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EVAPORATION DYNAMICS AT SUPERATMOSPHERIC PRESSURE

B. P. Avksentyuk and V. V. Ovchinnikov UDC 536.248

1. Introduction. Despite numerous studies of the physics of boiling, the calculation of the dynamics of
transient processes (vapor explosion, explosive boiling, heat-transfer crisis, transition boiling, and flashing) still
remains problematic. This is due not only to the difficulties in describing them by a system of hydrodynamics
and heat-transfer equations and in solving this system, but also to an incomplete understanding of the physical
factors affecting these processes. The latter is largely accounted for by the absence of fundamental experimental
studies that could form the basis for creating adequate theoretical models. Transient processes in boiling
systems usually occur at high levels of metastability of a liquid. To understand these complex processes, it is
necessary to study the dynamics of evaporation at high superheatings of a liquid.

In (1}, it was first shown that under strong superheatings of the heating surface relative to the saturation
temperature, the disintegration of a metastable near-wall liquid proceeds in the form of evaporation fronts
spreading along a heater with high constant velocity. Evaporation fronts appear on the surface of a vapor
bubble as a result of the loss of interphase-surface stability [2]. The term “evaporation front” is used for the
face part of the surface of a vapor formation spreading along the heater. In [3-6], the effect of the regime
parameters (superheating, pressure, and subcooling) on the velocity of an evaporation front in water and
organic liquids at subatmospheric pressures was studied experimentally. At low pressures a critical regime of
vapor outflow from an evaporation front occurs. To describe the evaporation front under these conditions, a
model was created based on a simplified theory of evaporation using the Hertz—Knudsen formula for vapor
mass flow.

The authors of the present paper and [7] performed experiments on evaporation dynamics at
atmospheric pressure only under strong subcoolings of a bulk liquid to the saturation temperature. Subcooling
has an essential effect on the size of a vapor formation. It is therefore difficult to trace, under these conditions,
the effect exerted by a change in the regime of vapor outflow on the evaporation-front velocity. The data on
the evaporation-front velocity at superatmospheric pressures are given in (8, 9] where the heat-transfer crises
in R113 during stepwise power generation were studied. Unfortunately, the authors do not mention under
what superheatings the data were obtained.

Below, we present the results of studies of the dynamics of interphase surfaces during explosive boiling
at superatmospheric pressure when there occurred a subcritical regime of vapor outflow from an evaporation
front. We also give a physical model of an evaporation front based on the nonequilibrium theory of evaporation.
This theory makes it possible to calculate actual vapor parameters near the evaporation surface.

2. Experimental Setup and Measurement Technique. The experimental setup used to investigate
the process of boiling is schematically depicted in Fig. 1. A test heater 1 was a stainless steel tube with external
diameter 2.5 mm, length 82 mm, and wall thickness 0.5 mm. Inside the tube there was a thermocouple,
whose thermoelectromotive force was measured with a digital voltmeter 7. In determining the heating-surface
temperature, a correction was introduced to take into account the temperature drop in the wall. The test heater
in the liquid volume was installed horizontally and was heated quasi-steadily by supplying an alternating
current of 50 Hz directly from a source 6. A working volume 2 contained about 5 liters of working liquid
(freon C318). In the working volume there were windows made of heat-resistant glass for visual observation
and camera recording. A piezoelectric pressure gauge 3 was attached to the current supply of the test heater.
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Fig. 2

A signal produced in it when freon C318 boiled came through an amplifier to a triangular-pulse-formation
scheme 8. This pulse was used to open the shutter of the camera, to trigger a flash bulb 5 during camera
recording, and to switch off the electric heating of the test heater after a preset delay time.

Camera recordings were performed with a high-speed camera 4 at a rate of 5500 frames/sec, and one
recording lasted 13 msec. The test heater was de-energized 30 msec after the onset of boiling. In processing
the films, in each camera record measurements were made of the transverse dimension h of the initial bubble
and the longitudinal dimension L of the vapor formation from the point at which the first bubble appeared to
the evaporation front. The experiments were made at the saturation temperature under conditions of natural
convection. During the experiments the heat-flux density, the temperature of the test-heater surface before
boiling, the temperature of the liquid and of the vapor, and the pressure in the working volume were measured.

3. Experimental Results. The experiments were performed at pressures of 2.5-10°-2.8-10° Pa in the
working volume. Superheatings before boiling did not exceed 56 K, but even under such weak superheatings
the changes of the vaporization structure in freon C318 were observed. The threshold value of superheating
amounted to 40 K. For superheating values below the threshold, upon boiling ordinary vapor bubbles grew
on the heater surface and detached from it. Under stronger superheating the evaporation fronts arose on the
surface of a bubble near the heater and spread along the heater surface.

Figure 2 shows the camera records of freon C318 boiling under superheatings above the threshold value.
One camera recording was made for each boiling. The light background refers to the liquid, the horizontal
dark streak to the test heater, and under the latter there are scale marks. Table 1 lists the regime parameters
at which the records were taken: T} is the saturation temperature corresponding to the pressure in the working
volume before boiling Py, AT = T, — Ty is the superheating before boiling (T3 is the temperature of the
test-heater surface before boiling), and 7 is the delay time. The moment at which a signal appeared in the
pressure gauge fixed to the current supply of the test heater was considered the reference time.

Figure 2a shows the stage of formation of evaporation fronts on the surface of a bubble at its base.
Propagation of the evaporation fronts can be seen in Figs. 2b and 2c. After the evaporation fronts had
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TABLE 1

Notations AT T, Notations AT T,
T, msec T, msec
in Fig. 2 K in Fig. 2 K
a 57.1 293.9 0.061 d 56.3 2944 6.835
51.9 293.6 2.809 e 55.6 295.0 42.4
c 50.7 294.9 6.629 f 55.7 295.3 142.6

Fig. 3

spread over the entire heat-liberating surface, the transverse size of the vapor formation continued to increase
(Fig. 2d). Before the vapor formation detached from the heater, it became unstable and broke into separate
bubbles (Fig. 2e). The residual layer of the liquid on the heater separated from the bulk of the liquid by the
vapor formation rapidly evaporated. Then, the temperature of the heater elevated. After the vapor formations
had detached from the heater, a film boiling regime established on the heater (Fig. 2f).

High-speed recording of the boiling process made it possible to follow the changes in the size of a
vapor formation in time. Figure 3 shows the characteristic records of the process of freon C318 boiling at a
superheating of 41.9 K and a pressure of 2.5 - 10° Pa. For each record, the time from the onset of boiling
is given. The results of processing of this recording are shown in Fig. 4, where the length L of the vapor
formation, the diameter A of the bubble, and the rates of changes in these sizes are shown depending on the
time 7: vy = OL/0t and vy = 9(h/2)/0r. The longitudinal size of the vapor formation increased as a linear
function of time. This means that the evaporation-front velocity was constant. The transversal size varied in
time by the law 70-58,

In a number of cases, under superheating before boiling in excess of the threshold values the coexistence
of two vaporization processes was observed: the spread of the evaporation and boiling fronts. By the boiling
front, a chain process of boiling is meant when a growing bubble initiates, in its vicinity, the formation of
another bubble on the heater.

Figure 5 shows the results of the processing of boiling records at a superheating of 48.6 K and a
pressure of 2.6 - 10° Pa. In this case, 1 msec after the onset of boiling from one side of the initial bubble an
evaporation front began to spread along the heater at a constant velocity of 3.1 m/sec, and from its other
side a process of successive formation of the other bubbles began. In 4.5 msec, bubble formation stopped and
another evaporation front began to propagate along the heater with the same velocity as the evaporation
front spreading from the opposite side of the first bubble.

Thus, at superatmospheric pressures, just as at subatmospheric ones, the evaporation-front velocity is
constant in time. Figure 6 shows the data on the evaporation-front velocity versus superheating before boiling
for freon C318 at pressures of 2.5 - 105-2.8 - 10° Pa. With an increase in superheating, the evaporation-front
velocity also increases.
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4. The Evaporation-Front Model. A thorough description of the growth of a vapor formation of
an unknown shape with a nonuniform temperature field in the near-wall layer where the effect of viscosity in
a liquid is already profound is extremely complicated. To describe the propagation velocity of an evaporation
front, it is sufficient, under certain assumptions, to consider only the face part (the vicinity of the critical
point) of the vapor-formation surface.

In a metastable liquid, the evaporation front propagates with a constant velocity v¢ which is one order
of magnitude higher than that of liquid evaporation. Let us consider a test volume surrounding an evaporation
front in a moving coordinate system fixed to the evaporation front (Fig. 7). In this coordinate system, the
superheated liquid flows to the front from the left, while the vapor moves to the right from the evaporation
surface.

We shall denote the velocity, pressure, and temperature of the liquid at infinity by vf, P, and Ty,
respectively, and the pressure and the saturation temperature in the vapor region at infinity by P and Ts.
At the critical point on the evaporation front, the liquid velocity is equal to that of its evaporation vg. Here
the pressure from the side of the liquid reaches the highest value Py. We denote the liquid temperature on
the evaporation front by Tp. The vapor velocity, pressure, temperature, and density in the vapor region on
the outer side of the Knudsen layer are denoted by vy, P, T}, and py1, respectively, and the basic radii of the
interface curvature on the evaporation front by ry 5.

The evaporation surface of a liquid is a surface of discontinuity in passing through which the normal
velocity component, pressure, density, and enthalpy undergo a discontinuity. For the frontal part of the

interface (evaporation front), the conservation laws of the mass, momentum, and energy fluxes are the same
as for shock waves:

J = Plovo = Pa1v1; (4-1)
Py + piovd = Py + pyrv? — oo(1/r1 + 1/r2); (4.2)
(31— o) + (v — v3)/2 = Mo VTo + A VT = 0. (4.3)

Here j is the mass flux of a substance; o is the surface tension; ¢ is the enthalpy; A is the thermal conductivity;
the subscripts [ and v refer to the properties of the liquid and vapor; the subscript 0 refers to the values of
the quantities on the discontinuity surface from the side of the liquid, and the subscript 1 refers to those on
the interface from the side of the vapor. Equation (4.2) is written with allowance for the interface curvature.
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In a nonviscous approximation, the equation of motion of a liquid reduces to the Bernoulli equation
which for the central part of the flow, has the form

Pes + prov}/2 = Py + piovs [2- (4.4)
From Egs. (4.1), (4.2), and (4.4) for the evaporation-front velocity, we obtain

vf = 2{32[1/pur — 1/(2p10)] + Pr — Poo — 30(1/r1 +1/72)}/ P10

An accurate determination of the basic radii of the evaporation-front curvature is a complicated task.
The temperature distribution on the face part of the interface is not uniform. The surface temperature varies
from the maximum value Ty at the critical point to T,. This gives rise to a nonuniform distribution of the
forces with which the liquid and the vapor act on each other. Since the data on the temperature distribution
over the interface in the neighborhood of the critical point are not yet available so far, in determining the radii
of the evaporation-front curvature the following assumption was made: the pressure difference (P; — Py) is
compensated for by surface tension, and the evaporation-front propagation is due to vapor recoil, i.e., inertial
forces are compensated for by reactive ones. Then, writing the expression for the basic curvature radii in the
form ry 2 = 20¢/(P1 — Px), we find the final equation for the calculation of the evaporation-front velocity
v = 7 1/2[1/pua1 = 1/(2p0)]/ pr0-

In the equation of energy-flux conservation (4.3), energy dissipation due to viscosity was ignored. An
increase in the kinetic energy [the second term on the left-hand side of Eq. (4.3)] and heat removal from the
discontinuity surface to the vapor region (the fourth term) can also be ignored, because taking them into
account does not appreciably affect the calculation results. The difference between the enthalpies in Eq. (4.3)
is equal to the latent heat of evaporation and should be found with allowance for the metastability of the
liquid on the discontinuity surface ¢y —ig = Hand H=Hg — (cpioTo — cpis1Ts1). Here Hyy and cpyqp are the
latent heat of evaporation and the specific heat at the saturation temperature Ty corresponding to the vapor
pressure P on the outer side of the Knudsen layer.

The temperature gradient on the discontinuity surface from the side of the liquid phase is determined
taking into account the evaporation in a heat-transfer approximation in the neighborhood of the front critical
point when the liquid flows past a sphere with a radius equal to the main radius of the evaporation-front
curvature. The equation of convective heat exchange in a boundary-layer approximation has the form

wdT 3z +vdT [0y = ;0°T/0y*, y=0, T=Ty; y—oo, T =T, (4.5)

In the vicinity of the critical point the surface is equally accessible [10]: the solution is independent of =
and, hence, the first term in Eq. (4.5) can be ignored. Expressing the longitudinal and transverse components
of the liquid velocity for this region in the form u = Uz/ri, v = —=Uy/r1 — vo, substituting their values into
Eq. (4.5), and integrating it, we obtain an expression for the temperature gradient on the discontinuity surface
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TABLE 2
T, | aT | T | 1 Py Py vy, S M | Re
K kPa m/sec

293 | 40.2 | 293.04 | 292.7 | 264.1 | 265.2 | 0.07 1.02 | 0.01 | 3.5
293 | 44.0 | 298.40 | 291.7 | 264.1 | 286.3 1.49 1.13 | 0.07 | 3.5
293 | 48.0 | 304.90 | 290.6 | 264.1 | 312.8 | 3.34 129 | 0.15 | 3.4
293 | 52.0 | 31240 | 289.4 | 264.1 | 3453 | 5.69 148 | 0.25 | 3.2
293 | 56.0 | 324.40 | 288.0 | 264.1 | 386.8 | 8.87 1.74 | 036 | 3.0

from the side of the liquid:
o
VTo = /U/(2a10m1 )(Tw — To)exp(—bl)/ / exp(—n?)dn.
Vi
Here by = v2r1/(2a,U) and ayg is the thermal diffusivity of the liquid. For freon C318 in the studied range

of parameters, the Reynolds numbers (Re = 2vsr;/vy) are of order 3 (Table 2), which corresponds to a

viscous-flow regime. Under these conditions, U = vypuio/[2(p10 + pvo)] [10]. Thus, for the process considered,
the equation of energy-flux conservation takes the form

o0
jﬁ = \/vf/\locmﬂlo#lo/[47‘1(#lo + #00)] (Tw — To) exp ("b)/ / exP(‘ﬂz)dﬂ
b

% (4.6)

[6 = vari(pio + poo)/(vaionn))-

Equation (4.6) was used to determine the temperature of the liquid in the evaporation front.
The relationship between the vapor parameters on the evaporation-front surface and on the outer
boundary of the Knudsen layer was approximated using the relations derived in [11]:

1 —-T1/To = vi/7M/(2RTo)/4, 1—T1/To = 0.265 (pvos — pu1)/+/Pu0spvi (4.7)

(M is the molecular mass, R is the universal gas constant, and pygs is the vapor density on the saturation line
at temperature Ty). Relations (4.7) are written assuming that 8 = 1 (8 is the evaporation coefficient). In [12],
it was shown that on a fresh evaporation surface the evaporation coefficient of various liquids is close to unity.
This is due to a slow process of establishment of the equilibrium surface properties. The evaporation front is
a fresh surface, since fronts occur only at high intensities of evaporation. To determine the vapor pressure on
the outer side of the Knudsen layer, use was made of the equation of state given in [13]. The possibility of
volumetric vapor condensation was not considered.

The vapor velocity on the outer side of the Knudsen layer is equal to the local sound velocity if
the pressure P) exceeds considerably the ambient pressure Py,. For high counterpressure, the vapor velocity
is less than the sound velocity and is related to a pressure jump in the shock-wave front by the equation
(14, 15] F = (P — Poo)\/Q/{ono[Pl(‘Yoo + 1) 4+ Po(70o — 1)]} (7 is the specific heat ratio of vapor). Thus, in
calculations the desired relationship between vy, py1, and T} was determined by the relations {16] vi = uj for
u1 < F and vy = F for u; > F, where u; = /711 RT1/M is the local sound velocity.

Calculations according to the model described above were made at Ts = 293 K. The calculation results
are listed in Table 2 and are shown by the curve in Fig. 6. All the experimental data (points) for freon C318
were obtained in a subcritical regime of vapor outflow from the evaporation front. The value of the Mach
number M varied from 0.03 to 0.36. Table 2 presents the degrees of vapor oversaturation S = Py/Ps1 (Ps1 is
the pressure of the saturated vapor at the temperature 77) on the outer side of the Knudsen layer. Calculations
by the model considered were also made using the nonequilibrium theory of evaporation [17]. In this case, the
vy values proved to be close to those presented in Fig. 6, but the vapor on the outer side of the Knudsen layer
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turned out to be superheated.

In Fig. 6, the model is shown to describe correctly the influence of superheating on the propagation

velocity of an evaporation front. The model also contains information on the threshold character of the
appearance of evaporation fronts. The calculated threshold value of superheating at Ty = 293 K amounted to

40.2 K.
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