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ARTICLE INFO ABSTRACT

Keywords: Mining industry is associated with high energy consumption and greenhouse gas (GHG) emissions due to
Renewable heating and cooling intensive extraction processes and reliance on fossil fuel, specifically propane and diesel. In remote mines
Mine erntllatlon located in sub-arctic climates, heating and cooling operations can take up to half of this energy consumption,
Spray freezing

highlighting the importance of exploring innovative clean alternatives. The present study investigates one
emerging solution to address this energy demand, known as spray freezing, in which the solidification of water
droplets is used to provide the heating and cooling needs of mines. A multiscale thermo-hydraulic framework
for spray freezing is developed, coupling the multi-stage droplet solidification process with a reduced-order
spray-droplet dynamics model. Parametric studies are conducted using the Monte-Carlo method to quantify the
effects of operating parameters on the system performance. It is found that the heat rate and cooling capacity
of the spray freezing system are predominantly influenced by water flow rate and air temperature. Increasing
the water flow rate from 7.5 kg/s to 30 kg/s can increase the heat rate to up to 400%. The ice generation of
the system depends most on the air temperature, increasing significantly when the temperature drops below
the water nucleation point, approximately -14 °C. Eventually, a multi-variate regression method is used to
derive three user-friendly correlations that predict the heat rate, outlet air temperature, and ice generation of
the spray freezing system, allowing a quick evaluation of the system performance in on-site applications.

Droplet solidification
Monte Carlo method

1. Introduction operations, particularly for deep and ultra-deep mines (depth of more
than 1.5 km). In these mines, efficient air cooling systems are necessary

Providing heating and cooling demands of mines consumes a re- to suppress the auto-compression effects and remove the heat emitted
markable amount of energy, resulting in high operating costs [1]. For
ventilation purposes, air flow rates in the order of 500 kilo cubic
feet per minute (kCFM) to 2 million cubic feet per minute (MCFM)
should be heated up to comfort temperatures of around 2 °C to avoid

from equipment and surrounding rocks [4]. For example, an ultra-deep
mine in northern Québec installed 11.6 MW of surface refrigeration
plant, 4.2 MW of underground refrigeration plant at shallow level,

infrastructure freezing and provide a suitable working environment for and 21 MW of refrigeration plant at deeper levels (in total around
miners. The energy-intensity of ventilation plants increases significantly 36.8 MW of refrigeration systems) [5,6]. Overall, a heating and cooling
when it comes to mines located in sub-arctic areas, such as northern system for underground mines can cost as high as CAD 50M in capital

Québec. Heating up 1 MCFM of air from sub-arctic temperature of
—20 °C to 2 °C requires a significant power of 14 MW. For extreme
conditions, the power consumption will rise to as much as 65 MW for
heating 2 MCFM of air from —50 °C to 2 °C. The required power is
generally provided through the use of fossil fuels, specifically propane

investment [7]. Therefore, development of renewable technologies to
provide the energy demand of mines has never been more critical than
in the present day [8].

One solution to address the energy demand in mine operations

and diesel, which are highly pollutant and expensive. Consequently, the is called spray freezing, in which the release of latent heat during
annual heating costs for a typical mine in Northern Canada can reach the solidification of water is utilized to heat up air. This technology
up to CAD 8 million. [2,3]. The mentioned challenges are not limited to involves atomizing water through nozzles and injecting it onto an air

the heating case only, as the air cooling is also essential during the mine
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Nomenclature

Abbreviations

CFD

IPF

PDE

SMD

Greek symbols

N Q ™ T™ K

a
c

€q

f
homo
init

nuc

op

rec
spc

Surface area (m?)

Specific heat capacity (J kg™' K1)
Drag coefficient

Diameter (m)

Energy (J)

Gravitational acceleration (m s~2)
Equivalent heat transfer coefficient
(Wm2K

Nucleation rate (m™3 s™!)

Thermal conductivity (W m~! K1)
Boltzmann constant (m? kg™ s72 K™!)
Effective latent heat of fusion (J kg")
Molecular weight (kg mole™)

Mass (kg)

Avogadro’s constant (mol™")

Number of nuclei formed

Pressure (Pa)

Probability

Cumulative distribution

Heat rate (MW)

Radius (m)

Temperature (K)

Time (s)

Ambient air temperature (K)

Velocity (m s~!)

Volume (m?)

Position (m)

Computational fluid dynamics
Ice packing fraction

Partial differential equation
Sauter mean diameter

Thermal diffusivity (m? s~!)
Dynamic viscosity (Pa s)
Density (kg m™3)

Surface tension (N m™!)
Dimensionless time

Superscripts and subscripts

Air

Crystal
Equivalent
Freezing
Homogeneous
Initial
Interface
Liquid
Nucleation
Operation
Droplet
Recalescence
Supercooling
Solid
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stream whose initial temperature is below the water freezing point [9].
The release of latent heat from water to air causes the air temperature
to rise and water droplets to freeze, resulting in the formation of ice
pieces. The produced ice particles are either accumulated to be used
during summer or continuously pumped into the cooling units. This
method has shown promising performance for mine heating and cooling
when used in sub-arctic climates [10]. However, the efficient field-scale
implementation of this setup requires further development through the-
oretical and experimental studies. Particularly, a better understanding
of the freezing and dynamics of water droplets needs to be developed
in the context of spray freezing. Droplet freezing has received much
attention in the literature due to its extensive applications in nature
and industry [11]. Researchers conducted various experimental and
theoretical studies to analyze this process [12,13]. From theoretical
point of view, some researchers employed the Stefan formulation to
represent the droplet freezing process. The Stefan problem is a general
term for a set of moving boundary problems, where a set of partial
differential equations (PDEs) are solved simultaneously, one of which
represents the moving boundary (known as the Stefan condition) [14,
15]. Analytical solutions to the Stefan problem are developed under
specific conditions using the perturbation series solution along with
the asymptotic analysis [16]. Additionally, experimental studies con-
cerning the freezing of suspended [17] and sessile [18] droplets were
reported, capturing the freezing stages and the droplet temperature
profile. While the outlined studies provide a solid understanding of
the droplet freezing process, there is a gap in the literature regarding
the study of droplet solidification in the context of spray freezing,
particularly considering the coupling of freezing and droplet dynamics.

Studying the dynamic behavior of moving droplets, bubbles, and
solid particles inside fluid flows is generally categorized under the two-
phase flows’ literature [19,20]. The equation of motion can predict the
velocity profile and trajectory of a moving droplet within a spray [21].
Several scholars employed numerical approaches to solve the equa-
tion of motion to capture dynamics of droplets [22,23]. To model
the dynamics of spray freezing, studying the spray characteristics,
including its angle, type, and size distribution is of primary importance
as well [24]. Although droplet freezing and dynamics phenomena
were extensively studied in the literature separately, few efforts have
been carried out to couple both phenomena to model the spray freez-
ing system. A review on the modeling of spray freezing system and
related research gaps can be found in [25]. Anandharamakrishnan
et al. [26] introduced a computational fluid dynamics (CFD) model for
spray freezing, encompassing both the dynamics and solidification of
droplets. However, their model is computationally expensive and lacks
enough resolution in the droplet freezing process, as it neglects the
nucleation and crystal growth processes. Hindmarsh et al. [27] studied
the freezing of a suspended droplet; however, their framework was
limited to a single droplet and was not extended to the spray scale.
Sebastiao et al. [28] developed a kinetic model for spray freezing in
pharmaceuticals, but their model requires high computational power
and does not consider the air flow model in the spray dynamics.
Furthermore, they did not compute system-level thermal performance
of spray freezing setup and the impact of various parameters on the
system thermodynamics, including the air temperature and flow rate,
nozzle properties, and water flow rate, among others.

Considering the mentioned studies, the following research gaps are
identified:

1. Existing models of spray freezing are associated with a low
resolution in the freezing model, ignoring the nucleation and re-
calescence stages, and high computational cost in the dynamics
model.

2. The effects of air flow in the hydrodynamic model of spray-
droplet have not been quantified in the previous studies related
to the spray freezing.
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Fig. 1. Schematic diagram of the spray freezing: (a) Discontinuous heating and cooling highlighting different physical scales (b) Continuous heating and cooling.

3. The influence of operating parameters on spray freezing perfor-
mance has not been thoroughly studied, leaving limited insight
for the optimal design of the system.

Considering the mentioned research gaps, this study, first, outlines
a fast-to-compute thermo-hydraulic framework for spray freezing by
combining models of droplet freezing, spray-droplet dynamics, and air
flow. The droplet freezing model, capable of capturing the solidification
process at different time and length scales, is coupled with a reduced-
order model of spray-droplet dynamics that takes into account the
air flow. The developed model is validated against field-scale data
gathered from the Frood-Stobie mine [10]. Consequently, the heat rate,
cooling capacity, outlet air temperature, and ice generation of the
setup are computed using the developed model. A parametric study
is conducted using the Monte-Carlo method to analyze the effects of
various operating parameters, including spray pressure, water flow
rate, and air flow rate and temperature on the overall system outputs.
Lastly, a multi-variate regression analysis is employed to formulate
three fast-to-compute correlations for predicting the heat rate, outlet
air temperature, and ice generation of spray freezing setup for on-site
applications.

The rest of the paper is organized as follows. In Section 2, the
methodology and mathematical modeling are introduced and vali-
dated against the experimental data. Section 3 involves representing
the results, including the Monte-Carlo study and regression analy-
sis. Concluding remarks and avenues of future work are identified in
Section 4.

2. Methodology

The schematic of the spray freezing setup is shown in Fig. 1.
Two configurations can be considered for the system, including the
continuous and discontinuous heating and cooling. As illustrated in
Fig. 1(a), the discontinuous heating and cooling involves drawing water
from underground sources and spraying it into the incoming cold air
stream inside a stope. The release of latent heat during heat transfer
between the droplets and air causes the droplets to freeze and raises
the air temperature, the latter is an alternative way to heat up air
instead of using fossil fuels. The frozen droplets are accumulated at

the bottom of the chamber in the form of ice packs or slurries, which
can be later used for cooling purposes. This setup was successfully
implemented in the Frood-Stobie mine in Sudbury Basin, Ontario [10],
and is capable to provide the required heating of 650 kCFM of air. It
also produces an approximate amount of 145,000 tons of ice during the
winter operations, which is stored to be used for cooling in the summer.

Fig. 1(b) shows the continuous heating and cooling scenario. In
this case, the ice slurries generated during the spray freezing are
continuously pumped into a cooling unit, where the slurries absorb heat
and turn into the water. The liquid water is then returned to the spray
freezing setup to complete the cycle. Kidd mine in Timmins, Ontario [7]
is a practical example of this continuous cooling configuration. The
typical method to provide the heating and cooling needs of mines is
to burn fossil fuels such as propane and diesel. Trapani [29] conducted
a techno-economic study on the heating and cooling methods for mines
and showed that the cost per unit of energy is approximately $70/MWh
and $80/MWh for spray freezing and conventional system, respectively.
Thus, spray freezing offers a cleaner and less expensive solution for
mine ventilation compared to traditional methods. The potential of
the latent heat of water during the phase change process to heat up
air highlights the significance of developing a precise mathematical
framework for spray freezing to predict the system-level thermal perfor-
mance while incorporating droplet-level phenomena. These two scales
— droplet-level and spray-level — are also conceptually illustrated in
Fig. 1(a).

The theoretical model consists of two sub-models, including droplet
freezing and spray-droplet dynamics. The freezing model involves a
semi-analytical, five-stage model of droplet solidification. In the spray-
droplet dynamics model, the distributions of droplets’ dynamical char-
acteristics, including, trajectory, velocity, and residence time are pre-
dicted. The 3D air flow is incorporated into the model using ANSYS
Fluent software package. In the following sections, these sub-models
are introduced. Consequently, the parametric studies and regression
analysis are discussed.

2.1. Droplet freezing model

The freezing of droplets consists of five distinct stages. Initially,
the temperature of the droplet drops below its freezing point, in a
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stage known as liquid supercooling. Consequently, minuscule ice em-
bryos begin to form inside the droplet—a process called nucleation.
Following nucleation, the surrounding supercooled molecules attach to
these nuclei, forming a crystalline structure within the droplet. This
crystallization is accompanied by the release of latent heat, causing
the droplet’s temperature to rise back to the freezing point (crystal
growth or recalescence stage). Subsequently, the solid phase begins to
form from the outer surface of the droplet in a stage called equilibrium
freezing. Once equilibrium freezing is complete, the resulting solid
particles continue to exchange heat with the environment until they
reach thermal equilibrium, a process referred to as solid subcooling. In
this paper, a unified multiscale model for droplet freezing is formulated,
capable of predicting the five stages of the droplet solidification. The
following assumptions are made for this unified phase change model:

1. Heat conduction is the dominant mode of heat transfer. Heat
convection and radiation are not modeled by the governing
equation, but they are incorporated into the heat transfer coef-
ficient at the outer boundary.

2. One-dimensional heat conduction in the droplet is assumed.

3. The contribution of latent heat during freezing is much higher
than that of sensible heat (i.e., a low Stefan number); therefore,
only the solid phase affects the interfacial motion.

4. Thermophysical properties depend on the phase rather than the
specific temperature.

5. The volume change of the droplet during solidification is ne-
glected.

6. The crystal velocity is assumed to be constant during the recales-
cence stage.

Formulation. The unified model is governed by a one-dimensional
transient heat equation with a source term
10T _0*T | 20T | &

—_—=— +—, O0<r<r,,
a ot o2 ror  k "=

>0, (€H)

where «,T,t,r, g, k, r, are the thermal diffusivity, droplet tempera-
ture, time, r-coordinate, internal heat generation, thermal conductivity,
and droplet radius, respectively. Two fixed boundary conditions are
prescribed at the center and the outer surface of the droplet as follows
T(r - 0,t) = finite,

aT
— kﬁ

= heq [T(r =rpt)— Tm], 2

r=rp

where h., and T, are the equivalent heat transfer coefficient and
ambient air temperature, respectively. In addition, a moving boundary
condition is also imposed when the solid and liquid phases coexist at
the equilibrium freezing stage (also known as the Stefan condition)

k 0Ts L dri
- = psLerr —.
S or rer(t) sieff dr 3)

T(r = ri(t),t) = Tf,

where r;(t), p, Ly, T; are the solid-liquid interface location, mass den-
sity, effective latent heat, and fusion temperature, respectively. The
subscript “s” represents the solid phase, and “1” will stand for the
liquid. Moreover, the time conditions for T and r; are given by

Ti(rt = 0) = Ty,
Tl(r,t = tnuc) = Tnuc’

T(rityee) = Tp, (C)]
ri(t =te.) = Ip,
rit=1t)=0,

”» o« ”

where subscripts “init”, “nuc”, “rec”, “f” show the initial, nucleation,
recalescence (or crystal growth), and (equilibrium) freezing states,
respectively. Moreover, the source term is a piece-wise function that

International Journal of Thermal Sciences 211 (2025) 109704

Table 1
Analytical solution for the liquid supercooling stage.

Formula

LT, _ Z:o:l 2(sin By cos fy) SiNBar/ry) eXp<_%t>
P

Description

Series solution

T =T Pa=sinfucosfy  Pur/ry
Py cos fy + (Biy — 1)sinf, =0 Eigenvalues
Bi| = hegrp/ky Biot number

switches on during the recalescence stage only

pcpATspc .
——  if it S <t

gO — Atrcc nuc — — ‘rec (5)
0 otherwise,

where AT, is the supercooling degree, and 4t,.. is the time duration

of crystal growth given by Ar,. = .. — .- It is noted that this
unified model is a revised version of our previous work [30], where
a two-dimensional cylinder was considered for inward solidification of
PCM:s.

Methods and solutions. In the first stage (liquid supercooling), the uni-
fied model reduces to a transient heat conduction problem subjected to
a convective boundary condition without any phase change (i.e., source
term). An exact solution of the liquid temperature profile 7} can be
found using the separation of variables as expressed in Table 1.

Using the temperature profile calculated from the heat equation
and corresponding boundary conditions, the nucleation rate for a su-
percooled droplet can be computed. The dominant mechanism for
nucleation is the heterogeneous nucleation, in which the new phase
is formed on the surface of a foreign material. The heterogeneous nu-
cleation rate can be calculated using the following expression derived
from the Classical Nucleation Theory (CNT)

Nypt DAG*
J= Z -
M, het/ €XP kgTy )’

©

where N,, p, My, f, kg, and T; are the Avogadro’s constant, water
density, water molecular weight, net rate of attachment to the critical
nucleus, Boltzmann constant, and the supercooled droplet tempera-
ture, respectively. Parameter Z; ., is the heterogeneous Zeldovic factor,
representing the probability of a nucleus to grow and remain stable.
The rate of heterogeneous nucleation is controlled by the critical free
energy barrier, ®AG*. Using the nucleation rate expression, we can
calculate the probability of nuclei formation in the supercooled droplet
as a function of time. Physically, when the temperature of the droplet
falls below the freezing point, it starts approaching the thermodynamic
free energy barrier. This implies that the probability of forming an
ice embryo inside the droplet starts increasing. The number of ice
nuclei formed as a function of nucleation rate is given by the following
integral

t
NV = / [VO - VC(T)]J(T)C]:Z (7)
0

Here, N, is the number of nuclei formed, V,(?) is the volume of the ice
crystal, V}, is the initial droplet volume, and J(7) is the nucleation rate.
The time and temperature at which N, reaches 1 are recorded as the
nucleation time and nucleation temperature, respectively.

Following nucleation, the crystallization stage takes place over a
short timescale. A modified Wilson-Frenkel model is employed to
model this stage, incorporating the curvature under-cooling, kinetic,
and thermal effects [31]. The recalescence time, 4t,., can be computed
from the growth velocity, v. The internal heat generation g is therefore
calculated by the ratio of the supercooling degree over the recalescence
time, i.e., 8§y = pc,ATgpercool / Atrec> @S given by [30]. An exact solution
can also be obtained in this case with a constant source term by
employing the superposition rule to find the non-homogeneous term.
Let the right-hand side of the series solution given Table 1 be the
homogeneous part 6,,,, of this solution, and then the solution to the
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Table 2 Table 3
Formulation of the equilibrium freezing stage. Formulation of droplet dynamics model.
Formula Description Formula Description
1T, T, | 29Ty : . duy 3y _ . .
=Tt Governing equation for Stefan problem W = o CpRep(u, —up) +8 Equation of motion
ot d - dx .
et "> Lot 3 Stefan condition uy = - Velocity of the droplet
r=r,
' —upld,
o Re, = Lalta—tpldy Reynolds number
—ke=r| = heg [Ts(’ =a,1)— Tm] Boundary condition 1 ta
r=a

T(r=r,n=T;
T,(r,t=0)=T;
rit=0)=a

Boundary condition 2
Time condition 1
Time condition 2

rit=1) =0 Time condition 3

liquid phase is expressed as

" -T, &0 8o 1 rz]

= = +21-= ®)

init Too = Phomo 3Bll 6 r123
After the crystal growth stage, the temperature of the droplet rises
to the equilibrium point, initiating the phase change process in a stage
known as the equilibrium freezing stage. The effective latent heat can
be computed as
Cp,l
Legt = <1 - —SteS>L, 9
Cp,s
where L is the water latent heat of fusion. The equilibrium freezing
stage can be formulated as a one-phase Stefan problem. The governing
equation and boundary conditions are given in Table 2, in which #; is
the total time of the equilibrium freezing stage.
The solution to the Stefan problem outlined in Table 2 can be
obtained by non-dimensionalizing the parameters as follows

T, - T, r ry
@s=ﬁ, n=-, n=—,
f— 1o a a
astSte eps(Tf—Ty)
=S, Ste= 2~ %7 Bi= @‘ (10)
a? Lege ks

As discussed in [32], the outlined set of PDEs and boundary con-
ditions can be solved using a series solution. The solution of the
interface motion and temperature field can then be used to find the
total solidification time in non-dimensional form as

2 +Bi
el s (1 +Stes>, 11

. . . . . . 1
where 7; is the dimensionless freezing time given by z; = ~5f. After
r
p

the equilibrium freezing, the fully frozen particle continues to transfer
heat to the surrounding medium through conduction. The analytical
solution for this solid subcooling stage is found in the same way as a
liquid supercooling stage, except for a different initial condition and
thermophysical properties specified for the solid phase.

As demonstrated by experimental studies [11,17], droplet freezing
can occur without a supercooling phase, depending on the ambient
temperature. If the ambient temperature is higher than the nucle-
ation temperature, freezing will occur directly, bypassing supercooling.
However, if the ambient temperature is lower than the nucleation
temperature, the supercooling stage is triggered and must be accounted
for. Fig. 2 showcases the two freezing scenarios predicted by the model
for various droplet diameters. From Fig. 2(a), it is observed that when
T,, = —20 °C, the supercooling stage occurs. However, for T, =
—5 °C, the freezing happens without supercooling process, as shown
by Fig. 2(b).

2.2. Spray-droplet dynamics model
The heat emitted from droplets depends on their residence time —

the time that a droplet remains within the system domain to transfer
heat to the surrounding air — and relative velocity with air. Thus, it

(Z2)(1+0.15Re*%")  Re, < 1000
p=1 R P P Drag coefficient
0.4 Re, > 1000

is essential to model the spray-droplet dynamics and couple it with the
freezing model. The model developed here is solving the equation of
motion — which relates the forces acting on the droplet to its veloc-
ity — for droplets individually to calculate their residence time and
velocity. The air flow is separately modeled using the computational
fluid dynamics (CFD) simulations, neglecting the effects of droplets on
the flow field. Statistical distributions are then used to represent the
size distribution of the spray, subsequently computing the velocity and
residence time distributions of the spray. The drag and gravity are the
primary forces acting on a moving droplet, thus the equation of motion
can be formulated as given in Table 3.

In Table 3, x, and u, indicate the droplet position and velocity,
respectively, u, is the air dynamic viscosity, r, is the droplet radius,
pp and p, are the droplet and air densities, respectively, and dj, = 2r,
is the droplet diameter. This set of equations are numerically solved to
calculate the droplet velocity at each time step, and then the droplet
velocity is integrated over time to specify the droplet position. The
residence time, 7, of a droplet is then calculated by adding time steps
until the droplet collides with the system boundaries. It can be seen
from the formulation outlined by Table 3 that the air flow affects
the dynamics of droplets and thus should be modeled carefully. We
employed the CFD simulation via ANSYS Fluent v.18.1 to incorporate
the air flow in the droplet dynamics model. The results for the Frood-
Stobie mine are discussed here. In the Frood-Stobie mine, the air is
delivered to the stope via a circular airway with a diameter of 6.1 m
placed on the top of the stope and goes out through a similar airway
placed on the side [10]. It is noted that while air velocity, u,, is required
in the droplet dynamics model, generally the air flow rate is given
in practical applications. Hence, we conducted simulation studies to
find the air velocity inside the mine stope for different air flow rates
ranging from 400 kCFM to 2 MCFM. For the CFD simulation, we used a
structured grid with refinements near the air entry and exit paths. The
relatively simple geometry of the problem justified the use of structured
grid. Compared to an unstructured grid, the regular arrangement of
structured grids provides faster results with lower computational power
and memory requirements. Also, by conducting mesh-independence
studies and implementing mesh refinement, numerical accuracy and
stability were ensured. The streamlines from the simulation for the
minimum (400 kCFM) and maximum (2 MCFM) air flow rates are
shown in Figs. 3(a) and (b), respectively. To incorporate the results into
the droplet-scale models, the air flow is assumed to be a cross flow. As
a result, the average air velocity in x-, y-, z-directions is calculated from
the simulations and used in the droplet dynamics model.

The spray consists of hundreds of thousands of droplets with differ-
ent diameters and velocities. To simplify our analysis, we assume that
the droplet coalescence and breakup processes are negligible (i.e., a
low Weber number). Also, the effect of droplet’s deformation is ignored
(i.e., a low Ohnesorge number). A conservation of energy can be used
to find the total heat rate from water droplets to air

k
qt = zpnNenﬁ (12)
n=1
where p, is the probability of the existence of a droplet with diameter
“dy ., N is the particle injection rate, and e, is the energy transfer



M. Mohit et al.

—_
(==}
1

ot
=

o

!
ot

'
—
(=]
T
T

Temperature (K)
—
(9]

-

"

'

Do

(=]
T

'
[~
(2]

<

10
Time (s)

International Journal of Thermal Sciences 211 (2025) 109704

Fig. 2. The freezing curves of various droplets (a) With supercooling stage; (b) Without supercooling stage.

(a)

Fig. 3. Simulation results of the air flow streamlines for (a) Air flow rate of 400 kCFM (b) Air flow rate of 2 MCFM.

during the solidification of the droplet with size “d}, ,”. Parameter N
can be calculated using the conservation of mass principle
m,
, 13

N = W

Zﬁ:l My Pn
where m,, is the total mass flow rate of the spray and m, = i7rr]31pp, is
the mass of the droplet with radius r,. In Egs. (12) and (13), parameter
k represents the number of different droplet sizes assumed for model-
ing. In our model k = 20, meaning that the droplet size distribution
is discretized into 20 different sample sizes. The total energy transfer
from a droplet can be calculated by integration

1
e, = '/0 heqnAn (T (1) — Ty, )dt, (14)

where T, (1) is the temperature profile at the surface, A, is the surface
area, and h.q, is the equivalent heat transfer coefficient for the nth
droplet. The outlet temperature, T, o, is computed as
Ze,
Ta,out = Ta,init +
aCp,a

(15)

. (b) T = —5°C
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(b)

The ratio of the total frozen water (m,) over the total amount of
water injected into the system (m,,) is called the ice packing fraction
(IPF)

mS
IPF = — x 100.

w

1e)

The IPF is calculated by integrating the frozen portion of all droplets
within the system. To compute the frozen portion of each droplet,
its residence time, 7., is compared to its nucleation, 7,,., and freez-
ing times, 7;. It should be highlighted that the phase-dependency of
the water density results in the volume change of droplets during
the solidification process, which is neglected in the freezing model.
To guarantee the mass conservation in spray-level, a mass correction
term, (Amgorrection)s iS @dded in the IPF calculation. This parameter is
computed by conserving the total mass of water injected into the system

tiy, = Z pnNmS,n + Z pnle,n + Amorrection: a7)
n n

This term will be added to mg when calculating IPF by Eq. (16).
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Fig. 4. Flowchart of the methodology: (a) Computation procedure of the model (b) Parametric study procedure.

The cooling capacity of the spray freezing setup can be calculated
as

O =1titg X Lege X tqp = IPF X ity X Lo X 1 (18)

op’
where ¢, is the total operating time.

The size distribution of droplets generated by a nozzle has signif-
icant effects on the overall performance of the spray freezing setup.
This distribution depends on multiple factors, including nozzle pressure
and flow rate, type of fluid being sprayed, and fluid temperature [33].
Various correlations have been reported in the literature to compute the
size distribution of nozzles. The Rosin—-Rammler distribution is one of
the mostly used functions to represent the droplet size distribution [24]

B 1\ d \*
ow=1-eal-r(1-7) (55 ) |

where Q(d) is the cumulative probability of the existence of a droplet
with diameter d in the spray, SMD is the Sauter Mean Diameter, and
q determines the tightness of the distribution. The SMD is defined as
below

19

SMD = (20)

INd?>’
where d; is the droplet diameter and N; is the number of droplets with

diameter d;. The spray freezing system of the Frood-Stobie mine utilizes
a flat spray nozzle [10], for which the following correlation is proposed

to calculate SMD [24]
2 025 0.25
> +0.26d, ( o >
PadyAR,

1
SMD = 2.83d, ( ﬂadgAPIZ
where d, is the nozzle diameter, p, is the air density, o, 4, and p, are
the surface tension, viscosity, and density of water, respectively, and
AP, is the spray pressure.

Fig. 4(a) demonstrates the computation procedure of the outlined
framework. The following steps summarize the calculation process

(2D

1. Input parameters, including parameters of the diameter distribu-
tion (SMD and q), initial spray velocity (u,), and air temperature
(T,,) are fed into the dynamics model,

2. The CFD simulation calculates the air velocity (u,) to be used in
the dynamics model,

3. From the dynamics model, the residence time and velocity dis-
tributions of droplets are calculated and fed into the freezing
model,

4. The freezing model computes the nucleation and freezing times
and heat rate of each droplet,

5. Using the size distribution, the system-level calculations are
conducted.

Compared to existing results, the present model offers the following
advantages:

1. The reduced-order dynamics model of droplets requires less com-
putational power compared to CFD models, while maintaining
acceptable precision.

2. Unlike existing models, the presented freezing model accounts
for the nucleation and crystallization stages.

3. The influence of air flow on the dynamics model is considered.

It should be highlighted that in the present study, a one-way cou-
pling method is used to model the interactions between droplets and the
continuous phase, neglecting the effects of droplets on the continuous
phase. This assumption reduces the computational load and is justified
by the low droplet volume fraction in spray freezing systems used for
mine ventilation. For example, in the Frood-Stobie mine, the droplet
volume fraction is approximately 4%, indicating a minimal impact on
the air phase.

2.3. Parametric studies and regression analysis

The efficiency of the spray freezing system to provide the heating
and cooling requirements of mines can be represented in terms of
the heat rate, cooling capacity, outlet air temperature, or ice packing
fraction (IPF). It is imperative to conduct parametric studies to quantify
the effects of operating parameters on these performance criteria. To
develop correlations to calculate the output variables of interest as a
function of input parameters, multi-variate regression method can be
employed. The water flow rate, air flow rate, ambient temperature,
and spray pressure are the input variables in the present study. To
perform regression, an input-output dataset representing the physical
system across various operating points should be generated. The Monte
Carlo method has proven to be an efficient tool for systematically
conducting parametric studies and analyzing the influence of input
parameter variations on system performance. It involves repetitive
simulations using randomly generated sets of input data to compute
the output data space. The primary purpose of conducting a Monte
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Fig. 5. Input parameter space for the parametric study of the spray freezing.

Table 4
The operating parameters and their corresponding ranges and distributions used in the
parametric studies.

Parameter Max Average Min Distribution
Water flow rate [kg/s] 30.3 18.9 7.5 Uniform

Ambient temperature [K] 271 258 243 Normal

Air flow rate [CFM] 2,000,000 1,200,000 400,000 Uniform

Spray pressure [bar] 80 70 60 Uniform (Discrete)

Carlo study is to perform sensitivity analysis and quantify the effects of
uncertainties in input parameters on output variables. The significance
of the Monte Carlo method lies in its robustness and its capability
to generate statistical insights into the system, rather than providing
single-point information.

The outline of the methodology is demonstrated in Fig. 4(b). Four
sample sizes, namely 100, 200, 500, and 1000 cases, have been tested
to ensure the size-independence of the parametric study conducted via
the Monte-Carlo method. A multi-variate regression analysis is per-
formed to suggest correlations for the heat rate, outlet air temperature,
and IPF as follows

s . P . p 4 4
Oy = ayring' +byi)? + ¢ T4 +dy Pl + ey, (22a)
Toout = axrithys + byritg® + ;T2 +dy Pt + e, (22b)
IPF = ayrit)! + byl + ¢ T2P + d3P;’l§;‘ay +e5, (22¢)

where rityy, Popray, 1, and T, refer to the water mass flow rate, spray
pressure, air mass flow rate, and ambient temperature, respectively.
The small letters (a - e, p) are regression coefficients and powers. It
is noted that the cooling capacity can be directly computed from IPF
using Eq. (18) thus, no additional correlation is proposed for the cooling

capacity.

The operating parameters, their minimum and maximum values,
and probability distributions are tabulated in Table 4. The data re-
ported by Stachulak [10] is used in Table 4. Uniform distribution is
assumed to generate random values for input variables as shown in the
diagonal Kernel Density Estimate (KDE) plots for 1000 sample cases
(Fig. 5). In Fig. 5, pressure levels are represented by different colors,
with deeper hues denoting higher levels and paler hues indicating lower
levels. Additionally, the pressure is a discrete variable in this analysis,
since it has a specific set of discrete values.

3. Results and discussion
3.1. Model validation

For the numerical simulations of the work, mesh-independence
studies were carried out to ensure the precision and robustness of
the results. Parameters analyzed to ensure mesh independence include
the grid size for the airflow CFD simulation, the number of droplet
diameters, and the number of initial droplet velocity directions. For
the size of the air flow simulation grid, a structured grid with 5 x 10
nodes was shown to be sufficient for the numerical simulation. For the
number of droplet diameters and the number of initial droplet velocity
directions, mesh independence studies indicate that 20 and 100 samples
are enough, respectively. Figs. 6(a)-(c) illustrate the mesh-independent
studies for the mentioned parameters.

The model is validated against experimental data of spray freezing
reported in [10,34,35]. Table 5 represents the geometry and spray
characteristics of the Frood Stobie mine [10] used in the model. The
field data of the net heat rate and ice production from this mine is used
for validation purposes in the present study. The net heat rate reported
by Stachulak from the field data is 11.2 MW. Using Egs. (12)—(14),
under the conditions described in [10], a total heat rate of 12.4 MW
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using the data reported in [34,35].

Table 5 Table 6

Stope properties used in the model. Characteristics of the spray freezing setup described in [35].
Parameter Value Unit Property Value Unit
Stope height 61 [m] Length of reactor 1.25 [m]
Stope length 61 [m] Diameter of reactor 0.8 [m]
Stope width 24.4 [m] Water flow rate 0.0125 [kg/s]
Spray shape Flat spray [-] Gas velocity 0.9897 [m/s]
Spray size 0.75 [in] Water initial temperature 20 [°C]
Number of sprays 5 [-] Spray angle 30 [°]
Orifice diameter of sprays 0.375 [in]

is calculated using the developed model, which shows an acceptable
relative error of % %X 100 = 10.7%. Under the mentioned operating
conditions, the total mass of ice formed in two stopes during the winter
operations is 145,000 tons. Using our multiscale model, under a similar
operating condition, the IPF comes out to be 85.3%. Considering the
average flow rate of 18.9 kg/s and 1200 operating hours during the
winter, the total mass of ice produced by two stopes is equal to,

kg
s

% 1200 [h] x 3600 | | x0.001 |28
h kg

~ 139,300 [ton], 23)

Mice = 2% 0.853 X 18.9 [

The relative error will be can be calculated as W x100% =~ 3.9
which is acceptable. It is noticeable that a considerable amount of ice
is produced during winter, which can provide a remarkable cooling
capacity for summer season.

To illustrate the effectiveness of the developed framework in an-
other application, we applied the model to the spray freezing setup
described by Anandharamakrishnan [35] and Al-Hakim [34]. In the
mentioned works, spray freezing is used as the first step of the spray
freeze drying procedure. The setup consists of a cylindrical chamber
with a hollow cone spray placed at the top of it. The characteristics of
the setup are described in Table 6. The experimental results indicate
that the outlet gas temperature at the center of the chamber is 250

K. The predicted outlet gas temperature from the model is 252.8 K,
indicating a relative error equal to % %x100% = 1.1. It can be seen
that the framework is capable of generating precise predictions of the
spray freezing performance for a different application. The dynamics
model is also validated using the experimental measurements of droplet
velocity reported in [34] and CFD simulation of [35]. The velocity of
droplets with sizes of 100 and 150 pm was measured at the center
of the chamber and at three different axial distances from the nozzle,
i.e., y = 0.038 m, 0.068 m, and 0.108 m. The absolute uncertainties
for experimental values of d = 100 pm are 2.3, 2.5, and 2, while for
d = 150 pm, they are 2.5, 2.5, and 3.5. It is observed from Fig. 6(d)
that the model results are within the range of experimental values and
agree well with the CFD simulations.

The results of the parametric study are discussed in this part, high-
lighting the relationships between the input and output parameters.
As discussed before, the net heat rate, cooling capacity, outlet air
temperature, and ice packing fraction (IPF) are the monitored variables
that indicate the performance of the spray freezing for heating and
cooling in cold-region mines. As mentioned before, the parametric
study was conducted using four different sample sizes — 100, 200,
500, and 1000 cases — to ensure the results are independent of sample
size. The probability distribution functions are illustrated in Fig. 7. It
is observed that the results stabilize after 500 samples, thus the case of
1000 sample was selected for the regression analysis.
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Table 7
Regression coefficients in Egs. (22a) and (22b) and corresponding R? values for the

case of 1000 samples.

Regression Heat rate Outlet air Ice packing

coefficients [MW] temperature [°C] fraction [%]
i=1 i=2 i=3

a 2.73%x 107! 4.04x 107! —-3.65% 1072

b; 4.84%x 107! 6.66 2.28

[ —2.38x 10! 6.75x 107! —1.00

4 —2.22x 107! —2.90 x 107! —-1.54

e —4.06 —1.14 x 10! 6.14 x 10!

[Pi1+ Pios Piss Pial [LLL1] [L-L11] [1.1.11]
R2? 0.92 0.92 0.90

3.2. The net heat rate

The effects of random combinations of operating variables are
evaluated on the heat rate in this part. The probability distribution

of the heat rate for the sample sizes of 100, 200, 500, and 1000 is
shown in Fig. 7(I). It can be seen that the heat rate distribution follows
a multi-modal behavior. To determine the coefficients of Eq. (22a), a
regression analysis is performed, and the results are shown in Table 7,
yielding an easy-to-compute correlation for determining the heat rate
(in megawatts) as below

O = (2.73 x 107 Vyring, + (4.84 x 107y, 249
= (238 x 10T, = (222 X 107") Py — 4.06.

Here i, is the air flow rate [MCFM], r,, is the water flow rate [kg/s],
T, is the ambient temperature [°C], and Py, is the spray pressure.
The spray pressure in Eq. (24) takes three values of 0, 1, and 2
representing 60, 70, and 80 bars, respectively.

The effects of input variables on the heat rate are plotted in Fig. 8,
with the pressure levels represented by colors; darker shades indicate
higher pressure levels. It can be inferred from this figure that the heat
rate is primary affected by the water flow rate and ambient tempera-
ture, as compared to the air flow rate or spray pressure. This is because
the heat rate is largely determined by the latent heat of freezing,

10
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Fig. 9. The effects of operating parameters on the outlet air temperature for 1000 simulation cases.

which depends directly on the mass of frozen water. Also, the ambient
temperature not only affects the freezing time of droplets, but also
determines whether the supercooling stage occurs during the freezing.
It can be seen that when the ambient temperature is approximately
above —15 °C, the heat rate is considerably lower compared to cases
where the ambient temperature is below —15 °C. This phenomenon
can be attributed to different freezing scenarios for the mentioned
temperature ranges, i.e., freezing without supercooling and freezing
with supercooling. This difference is also observed in the graph showing
heat rate versus water flow rate, as there are two distinct areas which
correspond to two different freezing types. It is noteworthy that the
water nucleation temperature is around —15 °C. Surprisingly, the effects
of air flow rate and spray pressure on the heat rate do not follow a clear
trend, reaffirming the significant effects of water flow rate and ambient
temperature on heat rate. In general, a higher heat rate is desirable
as it results in a higher outlet air temperature and ice production,
which in turn leads to a higher cooling capacity. As stated at the
beginning of this section, the heat rate calculated from the model for
the case of Frood-Stobie mine using the data given in [10], is 12.4 MW
which is equivalent to 650 MJ/m> considering the average flow rate
of 18.9 kg/s. It is a smaller heat rate as compared to fuels such as
Propane which produces around 91,500 BTUs per gallons energy [36]
(i.e., around 25,500 MJ/m?3). However, the spray freezing is cheaper
in terms of operating costs, and also it is less pollutant. Moreover, the
ice produced during the process not only can be used for cooling, but
it can be pumped back to the system after being melted [37].

3.3. Outlet air temperature

It is crucial to keep the air temperature of the stope above the
freezing point of water, preventing the infrastructure from freezing.
To compute the air temperature, Eq. (15) is used. For thermophysical
properties, temperature-dependent values are used in the model, which

11

are taken from Akhtar et al. [38]. The probability distribution of the
outlet air temperature for different number of sample sizes is shown in
Fig. 7(I1). From this figure, it can be deduced that the outlet air temper-
ature follows a Gaussian distribution with a mean around —10 °C. The
following expression is developed using the linear regression analysis

to calculate the outlet air temperature in Centigrade
Ty out = (4.04 x 107 Yy, + (6.66) !

+(6.75x 107HT,, —(2.90 x 10" P,

(25)

pray — 1.14 X 10,

Fig. 9 depicts the effects of water flow rate, spray pressure, air flow
rate, and ambient air temperature on the outlet air temperature. As it
can be observed, the outlet air temperature is a strong function of the
ambient temperature. The freezing temperature of water is shown with
a red line in this Figure. It can be observed that when higher water flow
rate are injected, it is more probable to keep the air temperature above
the freezing point of water. Additionally, a lower ambient temperature
makes it more difficult to raise the outlet air temperature above 273.15
K. Lastly, the air flow rate and spray pressure have weak influence on
the outlet air temperature.

The results shown in Fig. 9 will be of considerable interest to
engineers. Once the outlet air temperature is above 0 °C, usually no
heating from fuels such as Propane is required. However, for the case
that the outlet air temperature calculated from Eq. (25) is below 0 °C,
heating from fuels is still needed to increase the air temperature to
above 0 °C.

3.4. IPF and cooling capacity
In the air heating of mine ventilation systems using spray freezing,

high values of ice packing fraction (IPF) are desirable to maximize
air heating and generate more ice for cooling to reduce fuel costs
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Fig. 11. The effects of different operating parameters on the cooling capacity for 1000 simulation cases.

and emissions. Ice storage capacity of a mine should be considered
in designing spray freezing setups due to space constraints. Also, a
large amount of ice accumulation at the stope bottom will decrease
IPF over time because of a decrease in the residence time of droplets.
Therefore, IPF is a decisive factor to be considered in designing spray
freezing setups for mines. Using the regression analysis, the following
correlation is obtained for IPF (in %)

IPF = (=3.65 X 1072 )rir,,, + 2.281i1,

= Ty = 1.54Pg,, +6.14x 10"

(26)

The correlation outlined in Egs. (24), (25), and (26) provide a straight-
forward method to estimate the performance of the spray freezing
system under a specific condition. Fig. 10 illustrates the variations of
IPF with changes in input variables. It is observed that the IPF is mostly
dependent on the ambient temperature. This is due to the fact that the
ambient temperature determines the freezing time of droplets, which
in turn affects the IPF. Similar to the case of heat rate, for ambient
temperatures approximately above —15 °C, the IPF is remarkably lower
compared to the cases where the ambient temperature is below —15 °C.
Again, this stems from the longer freezing times and different freezing
scenarios for ambient temperatures below or above the water nucle-
ation temperature. In most cases, the IPF is above 50% due to the large
stope size in Frood-Stobie mine (61 x 61 x 24.4 m?). It is also noticeable
that the IPF has a weak dependency on the water and air flow rates
and the spray pressure. Fig. 7(III) depicts the probability distribution of
IPF values for different simulation sizes. A multi-modal distribution can
be observed (centered around 70 and 90 percent) which reaffirms the
notion that high IPF values depend on the freezing type. The cooling
capacity is calculated using Eq. (18). Fig. 11 indicates the effects of
each input parameter on the cooling capacity. As expected, the cooling
capacity is mostly dependent on the water flow rate and ambient
temperature, which can also be inferred from Eq. (18).
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The results indicate that the developed model has the capability
to evaluate the performance of the spray freezing for mine heating
and cooling under various operating conditions. The model can be
easily adjusted to be applied to real-world mines under various stope
geometries, spray characteristics, water and air flow rates, and ambient
temperatures. Compared to the existing models based on CFD calcula-
tions, the current framework can generate results in a quick manner
while maintaining an acceptable accuracy. The model, however, does
not compute the air temperature profile and the effects of spray dy-
namics on the air flow, limiting its capability to provide precise local
insights on the air thermo-hydraulic profiles.

4. Conclusion

The spray freezing system, as an innovative solution to address the
heating and cooling needs of mines, was studied in this work. A high-
resolution framework to compute the performance of spray freezing
is developed, incorporating models of droplet freezing, spray-droplet
dynamics, and air flow inside the stope. The modeling results can
predict the heat rate and ice packing fraction (IPF) of the spray freezing
system to within 10% and 5% values of the field data, respectively. The
modeling results were subsequently used to conduct a parametric study,
analyzing the effects of operating variables on the system efficiency.
Three easy-to-use correlations were developed to compute the heat
rate, outlet air temperature, and IPF of the setup for different sets of
input variables. These correlations enable engineers to evaluate the
effectiveness of the spray freezing system quickly, leading to a more
straight-forward design procedure. Key results of the parametric study
can be summarized as below:

» The dominant freezing type when the ambient temperature is
approximately above —15 °C is freezing without supercooling.
However, when the ambient temperature is below —15 °C, most
droplets experience supercooling.
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» The ambient temperature and water flow rate significantly in-
fluence the heat rate and cooling capacity of the spray freezing
process.

» The outlet air temperature is controlled primarily by the ambient
air temperature the most as compared to the water and air flow
rates and nozzle pressure.

» The IPF value is mostly dependent on the ambient tempera-
ture and shows a multi-modal behavior due to different freezing
mechanisms based on the ambient temperature.

Future works include:

+ Studying the influence of droplets on the air flow and incorporat-
ing the spatial distributions of the air temperature and velocity
into the model,

+ Studying the effects of the ice accumulation on the droplets’
residence times, and

+ Analyzing the effects of spray break-up, angle, and distance on
the model results.
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