Cy) Vi exp (—B?/Le) (5)
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A comparison of (5) with an analogous formula for isothermal absorption [14] shows that heat generation and
interface motion are allowed for by the last two multipliers.

Absorption with Heat Removal in the Case of Long Times. If the bottom-surface temperature T,
is maintained unchanged (lower than or equal to the temperature of the initial solution Tp), then the effect due to
the cool wall gradually extends to the interface and the temperature profile becomes almost linear. Such a problem
without allowance for interface motion was considered in [14]. In the present study, interface motion is ignored in
the diffusion equation, and the convective component of the mass flux in the boundary condition (1) is retained. In
this case,
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Here the time is measured from the moment 79, at which the temperature profile can be regarded as linear.
The unknown temperature and concentration at the interface are related by the equilibrium condition and
by the heat-balance condition:
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If ~; slowly decreases with time from an initial value ;o (dimensionless concentration at the interface at short
times), then, for estimates, we can use the solution obtained in [14] for the conditions without interface motion.

Then, we have

vi=1400— (1 — 0+ 6)exp (pr)(1 — erf (/p7)), 0; =1—r;, (7)

where p = [1 — 740(Ce — Cp) — Co)?/[K?Le(C, — Cp)?], and we can use the value of ~; obtained at some time step
as ;o for the next time step.
For the density of the mass flux through the free surface of the liquid layer, the following simple formula
results:
pD 0C pD
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Fig. 1. Diagram of the experimental setup: 1) absorber; 2) steam generator; 3) valve; 4) water
thermostat; 5) computer; 6) cathetometer.

The above analytical relations for short and long times can be used in estimating the effects due to heat-
generation and heat-extraction rates on the absorption intensity, in analyzing experimental data, and in testing
numerical simulations and comparing their results with experimental data obtained under more complex conditions
such as, for instance, those obtained for solutions with surfactants.

Experimental Setup. The experimental study was performed on a setup consisting of an absorber and a
steam generator connected by a pipeline equipped with a fast-response valve. The diagram of the setup is shown
in Fig. 1.

We used an aqueous solution of lithium bromide (LiBr) as an absorbent and steam as a gas absorbate. This
system is commonly used in absorption heat pumps and refrigerators. Its thermophysical and other properties are
well studied and described in [15].

The absorber was a 165-mm cylindrical container 87 mm high, made of stainless steel, with a side window
for visual observations and measurements of the liquid-layer thickness. The sidewalls of the absorber were 1.5 mm
thick, and the bottom was 6 mm thick. Five thermocouples in protective housing in the form of capillary tubes
1 mm in diameter were introduced into the absorbent layer through the sidewalls; they were installed with an
angular step of 36° in the horizontal plane and with a step of 5 mm over the height of the liquid layer. The length
of the horizontal part of the thermocouples inside the container was 65 mm. The lower capillary was mounted in
the immediate vicinity of the bottom, and the upper capillary at a height of 20 mm.

The thermocouples were prepared from copper and constantan wires 0.16 and 0.1 mm in diameter, respec-
tively. Each thermocouple was calibrated so that to permit temperature measurements with accuracy better than
0.1°C. In the case of stepwise temperature variation, the indications of the thermocouples attained their steady-state
values in a time shorter than 3 sec.

The heat flux through the bottom of the absorber was calculated from the readings of differential thermo-
couples whose junctions were located at a distance of 0.5 and 5 mm from the bottom surface. To measure the
solution-concentration distribution over the height, solution samples were taken from various heights of the layer.
The samplers were dead-end tubes 2 mm in diameter and had 0.8-mm holes drilled in their side surfaces. The
samplers were positioned so that to allow solution sampling from desired heights, the sampling holes facing upward.
This location of the tubes ensured the weakest possible mixing of the lower layers during layer-by-layer drainage of
the solution.

The steam generator was a vessel whose volume was about 20 liters. Heaters for evaporating water from the
LiBr solution were installed at the bottom of the vessel. Computer-controlled power supply allowed the pressure in
the system to be maintained unchanged within +5 Pa (the pressure was monitored by a “Metran”-type pressure
gauge). This allowed us to use the steam generator as a barostat.

Experimental Procedure. A concentrated solution of LiBr (0.855+0.025 kg) was poured into the absorber
so that to cover the protective housing of the upper thermocouple by a liquid layer of thickness 0.2—-0.5 mm. Prior
to an experiment, the absorber was covered with a special hood made of polyethylene film, and the temperature
inside the hood was maintained unchanged with the help of a computer-controlled ohmic heater with a fan and a
temperature gauge. Long-time thermostating (over periods no shorter than 12 hours) ensured a constant tempera-
ture in the liquid layer and the absence of any convective flows in the liquid before the tests. The bottom-surface
temperature was maintained unchanged by cool water delivered from the water thermostat (Fig. 1).
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Fig. 2. Temperature profiles at various times: ¢ = 27 (1), 202 (2), 409 (3), 1490 (4), 4020 (5), 9910 (6), and
56,265 sec (7).

Fig. 3. Concentration profiles at various times: ¢t = 980 (1), 3670 (2), 7465 (3), 18,230 (4), and 56,250 sec (5).

To remove nonabsorbable impurities accumulated owing to desorption from metal, rubber, and other surfaces
of the absorber and steam generator, the inner volume of the setup was evacuated through a capillary tube of
diameter d = 1 mm during the whole test.

After the pipeline valve was open, the steam produced by the steam generator entered the absorber. Usually,
the absorber and steam-generator pressures became identical after a period of 0.8 sec.

During the experiment, we checked the heat balance with allowance for the heat released during the absorp-
tion, the heat spent on solution heating, and the heat extracted through the bottom. Over a period of seven hours,
the balance was found to hold rather precisely; over longer times, the decrease in the temperature difference at the
bottom wall to values comparable with the measurement accuracy and the neglect of heat withdrawn through the
side wall violated the balance.

In the experiments, we measured the distribution of temperature over the height of the liquid layer, the
temperature difference at the absorber bottom, and the pressure in the absorber. The data were fed into a computer
(Fig. 1). The thickness of the liquid layer was measured by the cathetometer within 0.01 mm.

Each experiment was terminated by closing the valve, after which the gas pumping was switched off, and
atmospheric air was let in into the system. Afterwards, layer-by-layer drainage of the solution was conducted to
determine the mean density and temperature of each sampled portion of the solution and the same parameters of
the solution as a whole. To do this, the functional dependence of concentration on density and temperature was
used [15].

To gain data on time variation of concentration, ten tests differing only in their durations (from 15 min to
15.5 h) were performed.

Experimental Results. The thermophysical properties of the solution and the experimental conditions
were a = 1.3 - 1077 m?/sec, D = 1.27 - 107 m?/sec, C, = 1980 J/(kg-°C), u = 6.94 - 1073 kg/(m - sec),
A =0.415 W/(m-°C), p = 1680 kg/m?, r, = 2.725 - 10° J/kg, P = 1970 Pa, Ty = 20.4°C, and C = 0.42.

Figure 2 shows the temperature profiles measured at various times. The temperature near the free surface
is seen to vary only little in time for ¢ < 800 sec, in line with the theoretical predictions that the equilibrium
temperature at the interface and, hence, the concentration are expected to remain constant at short times. The
exact value of the surface temperature was not measured, since the upper thermocouple was located 20 mm above
the bottom and the thickness of the liquid layer increased with time. At long times, the temperature profiles became
linear, and the surface temperature decreased.
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Fig. 4. Temperature versus time at various heights above the bottom at short (a) and long (b)
times: h =20 (1), 15 (2), 10 (3), 5 (4), and 0.5 mm (5); the points and curves are the experimental
and calculated data, respectively.
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Fig. 5. Absorbed mass versus time: the points and curves are the ex-
perimental and calculated data, respectively.

The measured concentration profiles are shown in Fig. 3. Figure 4 shows temperature versus time at various
heights above the bottom as compared to the solutions obtained for short and long times [see formulas (4), (6),
and (7)]. For short ¢, we used a quadratic dependence of concentration on temperature to describe the equilibrium
state at the interface. A comparison shows that the best agreement between the calculated and experimental data
is observed at short ¢.

The absorbed mass versus time is shown in Fig. 5. The predicted values are 15-20% lower than the measured
ones, which can be attributed to imperfectness of the model (especially for long t), to insufficiently high measurement
accuracy, or to possible inadequacy of the experimental conditions adopted in the present study to the assumptions
laid to the basis of the models.

This work was supported by the Russian Foundation for Fundamental Research (Grant No. 00-15-96177).
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