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Carrer de Colom 11, 08222 Terrassa (Barcelona), Spain

bTermo Fluids, S.L., Av. Jacquard 97 1-E, 08222 Terrassa (Barcelona), Spain
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Abstract

A fixed-grid-porous-media method capable of simulating the growth and densi-
fication of frost sheets is here presented. A velocity field is calculated across the
entire domain, in which a porous media treatment is given to the ice-containing
cells. The transported temperature and vapour density are used to define the
thermophysical state of each cell, which might enable phase change. As an
improvement to Bartrons et al., 2017, the method hereby presented accounts
for solidification and sublimation phase transitions. The explicit time step has
also been increased by using a semi-implicit treatment of the energy equation.
Furthermore, a special boundary condition for cold surfaces has been developed
in order to overcome the averaging effect that prevents ice formation in the cells
adjacent to the wall. The method is then tested with a study case of a duct flow
with a non-homogeneously cooled lower boundary. Several numerical tests are
carried out in order to understand the capabilities of the model. The influence
of accounting for the convection, as well as the enhanced diffusion resistance
factors within the frost layer, is studied by means of the calculated porosity and
velocity fields throughout the domain.

Keywords: Frost growth, Frost densification, Fixed grid, Numerical model,
Porous media
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D diffusivity, m2/s
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h enthalpy, J/kg
p pressure, Pa
S Darcian source term coefficient, kg/(m3s)
T temperature, K
u averaged or seepage (Darcy) velocity εv · v, m/s
v velocity, m/s
V volume, m3

Yv water vapour concentration, kgv/kgha

Greek symbols
ε porosity
λ conductivity, W/mK
µ diffusion resistance factor
µha dynamic viscosity, kg/(m s)
ρ density, kg/m3

τ tortuosity
ω̇i ice generation, kg/(m3s)
ω̇v water vapour generation, kg/(m3s)

Subscript
v water vapour
da dry air
ha humid air
i ice
fl frost layer (contains ice and humid air)
m mixture: can correspond to fl (ε 6= 1) or ha (ε = 1)
sat saturated
in inlet

Superscript
n current time step

1. Introduction

The formation of frost is a common phenomenon in nature that involves
growth of ice crystals on cold surfaces. The build-up of such porous structures
causes malfunctioning in a wide variety of industrial applications, i.e. power
transmission line systems, refrigerators and heat exchangers among others. In
wind turbines, frost adhesion may be strong under low speed winds [1]. Deicing
liquids are often used to remove the nocturnal frost generated on aircraft wings,
which adds weight and reduces the aerodynamical performance. Recent studies
suggest that frost can also form on aircraft wings during in-flight when crossing
supersaturated icing clouds [2]. Hence, providing robust numerical methods to
predict the appearance and growth of frost is of key importance to counteract
such undesired effects and, as a consequence, improving designs that enhance
safety, increase efficiency and avoid mechanical damage.
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The incipient stages of frost formation, triggered by either desublimation
or condensation frosting [3], range from an initial heterogeneous nucleation at
a surface, until a network of inter-connected frozen droplets is formed. This
provides the foundation upon which out-of-plane frost growth can happen. A
comprehensive number of studies have modelled the latter from a macroscopical
point of view. Based on how equations are set, frost growth models coupled with
a free air flow region, using a finite volume approach, can be divided into two
main blocks: the two-domain approach and the single-domain approach.

The two-domain approach consists in solving separately the frost and the
free air regions. If the implemented frost growth model is 1D (see [4, 5, 6, 7,
8, 9] among others), a mesh accounting for the frost domain is not specifically
needed [10]. Moreover, it allows implementing a frost growth model with a zero
frost thickness initial condition [9]. On the other hand, 2D and 3D frost growth
models need a mesh to account for the frost domain, where distributions of
the porosity, or the frost density, and the temperature are calculated. These
models do need an initial frost thickness [11, 12, 13, 14], as the mesh occupies
a certain amount of volume. Despite the fact that the results for frost growth
remain unaffected when using close to zero initial thicknesses [15], the region
where frost will grow must be known in advance. Regardless of the implemented
frosting model, either static or dynamic meshes can be used. The first is more
common in the literature, despite its inherent lack of accuracy when tracking
the frost-air interface [11, 10, 12]. When dynamic meshes are used, an ALE
formulation is set to correct the mass and energy fluxes due to the imposed grid
deformations derived from the frost growth [16, 17, 18, 19]. The two domains
are then coupled by means of a mass and energy balance at the frost-air interface
along with a water vapour pressure condition.

There are just a few studies using single-domain approaches (see [20, 21, 22]).
These do not need an initial frost thickness, fact that not only allows solving the
appearance of frost, but also having several unconnected frost regions growing
simultaneously. Similarly to the two-domain approach with a static mesh, the
usage of fixed grids compared to deformable grids could dramatically reduce
the simulation computational costs and resources, as the mesh does not need to
readapt at each iteration. Furthermore, no extra communication between the
two domains is required.

The present paper sets a single-domain approach method, as an improvement
to [23]. The new model, which consists of a single set of equations, accounts
for the formation and sublimation of frost by means of a momentum equation
for flow through the frost layer (based on the previous works of Galione et
al. [24, 25], in the line of the works of Hsu and Cheng [26] and Voller and
Prakash [27]), as well as a water vapour transport and energy equations that
determine the state of a cell, and thus, the phase change. An effort has been
put towards maximizing the explicit time step, by evaluating the diffusive term
of the energy equation implicitly. Moreover, in order to ensure ice generation
close to cold surfaces, a special treatment to such boundaries is here presented.

The proposed model is then used for simulating the case of a duct flow with a
non-homogeneously cooled lower surface carried out by Kwon et al. [28]. Several
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numerical tests are conducted with the aim of understanding the capabilities of
the model. In particular, the impact to the frost growth when using different
porous media treatment, as well as the usage of diffusion resistance factors above
1 is here analysed. Furthermore, a qualitative study of the convective effects
within the frost sheet is also discussed.

2. Mathematical model

The present analysis assumes that: (a) water vapour, dry air and ice inside
the frost layer are in local thermal equilibrium, i.e., Tha = Tv = Tda = Ti; (b)
water vapour inside the frost layer is saturated, (c) no movement of the ice
crystals is allowed (~ui = 0), and (d) temporal variation of the mixture density
is neglected when calculating the velocity field.

The local volume averaging technique is used, where εv represents the volu-
metric vapour or humid air fraction, which can take values between 0 (ice) and
1 (humid air). The equalty εv + εi = 1 must be preserved.

Based on the above-mentioned hypotheses, the resulting governing equations
for incompressible flow (global mass, momentum, water vapour transport and
energy) are:

�
���

0
∂ρm
∂t

+∇ · (ρha~u) = 0 (1)

∂

∂t
(ρha~u) +∇ ·

(
ρha

~u⊗ ~u
Ξ

)
=−∇p+∇ · [µha

(
∇~u+ (∇~u)

T
)

]

− 2

3
∇µ (∇ · ~u) + ρhaεv~g − S~u

(2)

∂

∂t
(εvρv) +∇ · (ρv~u) = ∇ · (ρhaµDv∇Yv) + ω̇v (3)

∂

∂t
(ρmhm) +∇ · (ρhahha~u) = ∇ · (λm∇T ) +∇ · [(hv − hda) ρhaµDv∇Yv] (4)

where:
ρm = εvρha + (1− εv)ρi (5)

ρmhm = εvρhahha + (1− εv)ρihi (6)

ρha = ρv + ρda (7)

Equation 2 corresponds to the momentum equation for flow through a porous
medium, where only the Darcian source term, S~u, has been preserved, account-
ing for the drag force produced by the solid to the fluid flow.

The present study analyzes two forms of the momentum equation:

a) The simplified model for mushy regions put forward by Voller and Prakash[27],
where Ξ = 1 and S = SVP.

b) The porous media model put forward by Hsu and Cheng[26], where Ξ = εv
and S = SHC.
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Author Diffusion resistance factor

Prager et al. [31] µ = 0.5εv (1 + εv)

Le Gall et al. [17] µ = εv/ (1− 0.58 (1− εv)) + F10 (1− εv) ε10
v

Table 1: Implemented correlations of the diffusion resistance factor.

The selected correlations for the coefficient S are treated in detail in Sec-
tion 3.1.1.

The water vapour transport and energy equations deduced in [19, 29] are here
extended to account for the advective terms. Observe that these terms, which
appear in Eqs. 1-4, contain uniquely the transport of the humid air properties,
as the ice phase is assumed to be motionless [24].

The source term ω̇v that appears in Eq. 3 represents the generation or de-
struction of water vapour. This value is equally opposite to the generation or
destruction of the ice phase, ω̇i. Hence,

ω̇v = −ω̇i = −∂(εiρi)

∂t
(8)

The diffusion resistance factor µ (not to be confused with the dynamic viscos-
ity µha in the momentum equation), commonly defined in non-reactive porous
media as µ ≡ εvτ , is a measure of the added difficulty of the water vapour to flow
through the ice crystal pores. However, the former definition does not entirely
apply for frost, since an effective mass diffusion is allowed between ice shelves
due to temperature gradients (µ 6= 0 in a humid air-ice series arrangement, see
Auracher [30]). The correlations used in this paper, shown in Table 1 and in
Fig. 1 for different values of εv, are the ones proposed by Prager et al. [31] and
Le Gall et al. [17].

On the other hand, the thermal conductivity of the mixture, λm, is defined
either by means of the Studnikov expression[32] in the humid air region, or by
the empirical correlation proposed by Na and Webb[6] within the frost layer.
The latter reads as:

λfl = ξλpar + (1− ξ)λser (9)

where:

λpar =

(
1− ρfl

ρi

)
λha +

ρfl

ρi
λi

λser =

[
ρfl

ρi

1

λi
+

(
1− ρfl

ρi

)
1

λha

]−1

And the modeled ξ parameter is given in Table 2.
The air is treated as a semi-perfect gas. The reader is referred to [19] for

a further description of the implemented correlations of the thermo-physical
properties of the model.
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Figure 1: Tested diffusion resistance factor correlations. Le Gall et al. [17] with and F factor
of 5, and the widely used correlation from Prager et al. [31].

Range ξ

(i) −10 < Tw < −4 ◦C 0.283 + e−0.020ρfl

(ii) −21 < Tw < −10 ◦C 0.140 + 0.919e−0.0142ρfl

(iii) Tw < −21 ◦C and ρfl < 200kg/m3 0.0107 + 0.419e−0.00424ρfl

(iv) Tw < −21 ◦C and ρfl > 200kg/m3 0.005ρfl

(
0.0107 + 0.419e−0.00424ρfl

)
Table 2: ξ parameter of Na and Webb’s effective thermal conductivity correlation.
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3. Numerical implementation

The mathematical model is implemented into an in-house C++ computer
code called TermoFluids. The reader is referred to [33] for details on the Ter-
moFluids framework that are beyond the scope of this paper. A finite volume
approach and a collocated discretization is used along with explicit time inte-
gration schemes. In particular, the time integration scheme corresponds to the
2nd order explicit Linear Multi-step method (k2LM), in which the time step is
dynamically adapted by estimating the upper bounds of the eigenvalues of the
convective and the diffusive operators [34].

3.1. Mass and momentum

The velocities induced as a result of the density changes (mainly given by
phase changes) can be neglected when comparing them to the resulting velocity
field of forced convection driven flows. As a consequence, the transient term of
the continuity equation (Eq. 1) is neglected, as formerly stated by assumption
(d). Moreover, due to the fact that the gravitational effects of the problem of
study are negligible, the buoyancy term of Eq. 2 is also neglected. The resulting
time-discretization of the Eqs.1 and 2 is:

∇ · (ρha~u)
n+1

= 0 (10)

(ρha~u)
n+1 − (ρha~u)

n

∆t
= Rn+α (~u)−∇pn+1 − S~un+1 (11)

where Rn+α represents the sum of the convective and diffusive terms integrated
between time steps n and n+ 1 using some integration scheme (in this case, the
above mentioned k2LM). The momentum source term is treated implicitly due
to stability reasons [24].

Decoupling of ~un+1 and pn+1 is carried out applying divergence, imposing
mass conservation (Eq. 10) and rearranging terms:

∆t∇ ·
(

∇pn+1

1 + ∆tS/ρha

)
= ∇ ·

(
ρhau

p

1 + ∆tS/ρha

)
(12)

where
ρha~u

p = ρha~u
n + ∆tRn+α (13)

is a pseudo-predictor velocity. And thus:

(ρha~u)
n+1

=

(
ρha~u

p + ∆t∇pn+1

1 + ∆tS/ρha

)
(14)

from where the new velocity field (~un+1) is calculated, and where 1/ (1 + ∆tS/ρha)
acts as a damping factor of the velocity. The density ρha is evaluated at time
n because the momentum equation is not iterated with the energy and vapour
transport equations. A detailed explanation of the procedure is given in [24, 25].
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3.1.1. Darcian source term coefficient (S)

The coefficient S can take various forms. In particular, the present study uses
two of them. Whenever using the model put forward by Voller and Prakash [27],
the following expression is used:

SVP = CVP
(1− εv)2

ε3
v + q

(15)

where CVP is an arbitrary constant and q is a very small value included to avoid
division by zero (when εv → 0, SVP increases and consequently, convection is
strongly reduced).

When the momentum equation corresponds to the one proposed by Hsu and
Cheng [26], the preferred expression, deduced from Kozeny-Carman equation,
reads as:

SHC =
150

(ψdp)
2

µha(1− εv)2

ε2
v

(16)

Where ψ is the sphericity of the packed bed particles, and dp the particle di-
ameter. These two values will evidently not be constant throughout the frost
layer. Therefore, an expression for dp, probably depending on εv, should be
determined in order to accurately simulate the phase change within the frost
layer. Due to the fact that such correlation is not available, some arbitrary
values are hereby tested using the constant CHC, defined as:

CHC ≡
150

(ψdp)
2 (17)

The two values used for CHC are set so the resulting damping curves are the
most similar to the ones using the tested values of CVP.

As previously stated in Eq. 11, the Darcian source term is treated implic-
itly, from which the coefficient S contributes on the dampening of the velocity
through the previously named damping factor. Fig. 2 shows the damping pro-
duced for different values of C. The results obtained using these values are
compared and discussed in Sec. 5.

3.2. Water vapour transport

Expressing Eq. 3 in a non-conservative form for ρv:

εv
∂ρv
∂t

+∇ · (ρv~u) = ∇ · (ρhaµDv∇Yv) + (ρi − ρv)
∂εv
∂t

(18)

It can be seen that the transient source term containing the derivative of the
porosity could give stability problems due to the fact that the error in the
solution of ρv caused by assuming the vapour fraction derivative would grow
significantly. Indeed,

∆ρv
ρv
∝
(
ρi
ρv
− 1

)
∆εv
εv

(19)
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Figure 2: Damping factor vs. εv for various values of C. Values of CVP = 6.05e03 kg/m3s and
CHC = 7.03e08 kg/m3s have been taken such that the damping factor is 0.5 when εv = 0.5.

from which the factor (ρi/ρv − 1) is of the order of 105. Hence, a small as 0.1
relative error in εv will induce an error in ρv of 104.

In order to overcome this numerical issue, Eq. 3 is separated into two equa-
tions: one for ρv, which corresponds to Eq. 18, and the other for εv defined
hereafter.

(ρv − ρi)
∂εv
∂t

+∇ · (ρv~u) = ∇ · (ρhaµDv∇Yv)− εv
∂ρv
∂t

(20)

Cells containing ice phase will compute εv from Eq. 20. Recall that the water
vapour in cells with εv 6= 1 is under saturated conditions, from which ρv is
directly calculated by means of the cell temperature. On the contrary, cells
containing only humid air will compute ρv from Eq. 18.

Discretizing Eqs. 18 and 20 in time:

ρn+1
v = ρnv +

∆t

εnv

[
∇ · (µDv∇ρv)︸ ︷︷ ︸

D

−∇ · (ρv~u)︸ ︷︷ ︸
C

]n+α

− (ρnv − ρni )
εn+1
v − εnv

∆t︸ ︷︷ ︸
S

(21)

εn+1
v = εnv +

∆t

(ρnv − ρni )

[
∇ · (µDv∇ρv)︸ ︷︷ ︸

D

−∇ · (ρv~u)︸ ︷︷ ︸
C

]n+α

− εnv
ρn+1
v − ρnv

∆t︸ ︷︷ ︸
S

(22)

where n+ α refers to the k2LM time integration scheme.
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Figure 3: H-T dependance. Each curve is given at a fixed εv , from values of 0.1 to 0.9 with
increments of 0.1.

A split method is implemented to solve the former. The method consists in
solving the convective (C) and diffusive (D) terms explicitly, and once per time
step, as shown in a simplified form in Eq.23.

φ∗ − φn

∆t
= −Cn +Dn (23)

where φ stands for either ρv or εv. The source term (S), on the contrary, is
evaluated between time n + 1 and n, and reconstructed at each iteration (see
step 4 in Alg. 1, Sec. 3.4), as shown in Eq.24, to obtain φn+1.

φn+1 − φ∗

∆t
= −Sn+1 (24)

3.3. Energy

The enthalpy-based energy equation given by Eq. 4 is rewritten in a non-
conservative form in terms of the temperature. This change of the solving
variable is preferred because of two main reasons: (a) isolating a temperature
from Eq. 6 is not an easy task, and most important, (b) a small absolute error
in the solution of the enthalpy translates into a big error in the temperature
(see Fig. 3). The resulting energy equation is:
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ρflcp,fl
∂T

∂t
+∇ · (ρhahha~u) = ∇ · (λm∇T ) +∇ · [(hv − hda) ρhaµDv∇Yv]

���
���

�:0
−εvhha

∂ρha

∂t
− ρhaεv(hv − hda)

∂Yv
∂t
− (ρhahha − ρihi)

∂εv
∂t

(25)

where the source term containing the humid air density derivative over time is
neglected due to its very slow changes over time. The frost layer heat capacity,
cp,fl, is defined as follows:

cp,fl =
1

ρfl
[(1− εv)ρic̄p,i + εvρhac̄p,ha] (26)

where c̄p,i and c̄p,ha correspond to the averaged values of the specific heat ca-
pacity of ice and humid air, respectively.

The convective term is treated explicitly using the k2LM integration scheme.
Moreover, due to the fact that the largest eigenvalue among the convective
and diffusive terms of the full set of equations (Eqs. 2 - 4) corresponds to the
diffusive term of the energy equation, it is hereby treated implicitly, resulting
in an increase of the time step, and a reduction of the computational costs,
compared to the ones reached in [23]. As a consequence, the limitation of the
explicit time step is then given by the eigenvalue of the convective term of the
momentum equation.

Because the problem of study imposes a temperature difference (not a water
vapour concentration difference), and also the fact that it has been verified that
the variations in time of the source term containing the concentration derivative
(S12) are generally small, it is evaluated between time n and n−1. On the other
hand, the source term containing the time derivative of the porosity is evaluated
between time n+ 1 and n.

The discretized form of Eq. 25 is then:

Tn+1 = Tn +
∆t

(ρflcp,fl)
n

[
−∇ · (ρhahha~u)

n+α︸ ︷︷ ︸
C

+∇ · (λm∇Tm)
n+1︸ ︷︷ ︸

D

+∇ · [(hv − hda) ρhaµDv∇Yv]n︸ ︷︷ ︸
S11

− [ρhaεv (hv − hda)]
n Y

n
v − Y n−1

v

∆t︸ ︷︷ ︸
S12

− (ρhahha − ρihi)n
εn+1
v − εnv

∆t︸ ︷︷ ︸
S2

]
(27)

The steps of the implemented split method are detailed in Eqs. 28 and 29,
in which the source term containing the derivative of the porosity, S2, is rebuilt
at each iteration.

φ∗ − φn

∆t
= −Cn + Sn11 − Sn12 (28)
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φn+1 − φ∗

∆t
= Dn+1 − Sn+1

2 (29)

3.4. Methodology

The steps of the methodology are herewith summarized in Alg. 1. Due
to the fact that most of the industrial applications that include frost growth
involve forced convection driven flows, momentum is solved first (step 3) using
the well known fractional step method[35]. Next, the transport of vapour (step
5) and the energy equations (step 6) are solved semi-implicitly throughout an
iterative process in which the transient source terms are implicitly coupled and
updated after each iteration (steps 4, 7 and 8). When the equations converge
to a certain tolerance for variables ρv, εv and T , the calculation of the new time
step is started.

The changes in the thermophysical state of a cell are regulated by the control
variable thStateChange. This variable is set at each control volume, and it can
take three values: 0 when there is no change of state (either if the cell remains
as a frost cell or a humid air cell), 1 when the cell changes from a fully air
containing cell to an ice containing cell, and 2 when the cell changes from a
frost cell to a fully air containing cell.

Note that all cells begin with a thStateChange = 0. Some of them eventually
meet the requirements to form ice, i.e. when the temperature of the cell is below
the freezing point and the vapour density is larger than the saturation vapour
density at the last calculated temperature. In this case, thStateChange is set
to 1, fact that will let εv be calculated in the following iteration. Note that once
an εv is calculated for a certain cell, its vapour density will be considered at
saturation and thus, calculated by means of the new temperature. Moreover,
the thStateChange will be reset to 0, and will remain 0 as long as that cell
contains ice.

In the event that the new calculated temperature of an ice containing cell is
higher than the freezing point, thStateChange is set to 2. The ice contained in
it will sublimate, calculating ρv instead of εv in the next iteration.

As previously described, the method takes into account the solidification
and the sublimation in the cells, but not the condensation nor the evaporation.
Hence, the numerical experiments tested using this methodology must not meet
those conditions that would trigger such phase transitions in the actual experi-
ment. A graphical explanation of the limitations of the presented methodology
is given in Fig. 4.

3.5. Special wall boundary condition

As previously discussed, the change of state of a cell occurs when the com-
bination of the average temperature and vapour density values surpass the sat-
uration curve (given that the temperature is below the freezing point). It is
obvious that the amount of time needed by a fully humid-air-containing cell,
neighbouring and ice-containing cell, to change its phase, will be directly re-
lated to the size of that cell. The smaller the cell is, the closer its temperature
will be to that of its saturated neighbour, allowing an earlier generation of ice
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Algorithm 1 Fixed grid - frost growth method

1: Initial conditions: thStateChange = 0
2: New time step ∆t
3: Momentum equation

- Pseudo-predictor velocities upha using previous velocity fields (Eq. 13)
- Pressure eq.: calculation of coefs. and resolution using a linear solver

to get pn+1 (Eq. 12)
- New velocity field un+1

ha using upha and pn+1 (Eq. 14)
4: New guessed values Φn+1∗, where Φ = {ρv, εv} taken from last iteration

- Build transient source terms of Eqs. 21 , 22 and 27
5: Water vapour transport equations

if
[(
εn+1∗
v == 1

)
and

(
ρn+1
v < ρv,ref,sat

)
and (thStateChange == 0)

]
or

(thStateChange == 2) then
- Solve Eq. 21. Variable is vapour density: ρn+1

v

- thStateChange = 0
else that is:

(
εn+1∗
v 6= 1

)
or
(
ρn+1
v ≥ ρv,ref,sat

)
or

(thStateChange == 1)
- Vapour is saturated. ρv will be calculated after calulating Tn+1

- Solve Eq. 22. Variable is vapour fraction: εn+1
v

if
(
εn+1
v < 1.0

)
then thStateChange = 0

else εn+1
v = 1.0, thStateChange = 2

end if
end if

6: Energy equation. Solve Eq. 27. Variable is temperature: Tn+1

- Calculate ρv,sat(T
n+1) from tables [36]

if (T < 273.15K) then ρv,ref,sat = ρv,sat

else ρv,ref,sat = r, where r is a very big number to avoid passing a phase
change condition when being at temperatures above freezing

end if
if
(
εn+1∗
v == 1

)
and

(
ρn+1
v ≥ ρv,ref

)
and (thStateChange 6= 2) then

- thStateChange = 1
- ρv = ρv,sat

else if
(
εn+1∗
v < 1

)
and (T < 273.15) then

- ρv = ρv,sat

else if
(
εn+1∗
v < 1

)
and (T > 273.15) then

- thStateChange = 2
- εv = 1

end if
7: Update ρha (in order to update such value, Yv must also be updated)
8: if |εn+1

v − εn+1∗
v | > δ or |Tn+1 − Tn+1∗| > δ or |ρn+1

v − ρn+1∗
v | > δ then

- Φn+1∗ = Φn+1

- Go to 5
else

- Update (by order): ρfl, Yv, thermophysical properties and hha

- Go to 2
end if
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Figure 4: Capabilities and restrictions of the model. Possible phase change cases of a cell P1
solidifying or sublimating, and a cell P2 condensing or evaporating are here depicted.

in it. Note that the cell size dependency to the phase change will only affect the
accuracy at which the frost-air interface is being tracked, but not necessarily
the average growth velocity of the frost, which depends on the accuracy in the
spatial representation of the relevant fields (T, ρv, εv). Certainly, a larger size
of a humid air cell will require its ice neighbouring cell to densify more before
meeting the requirements to change its phase. However, once it becomes a frost
cell, the space gained by the frost front will also be larger.

The former explanation is only valid if the domain already contains frost
cells, as the latter densify and eventually let the neighbouring humid air cells
change of phase. This section tackles the problem when still not having frost
cells: depite that the conditions at the cold surface ensure the formation of
ice at the wall, the humid air cells in which the cold surface is contained are
big enough. Thus their average temperature never reduces to a point where
phase change can happen. This lack of ice being formed in cells attached to the
wall, and which would actually meet the conditions for frosting (only because of
the wall temperature, not because of the average cell temperature), is the one
attributed to the size of the mesh.

A solution to this instrinsic problem of finite volume approaches, while main-
taining coarse-enough meshes, is addressed here by means of a boundary con-
dition which allows the accumulation of water vapour at the wall in the form of
ice. This ice is artificially accumulated at the wall until the summation of the
density of water vapour at the cell node, and the one equivalent to the accumu-
lated ice is larger than the saturated vapour density at the wall temperature,
thus activating a phase change.

The algorithm associated to this boundary condition is presented in Alg. 2.
In particular, when the temperature at the wall is below the dew and freezing
points (see condition given in step 2 and shown in Fig. 5), ice should deposit on
its surface. At this point, the vapour density zero derivative used as the default
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Figure 5: Conditions enabling phase change at the wall.

boundary condition is not applied.
The total deposited ice over a period of time reads as:

mi,added =

∫ t

0

ṁ′′vSdt (30)

Where ṁ′′v is the water vapour mass flux at the wall:

ṁ′′v = Dv∇ρv
∣∣
W
n̂W (31)

The added mass of ice at the wall is stored as an equivalent water vapour volume
fraction of the belonging cell:

ε′v,W = ε′v,W − Vi,added/Vcell (32)

Where Vi,added = mi,added/ρi. This volume fraction is then translated into an
equivalent water vapour density, in step 4, as follows:

ρv,equiv = ρv,P + ρi
(
1− ε′v,W

)
(33)

Where P stands for the cell central node. The cumulative value ρv,equiv might
eventually surpass the one from the saturation state at the averaged cell tem-
perature (calculated in step 6 of Alg. 1). If the condition is satisfied, the cell
state must change to frost. The variable thStateChange is then set to 1 in order
to calculate εv in next iteration.

The implementation of this boundary condition is placed after step 6 of
Alg. 1. The artificial variable ε′v (not to be confused with εv) is only used
for the purpose of this boundary condition. Moreover, once a cell starts being
treated as a frost cell, this boundary condition is disapplied.
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Algorithm 2 Boundary condition: vapour accumulation at the wall

1: Initial conditions: ε′v = 1 (set along with thStateChange in step
1 of Alg. 1)
- Following steps placed after step 6 of Alg. 1

2: if (TW < Tdew,P ) and (TW ≤ 273.15K) then ρv,W = ρv,sat

∣∣
TW

(see Fig.5)

else ρv,W = ρv,P (see Fig.6)
end if

3: if
(
ρv,P 6= ρ′v,W

)
then

- ṁ′′i,added = Dv∇ρv
∣∣
W
n̂W , where ∇ρv

∣∣
W
≈ (ρv,P − ρv,W ) /( ~dPW ·n̂W )

- Vi,added =
(
ṁ′′i,addedSW∆t

)
/ρi

- ε′v,W = ε′v,W − Vi,added/Vcell

else ε′v,W = εv,P
end if

4: if
(
ε′v,W 6= 1

)
and (εv,P == 1) then

- ρv,equiv = ρv,P + ρi
(
1− ε′v,W

)
if
(
ρv,equiv > ρv,sat

∣∣
TP

)
then

- thStateChange = 1
- ρnv = ρv,equiv and ρn+1∗

v = ρv,ref,P when building the
transient source terms in step 4 of Alg. 1

- ε′v = 1
end if

end if

Tdew,P TW 273.15K TP

ρv,P

saturation
curve

ρv,W,sat

Cell state

Wall state

TP

TW

mv

=ρv,W

Figure 6: No phase change occurring at the wall.
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Figure 7: Detail of the test section used by Kwon et al. [28].

Tha,in [K] vha,in [m/s] Win [kgv/kgda] TW (x, t) [K]

275.15 1.5 0.00365 see Fig.8

Table 3: Experimental test conditions

4. Numerical experiment

The experimental case, carried out by Kwon et al. [28], consists of a duct
flow with a rectangular cross section of 4 mm x 100 mm, and a total length
of 110 mm. A cooling source of 10 mm wide is placed at the middle-length
cross section of the test chamber, below the aluminum plate that constitutes
the bottom side of the channel. Fig. 7 shows a detail of the test section. The
tested experimental conditions are given in Table 3.

The total mass of frost was measured every 30 min, until 120 min. Frost
thickness was also measured at 7 different locations along the test section. Mea-
sures were taken every 30 min, to the end of the experimental test (180 min).

The wall temperature, shown in Fig. 8, was monitored at 17 different posi-
tions at 5, 10, 15, 30, 60, 90, 120, 150 and 180 minutes. In order to take into
account the temperature variations at the wall boundary, a stepwise Dirichlet
type boundary condition consisting of bilinear interpolations in both streamwise
direction and time is implemented.

Furthermore, a uniform inlet velocity boundary condition is used. This
boundary condition is preferred over the parabolic profile formerly used in [23],
as the increased experimental thickness values close to the inlet suggest the
existence of enhanced gradients in that region.

A summary of the specified boundary conditions is given in Table 4.
As previously explained, the TermoFluids code uses explicit time integra-

tion schemes for the momentum equation. Due to the fact that frost growth
experiments usually range between 1 to 3 hours, the size of the mesh cells needs
to be as large as possible while preserving the grid independence in order not

17



 263

 267

 271

 275

 0  40  80  120

T
w

 [
K

]

x [mm]

      5 min
    10 min
    15 min
    30 min
    60 min
    90 min
  120 min
  150 min
  180 min

Figure 8: Experimental data aquired by Kwon et al. [28], and hereby used as a wall temper-
ature boundary condition for the bottom wall.

Table 4: Boundary conditions

Side v p ρv εv T

Bottom wall* 0 ∂p/∂n = 0 ∂ρv/∂n = 0 ∂εv/∂n = 0 TW (x, t)†

Upper wall 0 ∂p/∂n = 0 ∂ρv/∂n = 0 ∂εv/∂n = 0 ∂T/∂n = 0
Inlet vha,in ∂p/∂n = 0 ρv,in ∂εv/∂n = 0 Tha,in

Outlet ∂v/∂n = 0 0 ∂ρv/∂n = 0 ∂εv/∂n = 0 ∂T/∂n = 0

* Contains the special treatment explained in Sec.3.5.
† Bilinear interpolation of the experimental data, shown in Fig. 8.
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Figure 9: Grid independence study. The model parameters correspond to case VP high Prag

defined in Table 5.

to reach too small time steps. Figure 9 shows a grid independence study with
three different meshes with {∆x,∆y}-pairs of {0.25, 0.2}mm, {0.5, 0.4}mm and
{0.7, 0.6}mm. The study shows good agreement of the accumulated frost among
the three meshes. Furthermore, the mesh comparison carried out in [23] also
showed that the rate of ice deposition is almost unchanged when changing from
meshes with cell sizes of {1, 1}mm to {0.1, 0.1}mm. As a consequence, and re-
calling that the main purpose of the present study is to introduce and emphasize
a new methodology capable to simulate the frost growth, the present 2D-study
shows the results acquired with a uniform structured mesh of 220 x 10 cells,
with ∆x = 0.5mm and ∆y = 0.4mm. The mesh size and the given numerical
integration schemes (see Sec. 3) lead to time steps of the order of 10−4 to 10−5s.
Speedup tests using different number of cores (1,2,4 and 8 cores of Intel Xeon
processors, model E5-2683 v3) were carried out at the HPC cluster facilities of
the Heat and Mass Transfer Technological Center. Results showed that the op-
timum was reached whenever using 4 cores, allowing the simulations to compute
an average of 30 min per week. Ongoing work is focused on the optimization of
the code and the implementation of fully implicit integration schemes, in order
to diminish the computational effort of the simulations.

Furthermore, despite the fact that in [23], an extra 5 mm domain had been
added to the inlet and outlet boundaries to avoid possible numerical instabilities
as previously suggested by Wu et al. [21], the methodology hereby presented
gives a stable solution close to the inflow and to the outflow, regardless of how
close the boundary to the growing frost sheet is. Hence, the computed domain
consists of 110 mm in the streamwise direction. Moreover, not accounting for the
added domain close to the inlet as well as imposing uniform inflow boundary
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Case Momentum model Ξ CVP,HC µ

VP_high_Prag Voller and Prakash [27] 1 1.50e06 Prager et al. [31]
VP_low_Prag Voller and Prakash [27] 1 6.05e03 Prager et al. [31]
HC_high_Prag Hsu and Cheng [26] εv 8.72e10 Prager et al. [31]
HC_low_Prag Hsu and Cheng [26] εv 7.03e08 Prager et al. [31]
VP_low_Gall Voller and Prakash [27] 1 6.05e03 Le Gall et al. [17], F=5

Table 5: Tested numerical models.

conditions, allows to solve the enhanced gradients generated in that region,
which produce larger frost growths (notice the experimental points measured at
x = 1mm in Fig. 15).

5. Numerical tests

The dynamic mesh method presented in [19], which neglected the convection
within the frost sheet, reported porosity values above 0.9 in approximately 80%
of the frost layer thickness. In this method, an artificially enhanced diffusion
resistance factor (µ > 1) was needed in order to match the experiments, namely,
Le Gall’s correlation [17] with a factor F=5. Accurate results were found for the
thickness profiles and the deposited mass. However, despite the aforementioned
porosity distributions agreed with the numerical results obtained by Na and
Webb [6], the resulting morphology of the frost layer remained unknown, as no
such data is yet to be reported experimentally. Hence, the implementation of the
fixed grid method was a motivation to give more clarity into two main aspects.
First, whether the porosity distributions within the frost layer are similar to
the ones obtained using the dynamic mesh method. And second, whether an
enhanced diffusion resistance factor is still needed (as in the dynamic mesh
method) if the convection within the frost layer is being accounted.

The numerical tests carried out in this study were designed both aiming to
give answers to the former, which will be later discussed in Sec.5.2, as well as to
study the behaviour of the presented model. A summary of the selected tests is
shown in Table 5. In particular, the goal is to study:

• The differences between the two types of porous media treatment pre-
sented in Sec. 2, Ξ = [1, εv], while maintaining the Darcian source terms
as similar as possible, i.e. a CVP and CHC such that SVP ≈ SHC.

• The impact of the velocity damping factor, directly related to the constant
CVP,HC of the Darcian source term.

• The effect of using artificially increased diffusion resistance factors.
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Figure 10: Frost thickness distributions given at εv = 0.99. Comparison with the experimental
data acquired by Kwon et al. [28].

5.1. Results

The thickness distributions of the frost layer at different instants are shown
in Fig. 10. Each distribution corresponds to each of the cases listed in Table 5.
Due to the fact that using a static mesh does not allow a fully accurate tracking
of the air-frost interface (the air-frost interface is located within the limits of the
ice containing cells which have fully air containing cells neighbours), the thick-
ness distributions shown in Fig. 10 correspond to contour plots at εv = 0.99.
Note that using an εv = 1 contour condition would imply defining the frost-air
interface at the very edges between ice containing cells and fully air containing
cells, regardless the amount of deposited ice in the latter. Therefore, the frost
layer surface was defined such that: first, the interface cells, although they are
treated as frost-cells, they are not fully covered by frost. And second, the frost
surface should not pass through inner frost cells, only interface cells. The fulfill-
ment of these criteria was achieved by high porosity values, choosing εv = 0.99
as a representative number. In addition, the evolution of the accumulated frost
weight at the lower boundary of the duct is shown in Fig.11. The experimental
data gathered by Kwon et al. [28] is also depicted in both figures. The numer-
ical tests are solved up to 90 min, as the authors find it a more than adequate
elapsed time to represent the behaviour of the set up of each case. Results up
to 180 min are also shown for case VP_high_Prag.

A comparison of the solutions of the porosity and temperature distribu-
tions, as well as the velocity field, of cases VP_high_Prag, VP_low_Prag and
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Figure 11: Frost weight evolution with time.

VP_low_Gall at 60 min is also provided in Figs.12, 13 and 14. Furthermore,
the porosity distributions up to 180 min of case VP_high_Prag are depicted in
Fig.15.

Solutions show almost no differences between the two types of porous media
treatment given to the convective term of the momentum equation with large
C-values (see that cases VP_high_Prag and HC_high_Prag appear overlapped
in Figs. 10 and 11). Only very slight variations arise when using lower values
of C (see cases VP_low_Prag and HC_low_Prag in Figs. 10 and 11), due to the
fact that the expressions given in Eqs.15 and 16 move further apart as εv takes
lower values (see Fig. 2). Therefore, the simplification of the porous media
treatment put forward by Voller and Prakash [27] for mushy regions (Ξ = 1),
in comparison with the one of Hsu and Cheng [26] (Ξ = εv), seems to give
good enough approximations when solving the frost growth under the tested
C-values.

Differences arise when using different values of the Darcian source term con-
stant C. Lower C-values mean less resistance exerted by the frost layer on the
air flow, which allows more water vapour to soak into it. As a consequence,
larger deposition rates are found (e.g. note the slope differences between cases
VP_high_Prag and VP_low_Prag, or cases HC_high_Prag and HC_low_Prag,
shown in Fig. 11). Moreover, note that the corresponding thickness profiles
given in Fig. 10 bring out that lower values of C not only let larger water vapour
deposition, but also the fact that the densification along the duct is distributed
differently (see Figs. 12a and 12b). Higher deposition rates are found in the
upstream region (x < 50 mm), due to the fact that more vapour is penetrating
the frost layer. Thus enlarging the drop of the bulk moisture in the first 60 mm
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(a) VP high Prag

(b) VP low Prag

(c) VP low Gall

Figure 12: Porosity distributions, and contours of εv at 0.9 and 0.99 at 60 min. Circles
correspond to the experimental frost thickness values [28]. The image scaling is x :1:5, y :1:1.

in the streamwise direction, which at the same time leads to a lower deposition
in the downstream region (x > 60 mm) because of the reduced amount of the
transported water vapour.

On the other hand, larger differences are found among the thickness distribu-
tions whenever using enhanced diffusion resistance factors (see cases VP_low_Prag
and VP_low_Gall depicted in Figs. 10, 12b and 12c). The enhanced water
vapour diffusivity allows a larger part of the vapour impinging the frost surface
to diffuse into the frost sheet, which otherwise would remain in the cells close
to the frost surface.

The porosity distributions shown in Figs.12 and 15 show that the densifica-
tion occurs mainly close to the inlet, where higher gradients are located because
of the uniform inflow boundary condition, as well as the central region, where
lower wall temperatures are set. An increase of the porosity at certain loca-
tions in the downstream region (beginning at x ≈ 60 mm) observed only in
advanced states of case VP high Prag, starting from 120 min onwards in Fig.15,
has also been noted. The origin of such effect, which might be numerical, is
unclear. Further simulations using denser meshes might give an explanation to
this situation.
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(a) VP high Prag

(b) VP low Prag

(c) VP low Gall

Figure 13: Velocity fields in m/s, and contours of εv at 0.9 and 0.99 at 60 min. Circles
correspond to the experimental frost thickness values [28]. The image scaling is x :1:5, y :1:1.

24



(a) VP high Prag

(b) VP low Prag

(c) VP low Gall

Figure 14: Temperature distributions in K, and contours of εv at 0.9 and 0.99 at 60 min.
Circles correspond to the experimental frost thickness values [28]. The image scaling is x :1:5,
y :1:1.
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Figure 15: Porosity ditributions of VP high Prag. Contours of εv at 0.9 and 0.99. Circles
correspond to the experimental frost thickness values [28]. The image scaling is x :1:5, y :1:1.
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In addition, notice how the bulk temperature shown in Fig.14 decreases
because of the contact with the lower boundary, as well as how the increased
thermal conductivity within the frost sheet allows the cold temperatures to
propagate throughout the layer.

The velocity fields shown in Fig.13 indicate that convection within the range
εv ∈ [0.9−0.99] becomes less important when increasing the value of the constant
C, as seen by the close to zero velocity values observed in that region. Indeed,
the larger the C -value is, the bigger is the region with high porosity values, a
fact that agrees qualitatively to the solutions without convection obtained in
[19].

5.2. Discussion

Despite the fact that using non-artificially increased diffusion resistance fac-
tors, i.e. Prager’s correlation, lead to overall overpredicted growths (see Fig.10),
it has been verified that the value of the constant C regulates the local densifi-
cation. It is observed that the low C -values tested induce larger densifications
in the upstream region (x < 50 mm), allowing a lower amount of water vapour
to deposit on the downstream region (x > 60 mm). On the contrary, the large
C -values tested allow a more homogeneous deposition of water vapour. Thus,
keeping a larger amount in the dowstream region, which translates into higher
growths. Regardless of the shifted solution of the air-frost interface when using
Prager’s diffusivity, the thickness distributions obtained when using the low C -
values agree better to the experimental data. Recall that despite the fact that
we are using a constant value for C, it could have a dependance on the particle
diameter, as for example, ∼ 1/d2

p, as given in Eq. 16. In more porous regions
(i.e. close to the frost-air surface), one should expect lower values of dp. The
lack of such data within the frost layer highlights the actual need to perform
experiments aiming to study the internal morphology.

On the other hand, it has been observed that the usage of artificially in-
creased diffusion resistance factors (Le Gall et al. [17] with an F factor of 5)
promote the densification of the frost layer in exchange of its growth. The so-
lution of case VP_low_Gall underpredicts the growth. Hence, given the tested
mesh, one should expect better agreements when using lower values of F.

As a conclusion, the source term of the momentum equation regulates, in a
way, where the densification will be held, as well as the shape of the air-frost
interface. Whereas enhancing the diffusion resistance factor regulates the rate of
growth. It seems that enhanced diffusion resistance factors are needed to match
the experimental data, although with smaller enhancements than the ones used
in [19], which would prove that the convective effects play a role within the frost
layer. However, despite convection should be included in the model, the need of
using a µ > 1 means that the latter is not accounting for other physical effects
which are taking place within the frost layer (see [17, 37, 19]).

27



6. Conclusions

The presented model accounts for the appearance, growth and densification
of frost. The model is based on a finite volume approach which uses a fixed
grid. A single set of equations is set both for the free air and the frost layer,
where the thermophysical properties are dynamically adapted for each region
and where phase changes are triggered by the thermophysical state of the cells.

The capabilities of the numerical model have been tested in a channel flow
with a non-homogeneously cooled lower boundary, previously studied experi-
mentally by Kwon et al. [28]. In particular, the studied parameters include
the porosity model used to calculate the convection outside and within the frost
layer, the magnitude of the Darcian coefficient, which causes the damping of the
velocity field within the porous medium, and the enhancement of the diffusion
resistance factors.

Results show that using Darcian coefficient values such that convection is
allowed at the high porosity regions (εv > 0.9), imply larger local densifications
of the frost sheet in the upstream region, accompanied by a decrease on the
vapour deposition in the downstream region. Moreover, it has been verified that
whenever allowing convection within the frost layer, the artificial enhancement
of the diffusion resistance factor needs to be reduced compared to a case where
no convection is allowed [19], a fact that confirms the idea that convective
effects play a significant role in high porosity regions. Further simulations using
denser meshes should be carried out to find the best combination of the input
parameters of the model, i.e. the frost layer conductivity, the diffusion resistance
factor, and the momentum source term coefficient, in order to provide more
accurate predictions of the phenomenon.

Notwithstanding the fact that one could set up a numerical model able to
reproduce the growth of the frost layer by optimizing the empirical and numer-
ical inputs, it is essential to further encourage experimental research to tackle
the internal processes of frost sheets. Specifically, from a macroscopical point
of view, the ones related to the effective diffusivity and the particle diameter
dependency of the Darcian coefficient.
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