Chapter 4

TRANSIENT EVAPORATION
PHENOMENA

4.1 Introduction

The experimental study on highly transient evaporation from a liquid-
vapor interface excited by stepwise heating of the interface have been little
conducted as mentioned in Sec. 1.2, In the present experiment, the liquid-
vapor interface can be stepwise heated by a thermal pulse impingement. In
response to the impingement, evaporation starts and the initial equilibrium
vapor phase changes to a new vapor state from the interface. The new
vapor flow region consists of the Knudsen layer, the uniform flow, contact
region and the evaporation wave as depicted in Fig. 4.1, In this Chapter
a detailed discussion on the evaporation phenomena in a practically pure
system is presenfed through the comparison of the experimental results
with the kinetic theory analysis results.

In the present experiment the time variations of the pressure and
the temperature in the vapor phase are measured with a pressure trans-
ducer and a superconductive temperature sensor. The propagation speed
of the evaporation wave front is also measured with a double probe type
superconductive temperature sensor. Also in the He II phase the temper-
ature variation resulting from the impinging and reflected thermal pulses
is measured with a superconductive temperature sensor, from which the
temperature variation at the free surface can be derived as the boundary
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Fig. 4.1: The schematic drawing of the temperature variation in
the whole vapor flow region. The x-axis is the distance from a
He II free surface. The ordinate is the temperature. Tjy;the
free surface temperature, T;; the temperature in the evaporation
wave, Tw; the temperature in the uniform flow region. The whole
vapor flow region resulting from transient evaporation consists
of the Knudsen layer, a uniform flow, a contact region and an
evaporation wave. '

condition for evaporation process. In addition to these measurements, the
whole evaporation process is visualized with the aid of a laser holographic
interferometer.

In this chapter, the experimental results are first discussed. After the
kinetic theory analysis for evaporation process is described, the compar-
ison of the experimental result with the kinetic theory analysis result is
discussed. Finally, the result of numerical simulation in the vapor flow
region is presented.

4.2 Visualization

The interferogram visualization results of evaporation process are shown
in Fig.4.2.b and Fig.4.3.b, which are finite-fringe mode interferograms,
and also in Figs.4.4.a, b and ¢, which are infinite-fringe mode interfero-
grams. The formation of a shock is clearly recognized at the evaporation
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Fig. 4.2: The x-t diagram and the finite-fringe interferogram of
the evaporation phenomena. 1: the impinging thermal pulse front,
2: the evaporation wave front, 3: the reflected thermal pulse front,
1": the impinging thermal pulse tail. a):the x-t diagram for the
evaporation phenomena induced by the impingement of a ther-
mal pulse. Solid and broken arrows indicate wave front and tail,
b): the finite-fringe interferogram showing the evaporation wave
and the thermal pulse. Tp=1.74 K, q =25 W/em?, tg =200 us,
t4=00 us, where ¢4 is the duration time after the thermal pulse
incidence onto the free surface to photographing.

wave front in these figures, in which the shock front is indicated by the
arrow 2. The interferogram shown in Fig. 4.2.b is taken in the finite-fringe
mode, in which parallel fringes are intentionally produced in a quiescent
state by adjusting an optical element and then they are shifted according
to the variation in the refractive index of vapor phase in question. The
x-t diagram for the process corresponding to Fig.4.2.b which was taken
at tg = 60 ps after the thermal pulse incidence onto the free surface is
drawn in Fig. 4.2.a, where t4 is the time interval from the thermal pulse
incidence onto the free surface to photographing, First a thermal pulse
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Fig. 4.3: The x-t diagram and the finite-fringe interferogram of
the evaporation phenomena. 1:the impinging thermal pulse front,
2: the evaporation wave front, 3: the reflected thermal pulse front.
a): the x-t diagram for the evaporation phenomena induced by
the impingement of a thermal pulse. Solid and broken arrows
indicate wave front and tail. b):the finite-fringe interferogram
showing the evaporation wave and the reflected thermal pulse.
To=1.74 K, q=40 Wjem?, tzr=50 us, t4=90 us.

emitted from the heater propagates upward through He II nearly at the
speed of second sound (20m/s) as indicated by the arrow 1. The im-
pingement of the thermal pulse onto the free surface causes evaporation.
An evaporation wave propagates through the vapor phase (arrow 2). At
the same time, some potion of the impinging thermal pulse is reflected
from the free surface propagating downward through He II {(arrow 3). It
is of importance to note that a thermal pulse does not change the sign
of the temperature variation upon reflection from a free surface and thus
the reflected and impinging thermal pulses overlap each other adjacent to
the free surface as indicated in Fig.4.2.b. The tail of the incident ther-
mal wave resulting from the termination of heating is seen still in He II



TRANSIENT EVAPORATION PHENOMENA 47

- Top plate of

experimental
cell
-2
s tFree sarTace
~ 3
tn
\ : . -4 Heater
] [
110 mm |
r il

Fig. 4.4: The infinite-fringe interferograms showing the evapora-
tion wave taken at three instances t; measured from the thermal
pulse incidence onto the He II free surface. Evaporation waves
from meniscus are recognized. 2:the evaporation wave front and
3: the reflected thermal pulse front. Ty =1.74 K, ¢ = 60 W/em?,
tr=100 ps. a):tg=40ps, b):t4=60 ps and c):tg=100 ys.

as indicated by the arrow 1', but the tail of the evaporation wave is not
recognized in the vapor because evaporation still continues at tg = 60 us.
The tails of the evaporation wave in the vapor and of the reflected ther-
mal pulse in the He II are recognized in Fig. 4.3.b. In Figs.4.4.a, b and
¢, the evaporation wave fronts (2) and the reflected thermal pulse fronts
(3) are seen in the infinite-fringe interferogram. The propagation speed
of evaporation wave can also be calculated from these kinds of sequential
pictures based on time-of-flight method. It is found that the propagation
speed obtained from visualization pictures well agrees with that measured
by the double probe superconductive temperature sensor, as described in
Sec. 3.1.4. It should be noted that the two fan-shaped evaporation waves
seen in Figs.4.4.a, b and c result from evaporation from the menisci at the
free surface-adiabatic wall contact line region. The reflected thermal pulse
from the interface propagates downward through He II. In these infinite-
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fringe interferograms, the tail of the evaporation wave is not seen because

evaporation just finished at £;=100 us.

4.3 Temperature Measurement in He II

It is important to measure the temperature variation at the free surface in
order to specify the interface boundary condition for evaporation process.
For this purpose, the temperature measurement is made in the vicinity
of the free swrface in He II with a superconductive temperature sensor.
Shown in Fig.4.5 is the time variations of the temperature of impinging
and reflected thermal pulses in He II for several values of the heat flux
q. It is evident in the data for the case of g = 10W/em? that the tem-
perature amplitude of the reflected thermal pulse is slightly smaller than
that of the impinging one. This temperature decrease results primarily
from evaporation. For such a large value of ¢ as 40 W/em?, the impinging
thermal pulse is highly deformed and the peak temperature amplitude is
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Fig. 4.5: The time variations of the temperature rise of imping-
ing and reflected thermal pulses in He IT for several values of g.
Reflected thermal pulse is shown only for 10 Wiem?, Ty=1.74 K,
ty=100 us, =10, 20, and 40 W/em?2.
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Fig. 4.6: The time variation of the temperature rises resulting
from the impinging and the reflected thermal pulses measured
adjacent to the He II free surface., The location of the sensor
is about 1 mm below the He II free surface. The signal in the
overlapped region is a superposition of the impinging thermal
pulse indicated by 1 and the reflected thermal pulse by 2. Tp =
1.74 K, ty =100 ps, ¢=10 and 15 W/em?.

considerably diminished as a result of strong interaction with high den-
sity quantized vortices developed in He II under the superfluid breakdown
state. Accordingly, the further quantitative studies should be conducted
only at smaller g than 20 W/cm?. The free surface temperature rise ATy
can be experimentally estimated from the sum of the two temperature rises
as

ATy = AT} + AT, (4.1)

Here AT; and AT, are the temperature rises of the impinging and reflected
thermal pulses measured in He I in the vicinity of a free surface. In Fig, 4.6,
the time variations of the temperature rises resulting from impinging and
subsequent reflected thermal pulses are presented for two values of g. The
reflected and impinging thermal pulses partially overlap with each other
like the case shown in the visualization picture, Fig. 4.2.b. It is found that
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Fig. 4.7: The temperature rises as a function of the heat flux g¢.
To=1.74 K, tg =100 us. AT;, AT, are the experimental results
of the temperature rise of the impinging and the reflected ther-
mal pulses, ATy, the experimental result of total temperature
rise at the free surface. ATj,: theoretical temperature rise of an
impinging thermal pulse indicated by Eq. (3.1).

the peak value for each case indicated by ATy in the figure is equal to
the sum AT; + AT each term of which is measured individually slightly
below the free surface. It is, thus, experimentally confirmed that Eq. (4.1)
is valid. The relation between the temperature variations, AT;, AT}, and
ATy, and the applied heat flux ¢ is plotted in Fig.4.7. It is seen that
the temperature rise AT; slightly deviates from the theoretical value AT},
given by Eq. (3.1) at large values of ¢. This must result from the dissipative
effect by high density quantized vortices. The same effect is also recognized
for other temperature rises, AT, and ATy. In what follows, only data for
smaller values of ¢ are used for further discussion.
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4.4 Evaporation Wave

The visualization photos of propagating evaporation wave are seen in
Sec. 4.2, In this Sec., the pressure and temperature rises in the evaporation
wave and the propagation speed of evaporation wave front are quantita-
tively measured. From the comparison of the experimental result with the
Rankin-Hugoniot relation, the shock property of the evaporation wave are
discussed.

4.4.1 Pressure measurement

The pressure rise in an evaporation wave is directly measured with the
pressure transducer. In every previous study[22][25] of He II evaporation
mentioned in the Sec. 1.2 and 1.3, the vapor pressure has never been di-
rectly measured, and in stead, it was just estimated from the temperature
measurement result on the basis of the assumption that the isoentropic
compression can be applied to a weak evaporation wave[25]. Accordingly,
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Fig. 4.8: The time variation of the pressure in the evaporation
wave. The location of the pressure sensor is about 5 mm above
the free surface. Tp = 174 K, q¢ = 15Wjem?, tg = 50, 100 and
200 ps.
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Fig. 4.9: The pressure rise in the evaporation wave as a function
of the heat flux q. Ty=1.74.

it is considered that the pressure values reported in the reference [25] were
incorrect because the temperature measurement was incorrect from which
the pressure was converted as described in next Sec. The present measure-
ment result of the time variation of the pressure in the evaporation wave
is shown in Fig. 4.8 for three cases of the heating time £z at a heat flux of
15 W/cm?. 1t is seen from the result that the duration of the pressure rise
period well coincides with the heating time. The weak pressure fluctuation
with a period of about 70 s is caused by the evaporation waves from the
menisci as seen from Figs.4.4.a, b and c.

The relation between the pressure variation, AFP,, and the applied
heat flux q is plotted in Fig. 4.9. It is seen that the increasing rate of the
pressure rise AP, with ¢ at large values of g becomes smaller than that at
small values of ¢ because the impinging thermal pulse is deformed by the

dissipative effect of high density quantized vortices for larger values of g as
described in Sec, 4.3.
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Fig. 4.10: The time variation of the temperature rises in the evap-
oration wave. Tp=1.7T4 K, ty =200 us for ¢=5 and 10 Wrem?,
and =100 us for ¢=20 and 40 Wjem?.

4.4.2 Temperature measurement

In Fig. 4.10, the time variation data of the temperature rise in an evap-
oration wave is presented. It is seen that the time variations of the tem-
perature are quite similar to those of the corresponding impinging thermal
pulses shown in Fig. 4.5, and that the time duration of every evaporation
wave is equal to the heating time of the heater. It should be noted that the
temperature drop at the rear of evaporation wave seen in Fig.4.10 is not
caused by the passage of a contact region, but results from the termination
of heating from the heater, In the past experimental studies by Kessler
and Osborne[22] and Wiechert and Buchholz[25], the temperature in the
evaporation wave was measured, But it is now understood that their exper-
iments must have been suffered from some experimental error. Kessler and
Osborne[22] indirectly measured it by measuring the sound velocity in an
evaporation wave which depends on the temperature. Though this method
is, in principle, justified, the effect of fan-shaped evaporation waves result-
ing from evaporation from menisci as shown in Figs. 4.4.a, b and ¢ would, in
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fact, cause serious error in the measurement of sound speed. In the present
experiment, the temperature is directly measured near the free surface near
the center of the experimental cell, and consequently the meniscus effect
can be avoided. Wiechert and Buchholz[25] directly measured the temper-
ature in vapor with an Aluminum film superconducting temperature sensor
fixed on the top plate of the experimental cell. However, it is obvious that
the sensor film was covered with superfluid thin film in their experimental
arrangement. Wiechert and Buchholz[25] supposed that the temperature
of the sensing element covered with superfluid thin film become equal to
the vapor temperature in the evaporation wave. This supposition is usually
wrong because the superfluid thin film on the sensor element is not always
in thermal equilibrium in the evaporation wave. Furthermore, since the
temperature was measured by the sensor on the top plate of experimental
cell, the reflection effect of an evaporation wave on the top plate had to be
properly taken into account for the temperature measurement. Wiechert
and Buchholz[25] made a rather a priori assumption that the amplitude
reflection coefficients of the pressure and the temperature on a superfluid
thin film were both 0.7. The correct reflection coefficient on a solid wall
covered with superfluid thin film must be almost unity, that is derived on
the basis of the normal incident reflection theory supplemented with the
Rankine-Hugoniot relation for gas dynamic wave. It is also experimentally
confirmed that the correct reflection coefficient is almost unity as will be
described in Sec.7.2. In the present experiment, as described above, the
superfluid thin film around the gold-tin superconductive temperature sen-
sor element surface is eliminated by means of self-heating of the element
for good thermal coupling of the sensor element with vapor. Of course,
as excessively large bias electric current may cause temperature rise of the
sensor itself and may heat up the vapor around it through Joule heating,
which may result in large error in the measurement, the applied electric
current is carefully chosen. '
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Fig. 4.11: The comparison of the density rise in the evaporation
wave measrued with LHI used in the finite-fringe mode with that

estimated from the pressure and the temperature measurement
data, Tp=1.74 K.

4.4.3 Density measurement

As described in Sec. 3.2.1, the density rise in the evaporation wave,
Ape, can be evaluated from the LHI measurement result by Eq. (3.5). In
addition to this, the density rise Ap, can also be computed from the tem-
perature and pressure measured in the evaporation wave with the aid of
HEPAK. The density rise measurement data through both methods are
compared in Fig.4.11. The agreement is fairy good as a whole. It is
demonstrated that the LHI data can be used for the evaluation of the den-
sity variation even in relatively low-density vapor in cryogenic environment.
It is, however, obvious that there is some systematic discrepancy between
both measurement results. The measurement error of LHI becomes larger
for lower g, because the magnitude of interference fringe shift is at most
10% of one interference fringe shift in such cases as ¢ =10 W/em?2. Thus
the error is estimated to be 3-0.003 kg/m? in this bath temperature range.
On the other hand in the cases of higher heat flux ¢, the discrepancy is
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primarily caused by the calibration error of the temperature sensor because
the sensor is not well calibrated at higher temperature region.

4.4.4 Rankine-Hugoniot relation

The propagation speed of evaporation wave is measured with the dou-
ble probe type superconductive temperature sensor. The result is presented
in Fig. 4.12 in the form of the shock Mach number, Ms, of evaporation wave,
that is defined as the speed ratio of shock wave to sound wave in initial
quiescent helium vapor plotted as a function of P,/ Py for various cases
of the temperature Ty of initial vapor. Here P, and I are the pressures
of evaporation wave and the saturated vapor pressure at the temperature
of Ty. It is seen that the Mach number of propagating evaporation wave
is almost unity or slightly larger than unity in every case, and the experi-
mental data are in good agreement with the Rankine-Hugoniot relation[51]
indicated by the solid line, which is the general relation among physical
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Fig. 4.12: The shock Mach number of evaporation wave, Ms, as a
function of F,/FPy. The solid line indicates the Rankine-Hugoniot
relation.
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quantities across a shock wave, given by

P

A
14p’

where v and ag are the specific heat ratio and the speed of sound in vVapor

and = (y — 1)/(y +1). The data scattering results mainly from the
measurement error of the time interval between the two signals from the

Ms =

(4.2)

double probe sensor separated by 9.72mm. The response time of each
temperature sensor element is a few ps, which may lead to the measurement,
error of A(Ms) ~ 0.01,

The quantitative measurement of the temperature variation in an
evaporation wave can also be made with the double probe temperature
sensor. Fig. 4.13 shows the temperature measurement result of 7% normal-
ized by T as a function of P, / Fy, where T, is the vapor temperature in the
evaporation wave. It is seen that the experimental result also well agrees
with the Rankine-Hugoniot relation. From these satisfactory agreements
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Fig. 4.13: The temperature of evaporation wave, T, /Ty as a func-
tion of pressure, P,/ Py for two cases of the temperature, Tp=1.74
and 2.04 K. The solid line indicates the Rankine-Hugoniot rela-
tion between T, /Ty and P,/ B.
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of the experiment data with the Rankine-Hugoniot relations, we may be
able to conclude that the temperature and the pressure are adequately
measured in the present experiment.

It may be justified from these satisfactory agreements of the exper-
imental results with the Rankine-Hugoniot relation that other physical
quantities such as the particle velocity v, in the evaporation wave that has
not yet been measured can be derived from the Rankine-Hugoniot relation
provided that the pressure P, or the temperature T, is measured. It is,
furthermore, known in the kinetic theory of gases that the particle velocity
is equal to the vapor flow velocity ve in the uniform flow region, that is
very important to investigate the boundary condition at the interface for
the evaporation process because the slip boundary condition is given as
a function of speed ratio, veo/v2RIW (0r veo/v/5/3RToo) as described in
the next section where Ty and R are the temperature of a free surface and
the gas constant.

4.5 Kinetic Theory Analysis for Evaporation Prob-
lem

As described in Sec. 1.1, in order to analyze the inside structure of the
Knudsen layer, the Boltzmann equation must be solved. The Boltzmann
equation is generally presented by

97 4 5% = (7, ) (4.3)

where ;, f and J are the molecular velocity, the velocity distribution func-
tion and the collision integral respectively. The collision integral term is
considerably complicate because J is a non-linear differential integral term.
Therefore, in order to solve the Boltzmann equation of Eq. (4.3), the col-
lision term of Eq.(4.3) is necessary to be simplified. And the simplified
Eq. (4.3) also has the instinct of the collision term. The simplified Boltz-
mann equation called the BGK model equation is usually analyzed for the
kinetic theory analysis of evaporation problem,
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In the analysis of the BGK model equation for the evaporation prob-
lem, evaporation phenomena should be classified into weak evaporation
phenomena and strong evaporation phenomena. The ”strong ” simply
means & high-speed evaporation with shock Mach number of the order of
unity. In the analysis of the weak evaporation, the linearized BGK model
equation of which the collision term is adequately linearized is solved. On
the other hand, in the analysis of strong evaporation, the non-linear BGK
model equation is solved. These analytical results of the BGK model equa-
tion for the evaporation problem are represented in the form of the slip
boundary condition in which the slip quantities, Tpo—Tw and Poo— Py, are
given as function of the speed ratio ve/+v/2RIWw (0r Voo/+/5/3RT). In
the present study, the experimental result is compared to the slip boundary
conditions in the both cases.

4.5.1 Weak evaporation

The BGK model equation with the linearized the collision term is
solved by many authors, for example. The steady-state evaporation prob-
lem is solved by Pao[3], Cipolla[4], Sone and Onishi[5][6], Matsushita[8]
and so on. The analytical results with different numerical methods are
almost same. The analytical solution solved by Sone and Onishi[5] is given
for the general case where the effect of the condensation coefficient ¢, is
taken into account as follows[52],

P 1— o v

X =1 Cf — 2 < o 4.4

£ +(4 - ) S (4.9
&o_ =14+d Yoo (45)

Tw V2RTy'

where Py is the saturated vapor pressure at the temperature of Ty . The
slip coefficients are Cf =—2.132039 for the pressure and 4} =—0.446749 for
the temperature. They are, according to Cipolla et al.[4], C§ =—2.1254 and
dj =-0.4557, which are almost same as the result by Sone and Onishil5].
In these derivation, it is assumed that the accommodation coefficient of the
free surface which is defined as the degree of the reflection molecules from a
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free surface to accommodate to the temperature of the free surface is unity
as usually assumed in the kinetic theory approaches. This assumption is
generally accepted for cryogenic temperature situations (Brown et al.[53]).

The weakly non-linear BGK model equation for the steady-state evap-
oration problem is also solved by Onishi and Sone[7]. This analytical result
is represented as the same slip boundary conditions of Egs. (4.4) and (4.5),

4.5.2 Strong evaporation

The non-linear BGK model equation for the transient evaporation
problem is solved by Sone and Sugimoto[1] in a pure liquid-vapor system.,
The quiescent vapor on the liquid phase is compressed by evaporation,
and the compression wave propagates upstream infinitely through vapor
phase. The vapor flow region behind the wave approaches a steady state
as indicated in Fig.4.1. A steady solution exists when the parameters
satisfy the following condition:

P 1

- h(Mooo), 4.6

VS v (46)
Too

ﬁ = hQ(MHOO): (4'7)

where Mo and Ke(Me) are defined as

(¥
Mnoo = e =) (4'8)
/5
gRToo

107 Ry (Mpeo)
3 V/he(Mpeo)
The functions hi(Mps) and ha(Mp) are presented in Fig.4.14. The
Eqs. (4.6) and (4.7) are the general boundary conditions that the effect
of the condensation coefficient . is taken into account[52]. It should be
noted that the temperature slip condition is unchanged with the inclusion

Ko(Mpoo) = Mioo. (4.9)

of the condensation coefficient effect.
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0 02 04 06 08 1

Fig. 4.14: The slip coefficients for the non-linear slip boundary
condition, hi(Mpeo) and hg{ M) as a function of My given in
Egs. (4.6) and (4.7). The solid and broken lines indicate h; and
ho.

4.6 Comparison of Experimental Result with Slip Bound-
ary Condition |

After a highly transient initial phase of evaporation, a uniform flow
region develops between the Knudsen layer and the contact region as de-
scribed before. In the situation of quasi steady evaporation only the uni-
form flow region is recognized in the macroscopic vapor field because the
evaporation wave propagates far away from the interface and the Knudsen
layer is too thin to be recognized. For a physically meaningful comparison
of the experimental result with the theoretical one for the slip boundary
conditions, Eqgs. (4.4), (4.5), (4.6) and (4.7), the temperature T, the pres-
sure Py and the particle velocity v, must be measured in the uniform
flow region. However, the direct measurement in the region is very difficult
in experiments within such a short heating period as that in the present
experiment. The region dose not develop thick enough required for the
macroscopic measurement within such a short measurement time as from
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the onset of evaporation to the arrival of a reflected evaporation wave from
the top plate of the cell at the location of the sensors, because the devel-
oping speed of the uniform flow region, or equivalently that of the contact
layer behind which the uniform flow region grows, is very small, typically
a few m/s. A larger experimental cell with a height large enough to al-
low longer measuring time within which the uniform region can develop
thick, would be a solution to the difficulty. However, long term heating is
found to readily cause boiling on the heater, which brings about another
experimental difficulty.

In the present experiment, all the physical quantities can not be di-
rectly measured inside the uniform flow region. However, the pressure Py,
and the particle velocity v in the uniform flow region are available with-
out direct measurements in the region because they are equal to those in

095 |
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Fig. 4.15: The comparison of the experimental result with the
kinetic analysis result with respect to the slip boundary condition
at To=1.74 K. The solid and the broken lines indicate the kinetic
analysis results of Eq. (4.4) with a,=0.72 and 1.0.
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the evaporation wave region which can be experimentally measured,
P = ) (4-10)

Voo = Ve, (4.11)
The particle velocity v, can be derived from the Rankine-Hugoniot relation
with the measurement data of the pressure P, or the temperature T..

In Fig. 4.15, the pressure slip condition is compared between the ex-
perimental result and the kinetic theory result, Eq. (4.4). The condensation
coefficient a, is thus obtained to be 0.72 by the method of curve fitting
to the experimental data for small ve, /2RIy [54]. The solid line and the
broken line indicate the Eq. (4.4) with o, =0.72 and 1.0. The small dis-
crepancy between the solid line and experimental results as ve,//2RTy
increases may arise from the effect of the non-linearity of the slip bound-
ary condition. This non-linearity of the slip boundary condition will be
discussed in next Sec.

4.7 Non-linear Property of Slip Boundary Condition

As the rise of the free surface temperature from the equilibrium state,
the non-linear effect the slip boundary condition may arise. The non-
linear slip boundary conditions, Eqs. (4.6) and (4.7) are given by solving
the non-linear BGK model equation. In order to compare the experimen-
tal results with the non-linear slip boundary conditions, the temperature
in the uniform flow region must be measured. But in the present experi-
ment, the temperature in the region has not been successfully measured as
described before. Here, some attempt to evaluate the non-linear effect of
the slip boundary condition is presented in the term of the pressure rise in
the evaporation wave. Therefore, the experimental result of the pressure
rise in the evaporation wave is compared with the theoretical one taking
the temperature rise of the free surface as a parameter. The theoretical
pressure rise is estimated as follows[55]{56]:

As the slip pressure ratio P.,/Pw and the slip temperature ratio Teo/Tw
are expressed. in terms of the speed ratio Mpoo, in Egs. (4.6) and (4.7),
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the relation between Ty and M., must be given. The Rankine-Hugoniot
relation for the particle velocity is written as

(1-m (1) w12

e:\/(lw)(;’égw) )

where ag is the speed of sound of the equilibrium quiescent helium va-
por. Substituting Egs. (4.6), (4.10) and (4.11) into Eq. (4.12), Eq. (4.12) is
rewritten as

P h
1—p) | FE - =1
0 41T %p

Voo = — Qe ag, (4.13)

P h
(14 u) —-1 + 1
_F%Ll_'_l acKe(an)

Qe
where Py is the saturated vapor pressure at the temperature Ty. The
Clausius-Clapeyron relation gives a satisfactory estimation for Py as,
Lo ATw
Py = F —— 4.14
= Brewp (o L) (414
where Ly is the latent heat of evaporation at Ty. Substituting Eq. (4.14)
into Eq. (4.13), the following relation among ATy, M, and a, is given as

Moot/ -g-RTth

Loy AT h
1) o 40) -

(L+n) exp(y%—’fg—ATr%ﬁ) Tty

1+ K.

e
where Ty = ATw +Ty. For a specified value of «, the speed ratio Moo is
numerically given by solving Eq. (4.15) for ATy. The pressure P, (=Pso)
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for the case of strong evaporation is given by the substitution of the nu-
merically given values to Eq. (4.6),

In the similar manner, the pressure rise in the evaporation wave for
the case of weak evaporation can be derived from Eq. (4.4). In this case,
the functional relation between the particle velocity v and the surface
temperature rise ATy has to be given because in Eq. (4.4) the slip pressure
ratio Py, /Py is expressed in terms of the speed ratio which is given as
a function of ATy and ve,. The relation between Ty and v, can also
be given with the aid of the Rankine-Hugoniot relation for the particle
velocity in the evaporation wave and Eq. (4.11). The final equation similar
to Eq. (4.15) for the case of weak evaporation are found to be

(1-p) {exp (o) (1 + O:*TgﬁT—W) - 1}
oo o B SRE) (o )+

where Cf*=Cj§ + 2\/%1-—&:—0{&. For a specified value of c, the speed ratio

Moo i numerically given by Eq. (4.16) for ATw. The theoretical pressure

Voo

ag =0, (4.16)

P, (=P,,) for the weak evaporation process is given by the substitution of
this numerically given values into Eq. (4.4).

The comparison of the experimental results and the theoretical pres-
sure rise in the evaporation wave is presented in Figs. 4.16.a and 4.16.b. In
Fig.4.16.a, at Ty=1.74 K, the solid lines indicate the theoretical pressure
rise results for strong evaporation with a,=0.72, 0.6 and 1.0, and the dot-
ted line dose the result for weak evaporati.on with ¢,=0.72. In Fig.4.16.b,
at Tp = 1.28 K, the solid lines indicate the theoretical pressure rise re-
sults for strong evaporation with a,=0.77, 0.6 and 1.0, and the dotted line
only indicates the theoretical pressure rise result for weak evaporation with
a,=1.0. In both Figs.4.16.a and b, the experimental results are indicated
by the solid circles. It is found that the experimental results are in good
agreement with the theoretical pressure rise results for weak evaporation
with o, =0.72 for Ty=1.74 or 0.77 for Ty =1.28 in the cases of small free
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Fig. 4.16: The comparison of the experimental result with the the-
oretical pressure rise in the evaporation wave. (a):Ty=1.74 K,
(b): To=1.28 K. The solid and the broken lines respectively indi-
cate the theoretical pressure rise for strong evaporation and that
for weak evaporation,

surface temperature rise. But, as the rise of free surface temperature, the
experimental results become to agree rather with the theoretical pressure
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rise for strong evaporation. And it is found that the non-linear effect of the
slip boundary condition begins to appear at relatively small temperature
rise of a free surface.

4.8 Numerical Simulation of Vapor Flow Region

The vapor flow caused by He II evaporation phenomena induced by
the stepwise heating on a He II free surface is numerically simulated by solv-
ing the one-dimensional Navier-Stokes equation. And the non-linear BGK
model equation applied with the boundary condition of stepwise heating on
a He IT free surface is also solved by Onishi[56][57]. The numerical results
solved by Onishi[56][57] are shown in Figs. 4.17.a1 and a2 for the tempera-
ture variation and in Figs. 4.17.b1 and b2 for the pressure variation in the
case of Ty = 1.74 K, ¢ =10 W/em?, o, = 1.0. The numerical simulation
starts after a He II free surface temperature is changed ATy = 25.68 mK
from Ty =1.74 K. It is found.that the evaporation wave is already estab-
lished at the time of about 507 =17ns, the distance from the free surface
to the evaporation wave front is about 501, =1.41 um and the thickness of
Knudsen layer is about 10L =282 nm at the same time. Here 7 is the char-
acteristic time defined by L /ag, where L and ag are the characteristic length
defined by \/7Tl_(]/§ and the speed of sound and Ij is the molecular mean free
path. At the temperature Ty=1.74 K, 7y and L are 339.16 ps and 28.2nm
respectively. It is further found that the Knudsen layer and the contact
region are already established at the time of 50 7. But, the uniform flow
region is not fully developed even at 134 7. If the numerical simulation
is continued far beyond 134 7y, the uniform flow region may be developed.
In fact this numerical simulation is cost consuming process. Consequently
the Navier-Stokes equation is solved with the slip boundary condition in
order to analyze the fully developed whole vapor flow region without losing
the Knudsen layer effect within a moderate computation time. Fig.4.18.a,
and b are the numerical simulation results of the Navier-Stokes equation
for the temperature and the pressure variations respectively, Tp = 1.74 K,
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Fig. 4.17: The numerical calculation results of the vapor How re-
gion for He II evaporation solved by Onishi[56][57]. The vapor
flow region is numerically calculated by solving the non-linear
BGK model equation under the initial condition of stepwise heat-
ing, Ty = 1.74K, ¢ = 10W/em? o, = 1.0. L and 7 are the
characteristic length, L = 28.2nm and the characteristic time,
70=339.16ps. (al) and (a2) for the temperature, (bl) and (b2)
for the pressure.

¢=10W/cm? a,=0.72. The flow field at ¢y = 100 us after the thermal
pulse incidence onto He II free surface is drawn. The Navier-Stokes equa-
tion is solved with a finite difference computation scheme for the outside



TRANSIENT EVAPORATION PHENOMENA

1.77
¢ Ty
Knudsen Layer,

—
~J
(o)

I

| Bolfzmann

174 |

Temperature (K)

TETT T T T rrrm—T"TT

el el ol sl

Contact Region
Evaporation Wave]

1 e 7
Uniform Flow } ]

-

Navier-Siokes

FETTT TR EEWTTIT BRI BT

1010 108

106 104 102

Distance (m)

1500 rrrmm—rrrmerrrreme—rrre—

(a)

- 1450‘- Py ; ]
& :
g 1400 Fi{nudsenLayfré
8 | i
n‘:: —\: Pm Pe
1350 t : 1
Boltzmann i Navier-Stokes L ]
1300 il i d |I||m.J AP ERSTIIT ERETIT NPT RPN
1010 108 106 104 102

Distance (m)

(b)

Fig. 4.18: The numerical calculation result of the vapor flow
region calculated by solving the Navier-Stokes equation supple-
mented with the slip boundary condition. Ty = 1.74 K, ¢ =
10W/em?, t3=100 us, o = 0.72. (a): the temperature, (b): the
pressure. The Knudsen function solved by Onishi and Sone[7][52]
is presented to illustrate the structure of the Knudsen layer.
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region the Knudsen layer. In this study the MacCormack finite difference

scheme with flux corrected transport algorithm is adopted to solve the
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Nawvier-Stokes equation. The detail of this numerical scheme is described
in Appendix A. On the other hand, for the inside of the Knudsen layer,
the analytical result of the BGK model equation is given in the form of the
Kundsen functions for the temperature and the pressure variations solved
by Onishi and Sonel7], {52]. It is shown in Fig. 4.18.a and b that the whole
vapor flow region resulting from transient evaporation consists of the Knud-
sen layer, the uniform flow region, the contact region and the evaporation
wave. As described before, the propagation speed of the contact region is
very slow, typically a few m/s, the distance from He II free surface to the
contact region is only 0.47 mm at the time t; = 100 is and the thickness
of the contact region is also 0.23mm at the same time in the case shown
Fig.4.18.a. And it is confirmed that the experimental result of the pressure
and the temperature rises in the evaporation wave is qualitatively in good
agreement with the numerical result of these rises.

4.9 Concluding Remarks

The transient evaporation phenomena induced by a thermal pulse
impingement onto a He IT free surface is experimentally investigated, and
following conclusions are drawn.

1. Visualization
It is demonstrated that a laser holographic interferometer can be ap-
plied to the measurement of thermo-fluid dynamic phenomena in He 11
environment. In the present application to the evaporation process,
the propagation of an evaporation wave and a reflected thermal pulse
from a free surface are simultaneously seen in a single interferogram.

(a) It is visualized that a thermal pulse dose not change the sign of
the temperature variation upon reflection from a free surface and
thus the reflected and impinging thermal pulses overlap each other
adjacent to a free surface.

(b) It is recognized that the formation of a shock is formed at the
evaporation wave front.
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(c) It is found that the propagation speed obtained from visualization
pictures based on time-of-flight method is almost speed of sound
in helium vapor.

(d) It is found that the two fan-shaped evaporation wave behind the
main evaporation wave result from evaporation from the menisci
at the free surface-adiabatic wall contact line region.

2. Temperature measurement in He II

(a) It is experimentally concluded that the free surface temperature
rise AT\ can be experimentally estimated from the sum of the
two temperature rise as ATy =AT; + AT,

(b) It is also found that a thermal pulse dose not change the sign
of the temperature variation upon reflection from a free surface
and thus the reflected and impinging thermal pulses overlap each
other adjacent to a free surface.

3. Evaporation wave

(a) The time variations of the temperature and the pressure in the
evaporation wave is measured with a superconductive tempera-
ture sensor and a absolute type pressure transducer. It is found
that the time variations of temperature and the pressure are quite
similar to those of the corresponding impinging thermal pulse.

(b) The propagation speed of evaporation wave is measure with the
double probe type superconductive temperature sensor. It is
found that the Mach number of propagating evaporation wave
is almost unity or slightly larger than unity and the experimental
data are in good agreement with the Rankine-Hugoniot relation
for a shock Mach number.

(c) It is experimentally confirmed that the experimental results of the
temperature and the pressure in the evaporation wave also agree
with the Rankie-Hugoniot relation between P./Fy and T, /Tj.
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(d) It is also found that the density rise Ap, in the evaporation wave
which is obtained with LHI measurement is fairy agree with the
density rise that is computed directly from the temperature and

the pressure measured in the evaporation wave with the aide of
HEPAC.

4. Comparison of the experimental result with the kinetic theory analysis
result

(a) The comparison of the experimental result with the slip boundary
condition for linear case

i. The condensation coefficient a;, is obtained by the method
of curve fitting to experimental data for small speed ratio
Voo/ V2R Ty

ii. It is found at relatively small speed ratio that the small dis-
crepancy between the curve fitting line and experimental re-
sults may arise from the effect of non-linearity of the slip
boundary condition,

(b) The effect of non-linearity of the slip boundary condition

i. The theoretical pressure rise in the evaporation wave as a func-
tion a free swface temperature rise ATy is computed from
the non-linear slip boundary condition solved by Sone and
Sugimoto[1] applied with the Rankine-Hugoniot relation for
the particle velocity.,

il, It is found that the experimental result is good agreement with
the theoretical pressure rise in the evaporation wave, and the
non-linear effect of the slip boundary condition may arise at
relatively small temperature rise of a free surface.

5. Numerical simulation of vapor flow region

(a) Navier-Stokes equation supplemented with the linear slip bound-

ary condition
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i. It is found that the distance from a free surface to the con-
tact region is only 0.47 mm at the time t;= 100 ps, and the
thickness of the contact region is also 0,23 mm at the same
time,

ii. It is confirmed that the experimental result of the pressure and

the temperature rises in the evaporation wave is qualitatively
in good agreement with the numerical result of these rises.
(b) Non-linear BGK model equation for He II evaporation solved by
Onishi
It is found that the evaporation wave and the Knudsen, layer are

already established at the time of 17ns and the thickness of Knud-
sen layer is only about 282 nm at the same time.



