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Abstract—A method to determine experimentally the melting 

rate, rm, and the heat transfer coefficients, αv (W/(m3K)), at 
convective melting in a fixed bed of particles under adiabatic regime 
is established in this paper. The method lies in the determining of the 
melting rate by measuring the fixed bed height in time. Experimental 
values of rm, α and α v were determined using cylindrical particles of 
ice (d = 6.8 mm, h = 5.5 mm) and, as a melting agent, aqueous NaCl 
solution with a temperature of 283 K at different values of the liquid 
flow rate (11.63·10-6, 28.83·10-6, 38.83·10-6 m3/s). 

Our experimental results were compared with those existing in 
literature being noticed a good agreement for Re values higher than 
50. 
 

Keywords—Convective melting, fixed bed, packed bed, 
heat transfer, ice melting. 

I. INTRODUCTION 
EAT transfer in liquid-solid systems with and without 
phase change is frequently meet in chemical, food, 

siderurgic and other industries. From this reason, the literature 
contains a great number of papers related to this subject. Some 
of them [1÷12] approach the study of heat and mass transfer 
in fixed bed of particles without phase change. A few works 
[13, 14] refer to the heat transfer accompanied by melting in 
grain-fixed bed. In these papers [1÷14] are presented the 
results of experimental and theoretical investigations on heat 
transfer in fixed bed of spherical, cylindrical, pellet and other 
kind of particles. Newtonian and non-newtonian power law 
liquids are used as a melting agent. 

Thus, Pfeffer and Happel [5] in their theoretical study 
assume the fixed bad as an ensemble of isolated spherical 
particles, the distance among them being a function of the 
porosity. Le Clair [6] compares the cell model and the 
experimental results of heat and mass transfer in fixed and 
fluidized bed with a Newtonian liquid as melting agent. 

Kawase and Ulbrecht [8] developed a model for heat and 
mass transfer from a non-newtonian power-law fluid to 
particles in fixed-grain bed. The model was obtained on the 
basis of Blake-Kozeny equation for porous medium and the 
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solution of Lévêque available for laminar flow. Shukla et al. 
[12] studied numerically the heat transfer in forced convection 
at the flow of a non-newtonian power-law fluid in fixed and 
fluidized bed of spherical particles. 

Nishimura et al. [13] proposed a mathematical model used 
for the simulation of mass transfer accompanied by melting in 
fixed bed. The results obtained on the basis of this model were 
compared with experimental data concerning the melting of 
polyethylene and polypropylene pellets. Masashi et al. [14] 
investigated experimentally the melting process of an ice 
particle in fixed bed using water as a melting agent. 

In this paper was established a method to determine 
experimentally the melting rate and heat transfer coefficients 
related to the volume unit (αv) and area unit (α) at the 
convective melting of a cylindrical particle in fixed bed. The 
method consists in determining the melting rate by measuring 
the variation of the fixed bed height in time. Based on this 
method the values of melting rate and αV and α coefficients 
were determined experimentally using cylindrical ice particles 
in aqueous solution of sodium chloride. 

II. METHOD TO DETERMINE MELTING RATE AND αV AND α 
HEAT TRANSFER COEFFICIENTS 

The melting rate of particles in a fixed bed crossed by a 
liquid is defined by the relationship: 

dtV
dm

r S
m ⋅

−=  (1) 

Particle (solid) mass in the bed can be expressed as follows: 
( )ερ −⋅= 1Vm ss  (2) 

From Eqs. (1) and (2) it results: 
( )[ ]
dtV

Vd
r s
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−⋅
−=

ερ 1  (3) 
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H
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m
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If the porosity of the fixed bed remains unchanged in time 
then ε = ε0, and Eq. (4) becomes: 

( )
dt

dH
H

r s
m

ερ −
−=

1  (5) 

When the particles have the same initial diameter and their 
number is constant, the melting rate can be expressed as 
follows: 

( )
dt

dm
V

r p

p
m ⋅

−
−=

ε1  (6) 

 Since psp Vm ⋅= ρ  and 6/3
ep dV ⋅= π  Eq. (6) takes the form: 
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The melting rate can be related to the area unit. Hence, one 
could define a melting rate, rm’, with the relationship: 

dtA
dm

r S
m ⋅

−='  (8) 

Considering the particles have initially the same diameter 
and their number is constant, it can be written: 

dtA

dV
r

p

ps
m ⋅

⋅
−=

ρ
'  (9) 

Taking into account that 6/3
ep dV ⋅= π  and Ψ⋅= /2

ep dA π  Eq. 
(3) becomes: 

dt
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r es
m ⋅
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The equivalent diameter of a particle at a given time can be 
expressed as a function of the initial diameter de with the 
following relationship: 

( )
( )3
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1
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If the fixed bed porosity is constant, 0εε = , Eq. (11) 
simplifies to: 

3
0

0

H
Hdd ee ⋅=  (12) 

From Eqs. (7) and (10) it gives: 
( ) ''16

mvm
e

m rar
d

r ⋅=⋅
⋅Ψ

ε−
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In order to determine the volume-related heat transfer 
coefficient, αV, it is used the equation of heat transfer: 

( )meanivmm TTrH −=⋅Δ ∞α  (14) 
The coefficient of heat transfer α can be obtained with the 

equation: 
( )meanimm TTrH −=⋅Δ ∞α'  (15) 

From equation (13) and (14) it results: 
αα ⋅= vv a  (16) 

III. EXPERIMENTAL 
The experimental installation graphically represented in 

Fig. 1 consists in a vertical cylindrical column (1)  made of 
thermo-resistive glass of 5 mm. The column has an interior 
diameter of 0.055m and a height of 0.6m. At the lower part 
the column is provided with a conical section (2) of stainless 
steel fixed through flanges with three couplings. Above the 
cylindrical column a cylindrical section of stainless steel (3) is 
fixed through flanges. In this section there is a lid made of 
rubber (4) where is fixed a stainless steel funnel (5), which is 
provided with a stainless steel sieve (6) to support the fixed 
bed o ice grains. 

The liquid phase (aqueous solution of sodium chloride) is 
poured into column through a coupling located at the lower 
part, being transported with the aim of a centrifugal pump (7). 
The centrifugal pump exhausts the liquid from the reservoir 
(8). The rotameter (9) and valve (10) were used to measure 
and regulate the flow rate of liquid phase. 

 

 
Fig. 1 Experimental installation (1- column, 2 - conical section, 3 

– cylindrical section, 4 – lid, 5 – funnel, 6 – sieve, 7 – pump, 8 – 
reservoir, 9 – rotametre, 10 ,13 and 14 – valves, 12 – thermocouples). 

 
Thermo-elements (11) and (12) measuring the liquid 

temperature at in the entrance and, respectively, exit of the 
ice-grain fixed bed are fixed in the coupling from the lower 
part of column and the coupling at the column outlet of the 
liquid phase. The drawing of liquid phase samples at the 
entrance and exit of the fixed bed is achieved with the valves 
(13) and (14). 

In investigations were used cylindrical ice grains with a 
diameter of 6.8mm, height of 5.5 mm and initial temperature 
of 266K. The grains were introduced into column at the upper 
part achieving a fixed bed with the height of 0.113 m. 
Aqueous solution of sodium chloride 10 % mass was used as 
liquid phase at the temperature of 283K. Three values of the 
liquid flow rate (11.63⋅10−6, 28.83⋅10−6, 38.83⋅10-6 m3/s) were 
employed. 

Before immersing the ice particles into the column, the 
centrifugal pump was turned on to provide the solution to the 
column. Since the ice has a lower density than the solution of 
NaCl, the fixed bed of particles forms at the upper part of the 
column. 

In order to obtain a better thermal isolation of the column, 
the installation was placed into a thermostated chamber, the 
temperature being maintained at 283-284K. Due to this 
thermostated chamber and that the high thickness of the glass 
column, it can be assumed that the melting process takes place 
without heat change with the external medium, that is, in 
adiabatic regime. 
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IV. RESULTS AND DISCUSSION 
The height variation of the fixed bed of cylindrical ice 

particles as a function of time, concentration and temperature 
of sodium chloride solution at the exit of the fixed bed were 
determined experimentally using the installation presented in 
Fig. 1. The results obtained are presented in Table I and Figs. 
2 and 3. As it can be noted the solution temperature and the 
height of the fixed bed of particles decrease in time, and the 
concentration of sodium chloride in solution at the outlet 
decreases in time at the beginning, and then increases. 

 

 
Fig. 2 Variation of the height of ice particle fixed bed in time 

 
Fig. 3 Variation of NaCl concentration in solution at column outlet 

as a function of time 
In order to determine the melting rate, rm, it is necessary to 

know the values of the fixed bed porosity at the initial time 
(ε0) and at a given time (ε). For this purpose were drawn up 
the mass balances for solid and liquid phases giving the 
relationships: 
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From eq. (17) it gives: 
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The porosity of cylindrical-ice-particle fixed bed was 
determined at different times (t = 5, 10, 15, 20, 25s) using eqs. 
(18) and (19), and the data from Figs. 2 and 3, and Table 1. 
The results obtained are listed in Table II. It can be noted that 
the fixed bed porosity varies lightly in time. Also, the liquid 
flow rate does not influence significantly the porosity. 

 
TABLE II 

POROSITY OF CYLINDRICAL ICE PARTICLE FIXED BED. 

in
VM610  (m3/s) t 

(s) 11.63 28.83 33.83 
5 0.3946 0.3985 0.3986 

10 0.3966 0.3930 0.3978 
15 0.3951 0.3966 0.3944 
20 0.3954 0.3905 0.3934 
25 0.3903 0.3950 0.3829 
30 0.3954 - - 

 
With the aim of eq. (4) there was calculated the melting 

rate, rm, and the results obtained are shown in Fig. 4. Fig. 5 is 
represented on the basis of data in Fig. 4 and contains the 
variation of melting rate, rm, as a function of the NaCl solution 
flow rate at the entrance area in the fixed bed (vin). 

 
Fig. 4 Melting rate  (rm) dependence on time 

 
TABLE I 

SOLUTION TEMPERATURE AT THE COLUMN OUTLET 

smM in
V /1063.11 36−⋅=  smM in

V /1083.28 36−⋅=  smM in
V /1083.33 36−⋅=

t (s) T∞ (K) t (s) T∞ (K) t (s) T∞ (K) 
0 283 0 283 0 283 
5 281.6 5 277.5 5 276.1 
10 280.3 10 277.1 10 276.1 
15 279.0 15 277.2 15 277.0 
20 278.1 20 277.7 20 276.8 
25 277.4 25 278.5 25 277.5 
30 276.9 - - - - 
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Fig. 5 Influence of NaCl solution flow velocity at fixed bed 

entrance on the melting rate (rm) 
 
It can be seen that the melting rate of the cylindrical-ice 

particles in fixed bed increases in time. This may be explained 
by the increase of the particle specific-surface area (av) in time 
due to the continuous melting of the particles. As it can be 
seen in Fig. 6, va⋅Ψ  increases in time with higher melting 
rates. 

 

 
Fig. 6 Dependence Ψ·av – t at convection melting of cylindrical 

ice particle in NaCl solution 
 
The sodium chloride solution flow rate and, respectively, 

flow velocity influences positively the melting rate of particles 
in fixed bed so as it can be seen in Fig. 5. The increasing of 
feed flow rate of solution leads to an increase of its velocity 
through the fixed bed and, consequently, increases the liquid-
solid heat transfer. An additional enhance of the liquid-solid 
heat transfer is given by the increasing of the solution flow 
rate (velocity) within the fixed bed due to the melting process 
of ice particles. In Fig. 7 are represented the liquid phase flow 
velocity (vex) at the fixed bed exit and through the fixed bed as 
a function of time. To calculate the liquid phase flow velocity 
at the fixed bed exit it was used the relationship: 

 

S

MN
v

ex

inin
Vw

ex
⋅

⋅+
=

ρ

ρ
 (20) 

 
Fig. 7 Variation of NaCl solution flow velocity at the fixed bed 

exit and average velocity as a function of time 
 
As it can be noted both velocities, vex and v , increase at the 

beginning of the melting process, and then decrease in time as 
the melted ice quantity becomes lower. 

Further the volume related heat transfer coefficient (αv) was 
determined on the basis of the melting rate values, rm, and eq. 
(14). Temperature values at the interface (Ti) were calculated 
with solid-liquid equilibrium data for the binary system 
NaCl−H2O [16]. Figs. 8 and 9 contain tv −α , inv v−α  
dependences. The dependences in Fig. 8 emphasize the 
increasing of volume related heat-transfer coefficient in time 
and as a function of the NaCl solution flow rate (velocity). In 
Fig. 9 is shown the variation of αv transfer coefficient as a 
function of the solution flow velocity, vin, at two values of 
time. The increasing of αv coefficient with vin was expected 
since the increase of liquid phase feed flow velocity leads to a 
decreasing of the limiting layer thickness formed around ice 
particles in the fixed bed. 

 
Fig.  8 Variation of heat transfer coefficient related to volume (αv) 

in time 
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Fig. 9 Influence of liquid phase flow velocity at fixed bed entrance 

over de heat transfer   coefficient related to volume (αv) 

With the aim of eq. (15) it was determined the α heat 
transfer coefficient. For this reason, there were determined the 
equivalent diameter of ice particles (de) and the related to area 
melting rate (rm’) using data in Tables 1 and 2, end 
relationships (10) and (11). Because the pattern factor of ice 
particles (Ψ) varies in time and hard to estimate, the 
calculation were performed for lower durations (t = 10s) when 
Ψ is insignificantly changed. Under these conditions, the 
pattern factor may be assumed equal to the initial one, Ψ0, 
which is 0.893 for cylindrical ice particles. 

In Fig. 10 are graphically represented the values obtained 
for α coefficient as a function of liquid phase feed flow 
velocity. On this plot are represented also the values of 

( )invf=α  that were calculated using eq. (16) with the data 
obtained previously for αV. It can be noted that there is no 
significant difference between the values of α coefficient 
determined through the two different paths. 

In order to verify the experimental results on α heat-transfer 
coefficient the criteria equations proposed by Evans and 
Upadhyay [15] were considered: 

3/148.0 PrRe48.1 ⋅=Nu  (21) 
3/15553.04447.0 PrRe)1(6218.1 ⋅⋅−= εNu  (22) 

 
Fig. 10 Influence of NaCl solution flow velocity at fixed bed 

entrance over de heat transfer   coefficient (α) 

In diagram in Fig. 11 are shown the obtained experimental 
results and those calculated with eqs. (21) and (22) α heat-
transfer coefficient. In order to calculate the Re, Pr and Nu 

numbers from eqs. (21) and (22) there were employed average 
values of the fluid physical properties (ρ, η, λ, Cp) [17]. 
According to Fig. 11, it results a relatively good agreement 
between the experimental data and those obtained with eq. 
(21) for a variation range of Re from 20 to 70. The agreement 
is better with higher values of the Reynolds number. The 
experimental values obtained here are 10% lower than those 
presented by Evans [15] for values of Reynolds number 
higher than 50. 

 
Fig. 11 Dependence of Nusselt number on Reynolds number 

V. CONCLUSION 
In this paper is presented a method to determine 

experimentally the melting rate and heat transfer coefficient, α 
(related to area unit) and αV (related to volume unit) at 
convective melting of cylindrical particle in fixed bed. The 
method suggested allows one to determine α and αV heat 
transfer coefficients and melting rate by measuring the 
variation in time of the height of particle fixed bed. 

Using this method there were determined the melting rate 
and α and αV heat transfer coefficients at the melting of 
cylindrical ice particles in fixed bed. Sodium chloride aqueous 
solution was employed as melting agent. 

The influence of the liquid phase flow rate over the melting 
rate and α and αv coefficients was studied. 

Experimental results obtained were compared with the 
results of other authors using two criteria equations from 
literature. A good agreement between our results and those 
calculated with the considered criteria equation was obtained 
for values of Reynolds numbers higher than 50. 

NOMENCLATURE 
A - area of particle surfaces in fixed bed, m2; 
Ap - area of particle surface, m2; 
av - specific interfacial area, m2/m3; 
Cp – liquid-phase specific heat, J/Kg·K; 
de - particle equivalent diameter, m; 
H - fixed bed height, m; 
mp - particle mass, kg ; 
mS - solid mass in fixed bed, kg; 
Mv - liquid-phase volume flow rate, m3/s; 
Nw - melted solid mass flow rate, Kg/s; 
Nu = α·Ψo·de / λ – Nusselt number; 
Pr = Cp·η/λ - Prandtl number; 
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ηρ eo dv ⋅Ψ⋅⋅=Re - Reynolds number; 
rm − melting rate related to volume unit, kg/m3s; 
rm' − melting rate related to area unit, kg/m2s; 
S − cross-section area of fixed bed column, m2; 
t – time, s; 
T∞ - temperature in bulk liquid – phase, K; 
Ti – temperature at solid – liquid interface, K; 
( ) ( ) ( )[ ] ( ) ( )[ ]ex

i
exin

i
inex

i
exin

i
in

meani TTTTTTTTTT −−−−−=− ∞∞∞∞∞ /ln/  - 
average driving force of heat transfer; 
v – liquid – phase superficial velocity, m/s; 
v - average liquid – phase superficial velocity, m/s; 
V − fixed bed volume, m3; 
Vp − particle volume, m3; 
Xw – water mass ratio, Water Kg/ solution Kg; 
Greek letters 
α – heat transfer coefficient, W/m2·K; 
αv - heat transfer coefficient related to volume, W/m3·K 

ρ – liquid – phase density, Kg/m3; 
ρs − solid density, kg/m3; 
ΔHm − melting enthalpy, J/kg; 
ε − fixed bed porosity, non-dimensional; 
η - liquid – phase dynamic viscous,N·s/m2; 
λ – liquid thermal – conductivity coefficient, W/m·K; 
ψ − particle pattern factor, non-dimensional; 
Index 
in – inlet; 
ex – outlet; 
0 – initial (t=0).  
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