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Abstract: In real life, sublimation of ice under certain conditions results in non-uniform formation of ice cubes with
irregular shapes. During extracting these irregularly shaped cubes from enclosed spaces, the openings through which
the cubes move can be plugged. A deep analysis of the sublimation process should be applied to make the shape of the
ice cubes homogeneous and smooth-edged. Although there is an analytical method for the sublimation of spherical ice
in literature, the hemispherical shape has not been studied. Furthermore, if ice formation and sublimation occur
simultaneously within a place confined by a wall, novel approaches are necessary. In the current study, an analytical
method has been proposed for the sublimation from a hemispherical ice sample as a combination of the models for the
spherical and circular flat surfaces. The sublimation rate calculated by this new analytical method has been compared
to the results from the weighing experiments and visualizations where the sublimation over time was measured by
processing a series of images of ice cubes. There is a good agreement between the calculated values and the mass loss
observed in the visualized images and the weighted samples. Thus, it is concluded that the sublimation rate is correlated
with the velocity, temperature, and relative humidity of the air flowing over the ice cubes undergoing sublimation.
Keywords: Sublimation, visualization, transient mass transfer, ice

NEMLIi VE ZORLANMIS TASINIMLI KAPALI HACIMLERDE YARIKURESEL BUZ
SUBLIMASYONUNUN ANALITIK INCELENMESI

Ozet: Gergek hayatta, buzun belirli kosullar altinda siiblimlesmesi, diizensiz sekilli buz kiiplerinin olusumuyla
sonuglanir. Diizensiz sekilli bu kiiplerin kapali alanlardan ¢ikarilmasi sirasinda kiiplerin hareket ettigi agikliklar
tikanabilir. Buz kiiplerinin seklinin homojen ve diizgiin kenarli olmasi i¢in siiblimasyon prosesinin derinlemesine
analizi gerceklestirilmelidir. Literatlirde kiiresel buzun siiblimlesmesine yonelik analitik bir yontem bulunmasina
ragmen yarim kiire sekli ¢aligilmamistir. Ayrica, duvarla sinirlandirilmis bir hacimde buz olusumu ve siiblimlesme ayn1
anda meydana geliyorsa, yeni yaklagimlar gereklidir. Bu galismada, kiiresel ve dairesel diiz yiizey modellerinin bir
kombinasyonu olarak yarim kiire seklindeki bir buz 6rneginden siiblimlesme i¢in analitik bir yontem onerilmistir. Bu
yeni analitik yontemle hesaplanan siiblimlesme miktari, siiblimlesmenin bir dizi buz kiipii goriintiisiiniin islenmesiyle
elde edildigi gorsellestirme deneyleri ve tartim yapilarak elde edilen sonuglarla karsilastirildi. Hesaplanan degerler ile
gorsellestirme sonuglarinda ve tartim yapilmis numunelerde gdzlemlenen kiitle kaybi arasinda iyi bir uyum vardir. Elde
edilen sonuglara gore siiblimlesme miktarimn, siibblimlesmeye ugrayan buz kiiplerinin {izerinden akan havanin hiz,
sicakligi ve bagil nemi ile iliskili oldugu sonucuna varilmistir.

Anahtar Kelimeler: Siiblimlesme, gorsellestirme, zamana bagh kiitle transferi, buz

NOMENCLATURE As surface area of circular flat surface [m?]
B equation coefficient [-]
A equation coefficient [-] D diameter of sphere [m]



Das diffusion coefficient of water vapor (A) in air
(B) [m?s]

g gravity [m/s?]

Gr Grashof number for heat transfer [-]

Grm Grashof number for mass transfer [-]

h convection heat transfer coefficient [W/m?K]
hm convection mass transfer coefficient [m/s]
K equation coefficient [-]

k thermal conductivity of air [kW/mK]

L characteristic length [m]

Ls latent heat of sublimation [kJ/kg]

M molecular weight of water [kg/kmol]

m mass of water ice sample [kg]

n equation coefficient [-]

Nus Nusselt number of spherical surface [-]
Nur Nusselt number of circular flat surface [-]
P perimeter length of flat surface [m]

p equation coefficient [-]

Ps saturation pressure [kPa]

Pr Prandtl number [-]

r radius of sphere [m]

Ru universal gas constant [kJ/kmolK]

Ra Rayleigh number for heat transfer [-]
INTRODUCTION

Not only for the snow analysis in meteorology, but also
in novel refrigeration systems and cryogenics,
sublimation is an important topic (Chen et al., 2014;
Schmidt, 1972; Schmidt and Gluns, 1992). The
findings in this area may be applied to the dissolution
of solids, for instance for controlling the smoothness of
surfaces during synthesis or for optimizing crystalline
shapes during drug dissolution (Jambon-Puillet et al.,
2018). As it is summarized in Zhao et al. (2020),
theoretical studies on the sublimation process itself are
rare, in contrary to being the fundamental phenomenon
in de-icing and defrosting processes, food preservation,
and porous media fabrication. In literature,
investigations on naphthalene, solid carbon dioxide,
benzoic acid (Aoki et al., 2002; Garner and Grafton,
1954; Hong and Song, 2007; Smolik and Vitovec,
1983), ice (Neumann et al., 2009; Schmidt, 1972;
Schmidt and Gluns, 1992; Thorpe and Mason, 1966),
and subcooled water droplets (Reitzle et al., 2019;
Ruberto et al., 2017) are present. However, there is a
lack of study on the sublimation during ice formation
in domestic refrigerators.

In the current study, the sublimation rate of ice in an
enclosed space under forced air flow conditions is
visualized by an image processing method and also
calculated from weighing experiments. Thus; the
parameters of the sublimation rate are studied and a
basic approach has been handled to understand the
irregularities on the surfaces of the ice cubes resulting
in plugging within the passages of the refrigerator.
Since hemispherical ice samples are geometrically
similar to the ice cubes formed in refrigerators, these
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Ram Rayleigh number for mass transfer [-]

Re Reynolds number [-]

Scs Schmidt number of spherical surface [-]

Sct Schmidt number of circular flat surface [-]

Sh Sherwood number [-]

T absolute temperature [K]

Te ambient temperature [K]

Tr film temperature [K]

T: surface temperature of the sphere [K]

Tw wall temperature of the circular flat surface [K]
Greek Symbols

a equation coefficient [-]

B equation coefficient [-]

v kinematic viscosity of air [m?%s]

p average density of water vapor [kg/m?]

Peo density of water vapor in the remote

environment [kg/m?]

pr density of water vapor in the immediate vicinity
of the sphere [kg/m?]

Ps saturation density of vapor [kg/m3]

Pw density of water vapor in the immediate vicinity
of the circular flat surface [kg/m®]

0] relative humidity [-]

shapes have been used as the domain geometry. As
stated in Jambon-Puillet et al. (2018) sublimation from
hemispherical shapes usually takes longer compared to
other types of geometry and both weighing
experiments and visualization processes depend on
several parameters. Here, in addition to the ones
reported in the literature, the temperature difference
between the ice sample surface and the enclosure has
been taken into account, as well as the humidity of the
air within the enclosure. Moreover, the effect of the
extreme temperature difference between the ice sample
surface and enclosure on the sublimation rate is
investigated with an analytical model for a variety of ¢
levels as a special case. Then the heat and mass transfer
have been correlated to the velocity of the air over the
ice samples, and the enclosure temperature. The results
have been extended to predict ice plugging in a variety
of conditions before it occurs and prevent it without
any malfunctions.

ANALYTICAL METHOD FOR THE
HEMISPHERE

Most of the analytical sublimation models study ice
crystals, snow, and snowflakes in cold regions. They
investigate sublimation rates on different geometries,
especially on spherical and flat geometries. However,
there is no sublimation model for the hemispherical
geometry, presented in literature. A model developed
for the sublimation of the spherical samples is not
convenient with a hemispherical sample. In order to
develop the model fully, the spherical and the flat
surfaces should be investigated, separately.



In the present study, the model proposed for spherical
bodies in literature Thorpe and Mason (1966) has been
modified for the hemispherical geometry. By this
modification, the model for the spherical surface of the
hemisphere has been combined with the model for the

Air Flow
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Circular Flat Surface
r

Figure 1. Hemispherical sublimation model.

The modified analytical model has been based on the
spherical geometry studied by Thorpe and Mason
(1966) where the temperature differences between the
ice surface and environment were neglected. They
used the diffusivity value (between water and air at
0°C) 7% lower than the reference value, which is 0.22
x 10* m?%s.

However, in the current study, air temperature in the
test section has an oscillation within +3°C of the
reference value. This difference is considered in the
modification. On the other hand, the reference
diffusivity value was taken as the same with Thorpe
and Mason (1966) to keep the test-validated method as
possible. The transient heat and mass transfer equations
(Eq. 1 and Eq. 2) have been combined with the
Clausius-Clapeyron equation (Eq. 3) as in Thorpe and
Mason (1966). Finally, a model for the hemispherical
surface (Eq. 12), also including temperature differences
between the ice surface and the ambient, is formed.
Then total sublimation rate was calculated, summing
up the sublimation rate for the hemisphere and the
circular flat surface (Eq. 23).

Equations for the sublimation rate in terms of heat
transfer, and mass transfer given in Thorpe and Mason
(1966) are as the followings

Ly =% = 2mkr (T, — Too)Nug (1)
d
— = 21D457(pos — py)Shy )

where Nus and Shs defined in Eq. (15a) and Eq. (15b).

On the other hand, the Clausius-Clapeyron equation
with an ideal gas approximation is:

o (it ar -

Ps Ry T2

(€))
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flat surface. This modification has also considered that
the circular flat surface of the hemisphere is not directly
exposed to the freestream but it is located in the wake
region facing the downstream (Figure 1).

where boundary conditions are

T=To > ps=ps(Te) )

T=T - ps=psT;) (5)
Integrating Eq. (3) and applying boundary conditions
(4 and 5) gives:

o (£202) Ir) _ sk (T

ps(Teo) Too Ry \ TeoTr

(6)

If water vapor density in the immediate vicinity of the
ice surface is considered to be equal to the saturated
vapor density at ambient temperature (i.e. pg =

ps(T;)), using Eq. (2)

1 dam

pr = ps(Tr) = P — ZHDABTShSE @)
can be obtained.
Combining Egs. (6) and (7) results in
(e s )
"o (T.) ~ 2DaprShopy(T,)) dt ) T,
_ LM (T, — TOO)
" R, \ T,T,
(®)

Here, po/ps(T») is equal to @, at ambient temperature
T,. Thus;

1 dTI’l Tr Lg M(T,-—Too)
((p— —)—:eRu Teo Tr
21D ,57Shps(Ty) dt /T,
©)

is obtained.

If a series expansion is performed for the right-hand
side of the above equation:

( 1 I
¢ 27D 4T Shsps(Teo) dt

1 (Ls M\? (Tr—Teo\ 2
G0 ) +
Since the third and the following terms can be

considered as a truncation error because of their
relatively small values,

Ls M (Tr—Teo
_ el (Tt
Teoo Ry \ TooTr

(10)
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is obtained.

Combining Eq. (1) and Eq. (11) and rearranging and

dividing by 2, the sublimation rate for the
hemispherical surface can be calculated:
Too
nr{Q————
= o) (12)
dt ( 1 )+< L2 M >
D 4gShsps(Teo)) "\ RykNugTy?

Nus and Shs appearing in Eq. (12) have been calculated
by substituting the experimental mass change into
Equations (1) and (2). Mass transfer due to natural
convection from the lower surface of the hemisphere
has been calculated from the relevant correlations and
subtracted from the total mass measured during the
experiments.  Sherwood numbers from the
experimental data for the hemisphere under study have
been compared to the correlations reported in the
literature (Figure 2).
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Figure 2. Comparison of the Sherwood correlation for the
hemisphere with the Sh correlations for the sphere in the
literature.

It is seen that Sherwood numbers from the current
experimental results coincide with the half of the
correlation for spherical surfaces by Gamson (1951).
The maximum variation is 24.2% at Reynolds 6000
between the trendline of experimental results and the
half of the Gamson (1951) correlation.

On the other hand; the wind factor curve was generated
using weighing results as in previous studies (Pasternak
and Gauvin, 1960; Pitter et al., 1974; Thorpe and
Mason, 1966). For spherical bodies, the correlations
below have been used:

Nug = B + BRe™Pr? (13)

Shy; = A+ aRe™ScP (14)
where Reynolds number is based on the diameter
(Garner and Grafton, 1954; Pitter et al., 1974; Thorpe
and Mason, 1966).
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For the coefficients appearing in correlations, there are
different values in the literature. For the quiescent
environment (Re = 0), A = B = 2 is proposed by
Langmuir (1918) and validated by Frossling (1938) and
Ranz and Marshall (1952). For low Reynolds number
cases (10<Re < 200), A = B = 1.88 is obtained by
Thorpe and Mason (1966).

In the presented study, the range is as 3300<Re<6000.
Thus, the wind factor, F values in Pasternak and
Gauvin (1960), Pitter et al. (1974), Thorpe and Mason
(1966) have been used to determine A, B, o, and
coefficients of Nus and Shs correlations.

In Powell (1940) for 650<Re<45000, also in Pasternak
and Gauvin (1960) for 500 < Re < 5000, and in
Gamson (1951) without regarding to the Reynolds
number, it is given as p=1/3 and n=0.5. Considering p
and n independent of geometric shapes, and the
moderate range of the Reynolds numbers in the current
study, p=1/3 and n=0.5 are assumed. Thus, the
following equations in terms of wind factor are
obtained (Figure 3).

Nug = 3.432Re'/2Pr'/3 — 94,942
3300<Re<6000 (15a)

Shy = 3.432Re/2Sc/3 — 94,942
3300<Re<6000 (15b)
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Figure 3. Investigation of heat and mass transfer correlations

as a single equation by using wind factor.

Eq. (15b) is identical to the correlation
Sh=0.85Re%3Sc%33  which is validated by the
experimental data illustrated in Figure 2. The

discrepancy between the resulted correlation, and the
one obtained as the half of Gamson’s has emerged due
to the uncertainty of the experiments. The natural
convection from the flat surface of the hemisphere may
be another reason for this difference.

The sublimation rate from the flat surface can be
written in terms of the Nusselt number, and Sherwood
number (Goldstein et al.,1973; Incropera, 2011; Lloyd
and Moran, 1974):

L2 = (T, — T,)

S dt

2
R — dmrkNug(T, — T,)

D 4




(16)
dm 4SheDyp 1. D?
E = (poo - pw) TT
= 2nrDypSht (P — Pu)
a7

With Clausius Clapeyron equation (Eq. 3) and ideal gas
equation of state, the sublimation rate from the circular
flat surface (Figure 1) is obtained as:

dm Zm‘(cp _%)

ar 1 + Ls*M (18)
DppShyps(Too) RukNufTwz

For the flat surface, natural convection correlations
(Goldstein et al., 1973; Incropera, 2011; Lloyd and
Moran, 1974) have been used:

Nuy = 0,54Ra'/* (19)
Shy = 0,54Ray,* (20)

As the characteristic length, L, is equal to 1/2 for the
circular surface; heat and mass transfer Rayleigh
numbers appearing in the equations are:

Ts—Teol D3
Ra = GrPr = 85Tl o =D p,.
v 64

ey
— 9(Ps=po) D ¢

Ra,, = Gr
a,, = Gr,Sc S

(22)

Finally, the total sublimation rate of hemispherical ice
is defined as:

Too
mr(0-72)
b, > +
dt ( 1 )+ Ls“ M
D 4pShsps(Too)) '\ RykNugTy?

an(cp—%)

dam

1 + Ls*M
DppShgps(Too) RukNufTwz

(23)

where the first term represents the spherical surface of
the hemisphere and the second term corresponds to the
sublimation rate from the bottom flat surface.

Here, the effects of the flow separations and vortices at
the wake of the hemisphere and acting on the flat
bottom surface have been neglected.
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Experimental Measurement Data
(temperature, relative humidity, air velocity)

Acquired Total Sublimation Calculation of Sublimation Rate From
Rate by Weighing Method the Circular Flat Surface (Eq.18)

\/

Calculation of Sublimation Rate From
Sherical Surface of the Hemispherical Ice

}

Calculation of Nu, and Shy Numbers
by Using Egs. (1) and (2)

}

Generation of Wind Factor Graphs to Obtain
the Coefficients of Eqgs. (13) and (14)

l

Derived Nu, and Sh Correlations For the
Forced Convection From Hemispherical
Surface (Eqgs. 15a and 15b)

Figure 4. Flow chart for Nus and Sh; correlations.
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Once the required correlations were formed (Figure 4),
Eq. (23) was analytically solved with a time step of 60
seconds which is the data sampling interval of the
experiments. Since, it was confirmed by the recorded
images of the ice sample (see the next section) that the
ice shape changed homogeneously, throughout the
spherical surface, the numerical procedure has not
considered a varied sublimation rate.

EXPERIMENTAL SETUP

For the test rig, a wind tunnel has been installed on the
refrigerator shelf within a well-insulated cabinet. The
wind tunnel directs the air to flow over the
hemispherical ice cube. As illustrated in Figure 5; the
tunnel consists of an axial fan (A), flow straightener
(B), and ice sample (C). The dimensions of the air
tunnel are 90 mm x 90 mm x 300 mm. To enable optical
access, tunnel walls were made up of transparent
plexiglass. K-type thermocouples (T) and MSI
HTG3500 relative humidity sensors (H) have been
used to collect data from experiments with a data
acquisition system. The thermocouples have been
placed onto the tunnel entry and immediate vicinity of
the flat surface of the ice sample. The flat surface
temperature values have been used as identical to those
of the spherical surface. In other words, the temperature
distribution whole over the surfaces has been assumed
as uniform. Also, ¢ data from the refrigerator ambient
and inside of the tunnel has been measured. Both
temperature and humidity data have been recorded with
a sampling rate of 0.017 Hz (recording every 60
seconds). The velocity inside the tunnel has been
controlled by changing the rotational speed of the DC-
controlled fan.
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Figure 5. The experimental setup. A: Axial fan B: Flow
straightener C: Ice sample H: Humidity sensors L: LED T:
Thermocouples

[

Visualizations of the ice cubes were performed using a
USB-controlled RGB camera with 15 megapixels
resolution was placed at a 100 mm distance from the
tunnel wall, for the image acquisition. Except for the
observation window facing the camera, the walls of the
tunnel were painted black in order to increase the
contrast between the ice and the background of the
images. A LED light (L) was used for illumination. NI
Vision Builder ® software was used to periodically (1
image per hour) record the images of the hemispherical
ice. Animage processing algorithm in MATLAB® was
developed to analyze the recorded images. The
algorithm was used to determine the number of pixels
forming the ice for each image and to detect the
difference between successive images. Using this
approach, it is possible to determine the change in the
shape and the volume of the ice cube over time. In
Figure 6, the purple field in the comparison image
represents the change in the ice sample due to the
sublimation. These results are compared to the results
of weighing measurements that are discussed below.

Last Image

First Image

Binarized Image Binarized Image

100 200 300 400 500 660

pixel
Figure 6. An example of the process of visualization for the
-18°C forced convection with 1m/s air velocity case. The left
image is recorded at the start of the measurements, while the
image on the right is recorded after 72 hours. The difference
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in the projection of the two ice cubes is indicated by purple at
the bottom graph.

The average air velocity in the test section has been
measured by using particle image velocimetry (PIV). A
HiSense Mk II camera with a resolution of 1344 x 1024
pixels was used for recording the PIV images. The light
source for illumination was a double-pulsed Nd:YAG
laser (New Wave Solo-III) with 50 mJ/pulse energy at
a wavelength of 532 nm. The flow was seeded with
paraffin oil smoke with a mean diameter of 1.5 pm. The
vector fields were calculated using an interrogation
window size of 32x32pixels and 50% of overlap. An
average of 100 instantaneous vector fields were used to
compute the average air velocity in the test section.

Mass loss due to sublimation was detected by also
weighing the ice samples with KERN DE35K0.5D
digital scale having a resolution value of 0.5 g.
Weighing measurements were performed at room
temperature, rapidly so as not to allow additional
sublimation or melting, after taking out the ice samples
from the controlled (cold) room. At the beginning of
each experiment, ice samples were weighted to check
the initial mass of each sample. Also, they were
weighted at the end of each experiment, and sublimated
mass was calculated from the difference between two
consecutive weighing measurements. The weighing
was not continuous throughout the measurement
duration. Thus, the results of the weighing
measurements include only the initial and the final
mass for each sample. Residual mass is calculated from
the difference between these two values at the end of
the weighting process. Each experiment was repeated
twice to avoid possible errors and provide consistency
between the image results.

CASE CONDITIONS AND MEASUREMENTS

In addition to the parameters such as temperature, air
velocity, size of ice particles, and geometrical shape
used in previous studies (Neumann et al., 2009; Thorpe
and Mason, 1966), also ice storage time in the
refrigerator is investigated. Since the purpose is to
prevent the plugging within the ice-extracting
channels, duration is an important parameter.

The hemispherical ice samples that were used in this
study are 50 grams each and have 30 mm of radius. The
ice sublimation rates were studied at two different
ambient temperatures (-18°C and -24°C), which are the
set temperatures of the refrigerator. To adjust the
airspeed, 3 different voltage values of the axial fan
were used, which are 6V, 9V, and 12V corresponding
to 0.7m/s, 1m/s, and 1.2m/s. The experiments were
carried out at two different durations, 72 and 144 hours.
Although the value is between 50% and 70% for the
refrigerators, the ¢ in the cold room could not be kept
constant as also stated in Reitzle et al. (2019). Thus, ¢
was not able to be used as a controlled parameter for
the experiments, but it was acquired for using in the
analytical calculations (Eq. 23).



Residual mass which is the ratio of the remaining ice
mass to the initial ice mass has been calculated from
the weighing measurements and observed during the
visualizations. Then, this ratio has been compared to
the one calculated by the analytical method (Eq. 23). It
is seen that the differences between the calculations,
visualizations, and analytical method developed in the
current are lower than 8% (Figure 7).
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Figure 7. Ice sublimation results for -18 °C temperature; 1.2
m/s air velocity and 144 hours.
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RESULTS

The effects of different parameters on the sublimation
rate of hemispherical ice (Figure 8) have been
measured and observed. Although the volumes of the
ice cubes reduced significantly over time, the
geometries mainly remained hemispherical during the

sublimation process (see Figure 6). This is further
confirmed by the samples weighed at the end of each
experimental campaign, where the shapes of the ice
cubes were axially symmetric. This shows that the
sublimation of the hemispherical ice cubes occurs
homogeneously over the hemispherical surface in our
experimental setup, probably due to the shape of the
test rig.

The sublimation rate depends on ambient temperature
and air velocity. An increase in the ambient
temperature at a constant air velocity results in a higher
sublimation rate. On the other hand, the almost linear
characteristics of the curves in Figure 8 show that the
sublimation rate does not change with time. The
sublimation rate is directly proportional to the air
velocity at a constant ambient temperature.

According to the experimental results; in order to
decrease the ice sublimation rate, the ¢ in the
environment should be high and the temperature of the
environment and air velocity values should be low.

Error analysis of experimental measurements has been
given in Figure 9. Errors between the weighing and
analytical study are lower than 6%. That shows the
good correlation of these two methods. The errors of
visualization are relatively higher compared to the
other two methods, but all of the errors are lower than
10%. Also, it should be noted that the visualization
method can be developed to give more accurate results
with better a camera and equipment.
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Figure 8. Change of the measured and observed residual mass with respect to time.
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Figure 9. Error analysis of experimental measurements and
analytical calculations

The theoretical sublimation amount of the
hemispherical ice sample calculated using the
analytical sublimation model (initially 50 grams)
within one day are given in Figure 10, Figure 11, and
Figure 12 for different temperature differences, relative
humidities, and air velocities. The “residual mass rate”
shows the residual mass of ice as a daily percentage by
referencing the initial mass. As the ¢ decreases,
residual mass changes parabolically with respect to the
temperature in Figure 10. Also, if the surface
temperature and the ambient temperature are identical,
obviously there will be no sublimation or solidification
if the air is saturated.
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Figure 10. Residual mass rates at different temperatures and
¢ values for air velocity 1 m/s, and T, = Tw = Ts - 3 °C).

Analytical results of the sublimation model with
relatively high-temperature differences between the ice
sample and ambient are given in Figure 11 as a specific
case. It is seen that ¢ values are less effective than the
ones at 3 °C temperature difference illustrated in Figure
10.

In Figure 12, the residual mass rate for different air
velocities is illustrated. The sublimation rate increases
as the air velocity increases at a constant temperature.
However, the amount of increment depends on
temperature. For example, a residual mass difference
between 0.6 m/s and 0.8 m/s air velocities is 6.2% at -
10°C, while it is 2.74% at -20°C. Also, it is seen that
the amount of increment is inversely proportional to the
airspeed. The residual mass difference decreases from
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6.2% (between 0.6 m/s and 0.8 m/s) to 4.22% (between
1.4 m/s and 1.6 m/s), as the velocity increases at -10°C.
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Figure 11. Residual mass rates at different temperatures and
¢ values for air velocity 1 m/s, Tr = Ty = T - 100°C.
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CONCLUSION

A new transient analytical model for the sublimation
from a hemispherical ice sample is proposed as a
combination of the models for the spherical and
circular flat surfaces in this paper. The novel analytical
method has been compared to two separate
experimental methods, under forced convection
conditions. Image processing-based visualization and
weighing methods were carried out simultaneously to
observe the sublimation phenomena. Experiments were
performed at various temperatures, as well as different
air velocities corresponding to 3300 < Re < 6000. The
results of the analytical method are in good agreement
with the calculated residual ice mass, via visualization
and the weighted samples. The analytical model was
employed to predict ice plugging depending on the
sublimation rate of the ice sample under various
conditions and to prevent it without undesired
formations. Such an analytical method will be used to
understand the irregularities on the surfaces of the
hemispherical ice cubes, resulting from the parameters
affecting the sublimation rate.
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