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Rates of water frost growth in a vessel with a cooled horizontal plate were experimentally determined under
reduced pressure atmospheres of hydrogen, helium, methane and nitrogen. The mass deposited on the cooled
surface under each of the atmospheres was almost in proportion to time. The Sherwood number under the condi-
tion of no mist formation, Sk, in the atmospheres of methane and nitrogen was in good agreement with Catton’s
equation for natural convection between horizontal parallel plates. Sk, in a hydrogen atmosphere was unity, which
corresponds to control by molecular diffusion in the stagnant gas. The tendency of the decrease in Sk due to mist
formation could be evaluated well by multiplying Sk, by a factor { ,,. The { ,, value was calculated based on
the critical supersaturation model as a function of the two interface temperatures and the total pressure. Frost
growth rates under each atmosphere were in proportion to [(7,-T,,) ¢/ (1+1/ ASI)]°~5. The proportional constant
for hydrogen was greater than that for any other tested gas. Agreement and disagreement of the frost effective

thermal conductivity with previous models were discussed.

Introduction

A cryogenic freezer is supposed to be used for the
continuous removal of gaseous impurities, including
elements such as carbon, nitrogen, oxygen and helium,
from the exhaust stream of a fusion reactor. For a basic
study of the cryogenic freezer, we determined rates of frost
deposition and growth under reduced nitrogen pressure
(Fukada et al., 1995). The experimental apparatus used had
a flat cylindrical structure where an upper plate was cooled
at a constant temperature and water was evaporated from
a lower surface. We elucidated characteristics of frost
formation under natural convection and the effect of
water mist formation on the mass deposition rate. The
experimental Sk values were found to fit to a correlation
by Catton ez al. (1967) for natural convection between hori-
zontal parallel plates multiplied by a factor denoted by
Ceop The factor £, was a parameter defined as a func-
tion of the two interface temperatures and the total
pressure based on the critical supersaturation model
(CSM) (Fukada et al., (1989a,b)). The thickness of frost
forming on the cooled plate in the nitrogen atmosphere was
in proportion to [(7,-T,) 11°°. The dependence of the frost
growth rate on the total pressure was also correlated using
another parameter Ay, which was defined as the ratio of
latent heat flux to sensitive heat flux on the frost surface.

In the present paper, variations of the mass flux, the
total heat flux, the frost thickness and the frost effective
thermal conductivity with the temperatures of the upper and
lower surfaces are investigated under conditions of
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reduced pressure of hydrogen, helium, methane or nitro-
gen using the same experimental apparatus. Results
obtained are compared and correlated in a similar way to
our previous study (Fukada er al., (1995)). One aim of the
present study is to investigate whether the previous results
obtained in the nitrogen atmosphere are applicable to frost
formation in different atmospheres connected with the
fusion fuel clean-up system. Another one is to correlate the
frost properties of the effective thermal conductivity and
the average density in different gas atmospheres, which has
never been investigated before.

1. Experimental

The experimental apparatus and procedures are the
same as our previous ones (Fukada er al., (1995)).
Therefore, a brief description only is given here. The frost-
ing container has a flat cylindrical structure which is
composed of upper and lower stainless-steel plates and a
side glass wall. The upper and lower plates are maintained
at constant temperature by cooling and heating. The
vessel is 400 mm in diameter and 50 mm in height. Each
of the cooling and heating temperatures was determined as
an arithmetic mean of measurements at several fixed points.
The temperatures on the upper and lower plates were
uniform and constant in each run. The heat flux through the
upper plate was determined using nine thermocouples of
1.5 mm in diameter inserted in the plate. Temperature
difference data at three locations of 30 mm, 69 mm and 100
mm from the center assured uniformity of the heat flux over
the plate. The temperature profile in liquid water on the
lower plate was determined using four thermocouples of
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Fig. 1 Variations of mass deposited on cooled surface in
atmospheres of hydrogen and nitrogen with time

0.5 mm in diameter fixed at different heights. Temperatures
of the frost inside, as well as on the interface, were also
determined using five thermocouples of 0.5 mm in diam-
eter fixed at different heights. One may have some
problems with interpolation of frost surface temperature by
use of fixed thermocouples. However, the temperature
profile near the interface was almost linear and no appre-
ciable effect of their interfering in frost and mist formation
was observed at this stage of the present study.
Atmospheric gases used are hydrogen, helium,
methane and nitrogen. At first, each of the gases was intro-
duced up to a specified pressure into the vessel which was
evacuated beforehand by using vacuum pumps. Then,
distilled water having somewhat higher temperature than
that of the lower heated plate was introduced into the
container. The amount of mass deposited and the frost
thickness after an elapse of frosting time were determined
at several points on the upper cooled plate. The arithmetic
mean of their data was correlated for the present analysis.
The ranges of the upper and lower plate temperatures
and the total pressure in this experiment were 200 K < T},
<266 K, 290K < T, <323 K and 8 kPa < p, < 100 kPa.

2.  Results and Discussion

2.1 Rate of mass deposition, j,,

Figure 1 shows variations of the mass deposited per
unit surface area, W, under atmospheres of hydrogen and
nitrogen with frosting time, ¢. Experimental errors were
evaluated from differences in the deposited amount at vari-
ous points of measurement. Although the errors were
different from experiment to experiment, their maximum
was 10 %. The obtained W values were almost in propor-
tion to time in a similar way to previous investigations
(Brian et al., (1970) and Fukada et al., (1995)). It was
expected that the mass deposition rate, j,,, varies with the
frosting time due to a decrease in the driving force of the
concentration between the lower and upper interfaces. The
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Fig. 2 Comparison between experimental Sk, at no mist
condition under atmospheres of nitrogen and methane
and Catton's equation for natural convection

degree of the decrease was evaluated as 10 % at most under
the experimental conditions in the figure. Since j,, is also
affected by roughness of frost surfaces, the decrease
might be hidden within error bars. Generally speaking,
frosting is a complicated phenomenon which proceeds in
relation with both amounts accumulated till a specified
time, e.g., [, and p,. and rates at the time, e.g., j,, and q,,.
For the sake of convenience, in calculating A, explained
later, j,, was treated as a constant.

Judged from the interface temperatures, the density
of the mixture of hydrogen and water vapor on the lower
interface is higher than that on the upper one. This is
because the molecular weight of hydrogen is much lighter
than that of water. Therefore, no natural convection
occurred in the vessel. This was assured also from the fact
that there was no oscillation of bulk temperatures in the
hydrogen atmosphere. Consequently, only molecular
diffusion in the stagnant hydrogen transferred water vapor
from the lower surface to the upper one.

On the other hand, oscillations of the gaseous
temperature were generated under the atmospheres of nitro-
gen, methane and, in some cases, helium. The presence of
temperature oscillations suggested that natural convection,
i. e., Rayleigh-Benard convection, controls the transfer of
water vapor between the horizontal plates. As seen in Fig.
1, natural convection enhanced the mass deposition rate
under the nitrogen atmosphere compared with the case of
hydrogen. In order to rate the degree of natural convection,
Ra for simultaneous heat and mass transfer was calculated
based on the definition (Eckert, (1981) and Fukada et al.,
(1995)).

Figure 2 shows variations of Sh; with Ra in the
atmospheres of nitrogen and methane under no mist
formation. The Sherwood number was calculated using j,,
at the initial stage of the frost formation and that under no
mist formation is indicated as Sk, in the present study. The
logarithmic difference between the vapor pressures on the
upper and lower interfaces was adopted for the driving
force of mass transfer. As seen in the figure, the experi-
mental Sh, values fitted the correlation for natural
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Fig. 3 Comparison between experimental Sk under the condi-
tion of mist formation under atmospheres of hydrogen
and helium and calculation values based on CSM

convection by Catton et al. (1967). There is some possi-
bility that the critical Ra for the simultaneous heat and mass
transfer is different from the value of 1707 given for pure
natural convection. However, the relation between Ra and
Shy, obtained here clearly revealed characteristics of the
mass-transfer process in the enclosed vessel.

A, and A, are parameters calculated from the inter-
face temperatures and properties of the gas mixture to
predict whether mist is generated in a system or not. T, or
Yy (=Y., (T))) appearing in the definition of A, is a para-
meter defined as temperature or mass fraction of vapor on
a nucleation boundary. Both are calculated from the
tangency condition:

dy... -
(), =R <
The critical condition for mist formation is expressed by
the relation A v=4g and the condition of A, < A o predicts
that mist is generated in the system (Fukada et al.,
(1989a,b)).

Figure 3 shows variations of Sh with the temperature
of the cooled plate, Ty,,, in atmospheres of hydrogen and
helium. With lowering T, Sh begins to decrease due to
water mist generation and, consequently, a drop in water
vapor pressure. The cooling temperature where Sh starts
decreasing almost corresponded to one predicted from
CSM.

Each curve in the figure was calculated by multi-
plying Sh,, by a factor {,, calculated from CSM for
respective gas-water systems. As mentioned above, no
natural convection occurred for hydrogen. Therefore, Sk,
was theoretically unity. On the other hand, comparatively
small convection was generated for helium below 260 K
at 100 kPa, and so the maximum value appears in the calcu-
lation curve of Sh at around 250 K. As seen in the figure,
CSM could qualitatively predict the degree of the decrease
in Sh due to mist formation under each atmosphere.
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Fig. 4 Variations of Sk and Nu with cooled surface tempera-
ture and the calculation values

However, the experimental values were not quantitatively
consistent with the CSM calculations. There were larger
deviations in the H,-H,O system. In order to clarify the
cause of the deviations, an evaluation was made based on
supplementary calculations as follows.

Figure 4 shows variations of Nu and Sh at the initial
frosting period with 7, under a hydrogen atmosphere at
93 kPa. Although the experimental Sk values were not well
estimated by the saturation model depicted by S = 1 as well
as by CSM, they were in comparatively good agreement
with ones calculated by using S = 3. Thus, the deviations
from CSM could be compensated to some extent by taking
into consideration the fact that mist generating at the crit-
ical supersaturation condition grows up with its falling
down in the vessel. This is because mist grows in diame-
ter with diffusion of water vapor and it decreases the degree
of the supersaturation. However, the value of § = 3
obtained here is considered to be only an empirical
constant.

2.2 Nusselt number, Nu

The experimental Nu values shown in Fig. 4 were
around two times larger than the values of Nu, multiplied
by a factor calculated by CSM or S = 3, which are denoted
by {guy Nuyor S=3. The Nu,, value corresponding to ther-
mal conduction in the stagnant gas is equal to unity in a
similar way to Sh,.

In order to trace to the origin of the differences in Nu
between the experimental and calculational values, contri-
butions of radiation heat transfer between the parallel plates
were estimated. Here, we take an example of a H,-H,0
system at T, = 308 K, T, = 243 K and p,. = 93 kPa. The
contribution of radiation from the gas mixture evaluated
using the correlations by Schack (Japan Society of
Mechanical Engineers, (1975)) and Ushikin and Sparrow
(1960) was found to be negligible in this system. Next, the
radiative heat-transfer rates among the two plates and the
side wall were calculated using Kirchhoff’s law. The radia-
tive transfer rate through the upper plate so obtained was
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Fig. 5 Variations of frost thickness under atmospheres
of hydrogen, nitrogen and methane with [(7,-
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223 W/m? by use of €, = 0.98 (Yamakawa et al., (1969)),
g =096, & = 0.94 and F, = 0.12 (Japan Society of
Mechanical Engineering, (1975)). The rate was compara-
tive with an addition of the convective heat-transfer rate and
the latent heat-transfer rate. This resulted in the experi-
mental Nu being around two times larger than the
calculated Nu. Thus, the radiative heat transfer rate made
up for the differences in Nu to a certain extent. However,
no correction for the radiative heat transfer was done here
because the rate is very sensitive to the frost emissivity and
there was the possibility that the emissivity varies with
different frost structures in different atmospheres.

A combination of the present results and our previ-
ous papers (Fukada et al., (1989a,b, 1995)) leads to the
conclusion that CSM can successfully describe the mass-
transfer process not only under forced convection but also
under natural convection with some modifications. Hence,
CSM serves a useful way to estimate any mass-transfer rate
under mist formation.

Variations of g,, with frosting time were not quanti-
tatively elucidated in the present paper. This is because g,
was affected more heavily by phenomena such as rise in
the surface temperature and change of the frost surface
roughness than j,,.

2.3 Frost thickness, I

Figure 5 shows a comparison of the frost thickness,
I, under the reduced atmospheres of hydrogen, nitrogen
and methane. In order to avoid confusion, the same
marks are used for the data of respective gases regardless
of mist formation. The dotted line was drawn from fitting
to hydrogen data. The solid line was drawn with the same
slope as the previous results for nitrogen (Fukada et al.,
(1995)). The latter was also consistent with the present
nitrogen data. Thus, the growth rate in each atmosphere was
in proportion to [(T,-Ty,) ¢/ (1 + 1 /ASI)]Q5 regardless of
pr- This reveals that Ag, in the lump variable is a feasible
parameter to correlate /. under various pressures.

The proportional constant was related to a presumed
linearity of the effective thermal conductivity of frost, A,
versus the average frost density, p., (Fukada et al.,
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Fig. 6 Variations of effective thermal conductivity of frost

with average frost density under atmospheres of
hydrogen, nitrogen and methane

(1995)). The proportional constant for hydrogen was the
largest, and the value was 0.037 mm/(Ks)®. That for nitro-
gen was 0.019 mm/(Ks)®. Although there are only two
data for methane, they are in the range of scattering of the
data for nitrogen. The gaseous thermal conductivity, ),g, is
0.17 W/(mK) for hydrogen, 0.024 W/(mK) for nitrogen and
0.030 W/(mK) for methane at 100 kPa. Thus, the propor-
tional constant is associated with ftg. Since the proportional
constant, however, should be directly correlated by A, it
was experimentally investigated as follows.
2.4 Effective thermal conductivity of frost, A,

A is one of the most important frost properties and
is defined by the equation (Biguria and Wenzel (1970)):

qrlr
e 2
T - Ty, )

Ap=
Figure 6 shows a comparison among A values under the
reduced pressures of hydrogen, nitrogen and methane.
Although A, values under an atmospheric pressure were
presented by various investigators (Biguria and Wenzel
(1970), Dietenberger (1983), Hayashi et al. (1977) and
Woodside (1958)), no work has been done on A, under
reduced pressure of atmospheric gases other than air. The
A values in the hydrogen atmosphere are greater than those
in the nitrogen or methane atmosphere. This is because A
of hydrogen gas is largest. The order of the A values in
different atmospheres at a specified p, was consistent with
that of the proportional constant of /.. Another thing to be
noticed in the figure is that A, under each of the atmos-
pheres is almost independent of p,.

There were many models to evaluate A from 4., pp,
porosity and so on. In order to evaluate A, of growing frost,
Biguria and Wenzel (1970), Hayashi et al. (1977) and
Woodside (1958) introduced the concept of the effective
thermal conductivity of gas, 4, ;. in place of A, in their
models:

Ay, ai = X + Ay 3)
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Thus, A o, diff WAS defined as a simple addition of the ther-

mal conductivity of the atmospheric gas and the
contribution of the diffusion rate of water vapor through
frost.

We compared our experimental A, values with the
series resistance model, the parallel resistance model, the
model by Maxwell and Rayleigh (Biguria and Wenzel
(1970)), that by Brailsford and Major (1964), and that by
Woodside (1958). If Eq. (4) was used for /”Ldiﬂ, the calcu-
lation results, unfortunately, failed to predict the
experimental results of Fig. 6. This was because the calcu-
lated 4, depended heavily on p, due to the fact that the
molecular diffusion coefficient, D, ,, in Eq.(4) is inversely
proportional to p;. Therefore, if Eq.(3) holds, other mech-
anisms of water diffusion and frost internal growth are
necessary for the explanation of experimental A, inde-
pendent of p,.

In addition to that, there was another unsolved
problem from previous experimental results (Brian et al.,
(1970)) - to show that the local frost density was uniform
in the direction of frost growth. The frost uniformity was
qualitatively observed through a borescope in the present
experiment. If water vapor diffuses in the inside of frost at
the condition of critical supersaturation or saturation, an
exponential-like variation of the vapor pressure along the
direction of the frost height is expected from a linear
temperature profile. The variation of the local frost
density with time is in proportion to the space differential
of the vapor pressure profile. Therefore, the exponential-
like profile is inconsistent with the uniformity of the local
frost density.

The macroscopic frost growth rate has been success-
fully described by use of the overall heat and mass
balance equations. However, the microscopic frost growth
was inconsistent with the usual balance equations. Water
vapor over the critical supersaturation condition is present
as water mist in porous frost. Consequently, thermophoretic
and diffusionphoretic forces might work on water mist and
might affect the mass-transfer rate of water. In addition to
this, frost had a dendrite structure in this experimental
condition. Therefore, the microscopic frost growth may be
affected by the fractal performance of crystal growth as
well. At this stage of the present study, unfortunately, we
could not quantitatively describe the microscopic frost
growth process. Therefore, the problem of the A, inde-
pendence of p,. was not solved. In order to make it clear,
further work will have to be done.

Conclusions

The mass deposited under reduced pressure of
hydrogen, helium, methane or nitrogen was satisfactory
correlated with the Sherwood number. The S#,, values when
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Ay > Ag,, ie., under the condition of no mist formation,
were in good agreement with Catton’s correlation for
natural convection. The Sh values when Ay <A, ie.,
under the condition of mist formation, were well evaluated
by multiplying the Sk, value by a factor {,,, based on
CSM with some modifications. This implies that the degree
of supersaturation is independent of atmospheric gases and
convection modes. Frost growth rates under any of the
atmospheres were in proportion to (Ts-Ty)t/(1+1/
A¢D1%3 regardless of mist formation. The order of the
proportional constants was consistent with the order of Ap.
Thus, characteristics of the frost growth rate and the heat
flux at reduced pressure in different atmospheres were
understood in an extended frame of our previous knowl-
edge on the heat and mass transfer phenomena between
horizontal plates.

A obtained under reduced pressures varied with o
and the kind of gases. The 4, dependence on p, was
understood in a similar way to previous models. However,
the A, independence of p,. could not be explained by use
of ),g, diff Another explanation for the A, independence of
pr and the space uniformity of the local frost density is
required.

Appendix; Dimensionless total heat flux
The total heat flux under the condition of no mist formation, 9y o 18
expressed by the equation:

qr.0=49u.0+ Lyiu.o (A1)

Shy and Nu,, under the condition of no mist formation are defined by the
equation:

Jmoh

5"0:‘]_),— (A2)
p«"D‘“'"(l —yj;)
qm.oh
N“{ ="
" h (T Ty) (a3

Substituting Egs. (A2) and (A3) into Eq. (A1) leads to the equation.
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Nup o= N+ AShy (A4)

If one assumes Nu, = Sh, NuT' o= +Ag) Shy holds.

The dimensionless total heat flux, g4/ kg (T4,-Tg,), was theoretically
given by (1 + Ag,) Shy also under the condition of mist formation (Fukada
et al., (1989a,b)). The above two relations enable experimental measure-
ment whether the total heat flux through the upper plate, g, is
independent of mist formation or not. For calculating Ag,, the time
constancy of the heat and mass fluxes was here assumed as the first
approximation.

Figure A1 shows the relation between gh / /'Lg (Tg,-Ty,) and (1 + Ag,)
Shq, under both mist formation and no mist formation. The results reveal
that (1 + Ag,) Sh, agrees with Nu, regardless of mist formation. Thus, the
basic assumption of CSM that the total heat flux does not change regard-
less of mist formation (Fukada et al., (1989a, 1984) was experimentally
proven.

Nomenclature
AN = LVpgDABln {(I-YSI)/(I-YN)} //lg (TN-TSI) [']
Ag, = Ratio of latent heat flux to sensitive heat flux on frost

surface defined by Lj,,/ g, [-]
Ay = LypD,pIn {(1-y5)/(1-ygy)} /llg Ty Tg)) [-]
D,y = Diffusion coefficient of water vapor [m2s1]
F = Direct view factor [-]
g = Acceleration of gravity [ms?]
h = Distance between upper frost surface

and lower water surface [m]
J = Mass flux of water on frost surface [kgm2s!]
L, = Latent heat of sublimation [Jkg"]
le = Frost thickness [m]
Mg, = Molecular weight of gas mixture

on water surface [kgmol™']
Mg, = Molecular weight of gas mixture

on frost surface [kgmol ]
Nu = Nusselt number defined by g,k / A, (Tg,-Tg)) [-]
Nuy = Nusselt number defined by g4/ /lg (Tg,-Tg,) [-]
Poar = Saturation pressure of vapor [Pa]
Pr = Total pressure [Pa]
ay = Sensitive heat flux on frost surface [Wm2]
ar = Total heat flux [Wm2]
R, = Gas constant [Jkg'K ']
Ra = Rayleigh number defined by

gh® (TyMg, | TgM,-1) 1 v (i D, p)*° [-]
S = Supersaturation ratio [-]
Sh = Sherwood number defined by

th/pgDAgln {(1')’31)/(1-)’32)} [']
T = Temperature [K]
T, = Parameter defined as temperature

at nucleation boundary [K]
T, = Temperature of upper frost surface [K]
T, = Temperature of lower water surface [K]
Ty, = Temperature of upper cooled plate [K]
t = Time [s]
w = Mass per unit area deposited on cooled plate [kgm™?]
Yy = Mass fraction of water vapor

at nucleation boundary [-]
¥si = Mass fraction of water vapor at frost surface [-]
V52 = Mass fraction of water vapor at water surface [-1
Ywi = Mass fraction of water vapor

at cooled plate surface [-]
K = Thermal diffusivity of gas mixture [m3s']
Cesu = Factor for mass transfer under mist formation

based on CSM defined by

Ay (1+Ag) 1 Ag, (1+4y) [-1
& csm = Factor for heat transfer under mist formation

based on CSM defined by (1+Ag,) / (1+4,) [-]
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Thermal conductivity based on water vapor

“ diffusion defined by Eq.(4) [Wm'K]
Ar = Effective thermal conductivity of frost [Wm''K1]
/'Lg = Thermal conductivity of gas mixture [Wm'K']
lg‘ diff = Effective thermal conductivity

of gas mixture defined by Eq. (3) [WmK1]
Pr = Average frost density [kgm3]
P, = Density of gas mixture [kgm™]
v = Kinematic viscosity of gas mixture [m2s1]
<Subscripts>
0 No mist condition
1 Upper interface
2 Lower interface
3 Side wall
cal Calculation
crit Critical supersaturation
exp Experiment
S Interface
sat Saturation
w Wall
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