@ Pergamon

Int. J. Heat Mass Transfer. Vol. 40, No. 13, pp. 3177-3187, 1997
) 1997 Elsevier Science Ltd. All rights reserved

Printed in Great Britain

0017-9310/97 $17.00+0.00

PII: S0017-9310(96)00359—6

Modelling of frost growth and densification

R.LE GALL and J. M. GRILLOT

Groupement pour la Recherche sur les Echangeurs Thermiques, GRETh/CENG,
17 Rue des Martyrs, 38054 Grenoble Cedex 09, France

and

C.JALLUT

Laboratoire d’Automatique et de Génie des Procédés, LAGEP—UPRES A CNRS Q 5007,
Université Claude Bernard Lyon I-—CPE Lyon, 43 bd du 11 Novembre 1918, 69622
Villeurbanne Cedex, France

(Received 20 February 1995 and in final form 24 September 1996)

Abstract—A one-dimensional transient formulation is derived to predict frost growth and densification on
a cold wall submitted to a moist air flow. The model is based on a local volume averaging technique that
allows the computation of temperature and density distributions throughout the entire frost layer according
to time. It is particularly shown that the effective vapour mass diffusivity throughout frost should reach
values several times larger than the molecular diffusivity, so that the model is in agreement with experimental
data. In order to represent this phenomenon, a new expression for the so-called diffusion resistance factor
is proposed. Values of an adjustable parameter appearing in this expression are correlated to heat and
mass transfer boundary conditions, and to the global rate of densification. Two possible interpretations of
the phenomenon are proposed. © 1997 Elsevier Science Ltd.

INTRODUCTION

Each time moist air is exposed to a cold surface whose
temperature is below 0°C, frost formation occurs.
Therefore, it affects numerous fields of industry work-
ing with low temperatures, including heat exchangers,
aeronautics and cryogenics. Frost formation in heat
exchangers (domestic and/or industrial refrigeration)
must be particularly avoided because of its adverse
effect upon heat transfer and pressure loss. Con-
secutive defrosting and ice deterioration, which
increase costs, are also reasons why frost is highly
undesirable.

Despite the large amount of previous work (see, for
example, refs. [1, 2]) dealing with that process, there
is still a considerable need for a more comprehensive
and reliable method of predicting frost formation.
This is mainly due to the complex tasks involved:
frost formation is a non-linear, transient and coupled
heat and mass problem with a moving boundary. It
is also experimentally hard to investigate due to the
unstable and brittle nature of the deposit.

Most of the models previously proposed (Brian et
al. [3], and Jones and Parker [4]) for frost growth
are based on the assumption that the frost density is
uniform throughout the entire frost layer. The use of
an average frost density helped the authors to use
simplified heat and mass balances applying to the frost
layer. Although it gives some appreciable results, this
formulation is not physically relevant, and does not

allow the description of all of the phenomena occur-
ring during frost growth.

Earlier, Shah [5] and Sanders [6] tried to consider

spatial variations in the frost density. They failed, in
part due to the complexity involved, and because they
wanted to apply the model to a frost formed at very
low temperatures (6, = —196°C). At these cryogenic
temperatures, other mechanisms, like thermal
diffusion of ice particles, seem to occur.
More recently, Tao et al. [7-9] also developed a math-
ematical model that allows both spatial and temporal
variations in the frost density and temperature. This
model is quite similar to that proposed here, except
for the treatment of the boundary conditions and the
permeation period. Their work resulted from numer-
ous and interesting previous investigations [10] held
on water vapour diffusion and frost formation in
porous media.

DESCRIPTION OF THE FROST GROWTH

Hayashi er al. [11] considered three periods which
describe the evolution of a frost layer, and are now
widely accepted. From the beginning, when the clean
cold plate is exposed to the ambient moist airstream,
they noticed :

—the crystal growth period,
—the frost layer growth period,
—the frost layer full-growth period.
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specific heat capacity at constant
pressure [J kg ' K]

d reference dimension [m]

Dy hydraulic diameter [m]

D,z vapour—air binary molecular
diffusivity {m* s™']

D.s effective diffusivity [m?s ']

F,, F fitting parameters for the diffusion

resistance factor [equations (25) and
(26)]

Fo Fourier number (x ¢/d?)

heat transfer coefficient [W m ™2 K ']

k fitting parameter for the diffusion
resistance factor [equation (26)]

k, mass transfer coefficient [m s™ '

L latent heat [J kg™']

m rate of phase change for water vapour
[kgm™s™1]

M molecular weight [kg mol™']

g water vapour mass flux [kg m s
P pressure [Pa]

g heat flux [W m 7]

R ideal gas constant [J K ~' mol ']
Re Reynolds number (Vd/v)

t time [s]

T temperature [K}

t velocity [m's ']

|4 volume [m]

w humidity ratio [kg kg ™']

X coordinate axis parallel to air flow.

Greek symbols
o thermal diffusivity [m*s ']
B(T) thermodynamic function
fkgm "K~'s]
[equations (13) and (14)]

NOMENCLATURE

& volumetric fraction

n coordinate axis

0 temperature ["C]

A thermal conductivity [W m ' K ']
I diffusion resistance factor

v kinematic viscosity [m*s™']

{T) = (ép,/¢T) thermodynamic function
[kg m~* K '] [equation (9)]

0 density [kg m™]

T tortuosity

l parameter for the full growth period
modelling [equation (21)].

Subscripts
a air
¢ conduction
S frost surface
SV solid—vapour
t total
tp triple point
v water vapour

vsi water vapour saturated over ice
w cold wall

2 ice
w gaseous phase (moist air)
X bulk condition.

Superscripts
0 initial time
* dimensionless

spatial-averaged
time-averaged
time-derivative.

Other
\% gradient following n-direction
(0/eny[m1.

The first and rather short period is characterized by
the condensation and subsequent freezing of small
water droplets. Next, frost crystals are generated on
these ice nuclei, and grow in a vertical direction at
about the same rate. Although there exist some
attempts to describe this period more precisely [8, 12],
it is believed that the modelling of the crystal growth
is not really relevant to the present problem, and leads
to needless complications of the formulation: it will
be involved here only in the choice of the initial
properties of the frost layer.

The present model applies to the following periods,
which represent most of the frost layer evolution. Dur-
ing these two periods, the frost layer is characterized
by a more uniform aspect due to the branching and
interconnecting of the ice crystals. The frost layer
becomes like an homogeneous porous material made

of a solid ice matrix and pores filled with moist air.
The mass transfer towards the frost layer leads to the
growth and densification of the porous deposit.

The frost layer full-growth period arises when the
surface temperature becomes equal to the water triple-
point temperature (7, = T,,) due to increased frost
thermal resistance. Water vapour condensing at the
top of the frost layer forms a liquid film that soaks
into the frost layer, and freezes in the colder areas
towards the cold wall. Then, a cyclic process of melt-
ing, freezing and growth occurs until thermal equi-
librium of the entire frost layer is reached.

Frost growth modelling

Basic assumptions. The present model is based on
the following assumptions: (a) one-dimensional
transport processes (like frost formation on a flat plate
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na(Mw)=0

Fig. 1. Coupled heat and mass transfer during frost formation.

or a tube) are assumed ; (b) perfect gas law and local
thermodynamic equilibrium conditions prevail [I,
13]; (c) the total gas phase pressure p, is constant
throughout the porous frost layer, and equal to the
normal atmospheric pressure; (d) convection and
radiation effects are negligible within the frost struc-
ture [13]; (e) Soret and Dufour effects are negligible ;
(f) resolution begins at time %, when the frost layer
can be considered as a uniform porous layer of width
n? and average density p,; and (g) temperature vari-
ations of moist air and ice properties are neglected.

The frost layer is a porous medium considered as
pseudo-homogeneous, where heat and mass transfer
are described, respectively, by Fourier’s and Fick’s
laws. Due to the thermodynamic equilibrium con-
ditions prevailing throughout the frost layer, these
two transport phenomena are coupled (Fig. 1)

The ‘local volume averaging technique’ described
in refs. [14, 15] may then be used. Here it consists in
considering an elementary control volume ¥V, where
both ice (V) and moist air (V) coexist (Fig. 2). The
ice and moist air volumetric fractions are then simply
related to the control volume V by

e =V,JV (1)

de, Ce,
&+e, =1 and <6t> = _<E> )]

g, =V,/V and

with

water vapor Vv

ice \,

moist air
Vy

Fig. 2. Elementary control volume.
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The equivalent thermo-physical properties of this
medium are defined as follows :

P = &p.te{p.+p,) 3)
pCp(sz) = gozpacp,(T) +8v(pacpu +px'Cp»)' (4)

Consequently, the elementary control volume is sim-
ply characterized by its temperature T and its volu-
metric ice fraction ¢,.

The air and water vapour densities are derived from
a perfect gas law and thermodynamic equilibrium
assumption :

= Pl = Rpu(T
Pv = Pusi - RTvai( )
M,
and Pa = RT[pt_pvsl(T)] (5)

The physical properties of ice, water vapor and air are
found in Table 1.

Balance equations. If we define r1 as the volumetric
rate of phase change, the water balance over the ice

phase is
Je,
M= —p, (E) (6)

Positive values of m correspond to sublimation of
the ice matrix, whereas negative values are related to

Table 1. Physical properties ( from ref. [1})

22.376 x 8
P [Pa] exp (271‘68+9 +6.4]46>
Cp, Dkg 'K~ 1006
C,, Dkg 'K 1 1826.6
C, (0) Dkg'K™! 2109 + 3.660
L, D kg™ 2834.5 % 10°
Pa (kg m~] 917

Tl.72

Dag [m?s™'] 1.451x 10~

t
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condensation of the water vapour into ice (abli-
mation).

Thereafter, the water and energy balances over the
equivalent pseudo-homogeneous medium are :

ap.e.,
m7< [(;t’>=Vnd %)
0 )
pCo( S, |+ Lt = VOVT) )

where n, is the water vapour mass flux and A VT is
the conductive thermal flux (see the Appendix). The
volumetric rate of phase change (r7), which appears in
both equations, represents the coupling term between
heat and mass transfer. Each term of equations (7)
and (8) can be expressed as a function of the two
independent variables ¢, and T.

By combining equations (6)-(8), one obtains a
coupled system of non-linear partial derivative equa-
tions, of which ¢, and T are solutions:

. cT e,
[E(n ‘%)](E)'i‘ [pz_pvci(T)]<a,> =Vny

ot - (stpa) ot = V[)"c(gaw T)VT]

4

[P Cplea, T)](

)

This system is solved using a common finite difference
method [16] with fully implicit time resolution applied
to the entire discretized frost layer. Due to the non-
linearity of the equations, a proper iteration scheme,
including under-relaxation, is used.

At each time step, the grid spacing is modified to fit
the new frost thickness. In this way, the spatial grid
resolution is fixed and will not change with frost
growth. An intermediate value of 20 grid points is
chosen to obtain a compromise between the accuracy
and computation time.

The time steps are low enough (especially at the
beginning of the resolution) to ensure stability and to
minimize error due to the interpolations. More details
about numerical and computational procedures can
be found in ref. [1].

Water vapour transport. The effective water vapour
transport occurring in frost still remains the most
complex phenomenon to investigate. This is due to
the lack of reliable experimental data about effective
water transport in such a porous medium involving
phase changes. In the case of frost, the solid matrix
(ice phase) is not fixed as in common porous media,
but continuously evolves during the growing of the
frost layer.

There is a great agreement in the literature (see,
for example, refs. [6, 17]) on the fact that the water
transport through a porous medium is mainly due to
Fickian diffusion caused by the vapour partial pres-
sure gradient :

R. LE GALL er al.

M, P
ny = _Deff<ﬁ><})jv>va (10)

According to the local thermodynamic equilibrium
hypothesis, and in combination with the perfect gas
law and Clausius—Clapeyron expression, ny may also
be related to the temperature gradient :

M\%Lw ptpvsl(T)
ny = — Dy - VT. 11
¢ ”<R2T3 >[pl —pN(T)} (n

The effective diffusivity D.s accounts for a com-
bination of the following complex physical mech-
anisms involved in the evolution of the frost porous
medium:

—ordinary diffusion,

—decreasing of the effective cross-sectional area,

—tortuosity of the porous medium,

—phase transitions (condensation and/or sublima-
tion),

—metamorphism within the frost structure,

—variations of gaseous pressure within the small
pores, . ..

The derivation of a complete analytical expression of
the effective diffusivity D4 is then a very complex task,
and needs more experimental and theoretical research.
Nevertheless, in order to be consistent with other work
dealing with gaseous diffusion through porous media,
D, is simply expressed as a function of the molecular
water vapour diffusivity in moist air (D,g) :

Dy = 1D g (12)

where D,y is given by an empirical expression [1] (see
Table 1 for D,y calculation), and u is the diffusion
resistance factor (usually less than 1).

Finally, by defining $(7) as a function only of the
temperature, the expression for the water vapour mass
flux reduces to

ng = —ule)p(TVT (13)

with

MVZ'LS\ p&pvsi(T)
=D . 14
K AB<R2T3 )[p\—pm(T)} (4

This formulation characterizes the water vapour mass
flux in terms of a structure function [u(e,)]. a tem-
perature function [f(T)], and the local temperature
gradient.

Boundary conditions. The boundary conditions are
related to the heat and mass transfer prevailing at the
wall and the frost surface (Fig. 1).

The wall conditions (y = #,,) are straightforward :

{T(nw) =T. s
ne(ny) =0

The total mass flux delivered by convection at the frost
surface is a function of the frost surface temperature :
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h = kp[pvm_pvsi(Ts)]' (16)

The water vapour mass flux diffusing through the frost
surface [n4(#,)] is given by

na(ns) = p(n)(TIVT,. an

In the case of frost growth, r, exceeds ny(%,), so that
some water will condense at the top, thus contributing
to the subsequent growth of the frost layer according
to

a s
Mm(£)=m—mm) (8)

where p(7,) is the frost surface density.
The heat balance at the interface leads to the fol-
lowing condition :

j’cVTs = hc(Tao’_Ts)+st[nt_nd(rIs)]' (19)

The convective heat and mass transfer coefficients are
given by classical correlations [18]. The transfer
characteristics might also be derived from a Chilton—
Colburn analogy (see, for example, refs, [6, 19]).

Some direct measurements of the heat and mass
transfer characteristics also provide proper boundary
conditions for the resolution of equations (9).

In their model, Tao et al. [8] postulated additional
constraints, such as a zero gradient in the ice fraction
at both boundaries (wall and surface) of the frost
layer. It seems that there is no need for additional
constraints, and that the aforementioned heat and
mass transfer conditions are sufficient for the res-
olution of system (9). They also pointed out [9] a
possible difference between the surface effective diffu-
sivity acting at the frost—air interface and the ‘volu-
metric’ effective diffusivity as described by equation
(11) ; this will not be considered here.

Initial and final time resolution

Initial conditions and crystal growth period. The res-
olution begins at time #°, for which the frost layer is
considered as a uniform porous layer of width 4? and
average density p°. To extrapolate the model to times
corresponding to the crystal growth period, it is desir-
able to choose the lowest possible values of # and p°,
when frost deposition is just occurring : the values #?
= 0.1 mm and p° = 25 kg m ™ seem to be convenient
from sensitivity calculations carried out on the model
(see ref. [1]).

In order to take into account the initial period when
frost growth is comparatively fast, the growth density
p(y,) is taken as

o) = po fort<t®4+60 or z,<0.5mm.
(20)

During this initial period, the rapid frost growth will
correspond to the crystal growth described in ref. [11].

Frost layer full-growth period. When the frost layer
enters the full-growth period (i.e. when the frost sur-
face temperature reaches the water triple-point tem-
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perature), some liquid water soaks towards the
surface. This process, called permeation, has been
studied by Aoki et al. [20] ; the infiltration of liquid in
the porous layer is due to capillary and/or gravity
effects. During this period, the frost layer undergoes
a cycle of thinning and densification due to the melting
and subsequent formation on an icy sublayer at the
top of the deposit. In this part of the frost layer, water
transportation is mainly due to permeation, whereas
diffusion of water vapour is still going on throughout
the rest of the frost layer.

In order to take into account this phenomenon,
when some control volumes on top of the frost layer
reach the melting-point (7 > T,,) (Fig. 3), the cor-
responding water mass is simply redistributed to the
underlying elements as follows :

g, =&,+{(1—¢,) and 0<{<1 (21)

The ice fractions ¢, of the control volumes concerned
are corrected according to their available porosity
until the liquid film is totally consumed. The volu-
metric fraction { allows a choice between a more or
less important infiltration depth for the liquid film.

No sensitivity study was performed for {, the per-
meation phenomenon being beyond the scope of the
present study. For the sake of generality, a mean value
of { = 0.5 has been chosen.

As the time-scale of permeation is negligible com-
pared to that of water vapour diffusion, this process
is considered to act as soon as the water triple-point
temperature is reached. The heat and mass boundary
conditions, as well as the frost surface temperature
condition (7, < T,,), applying to the frost layer are
still considered during this process.

& =g,

RESULTS AND DISCUSSION: DIFFUSION
RESISTANCE FACTOR ESTIMATION

As already pointed out, the main problem concerns
the correct evaluation of the water vapour diffusion
resistance g [see equation (12)], for which no direct
measurements are available.

The most commonly used expressions for u are
simply related to the porous medium porosity (or ice
phase volumetric fraction) :

p= pe). (22)
Simple empirical expressions, issued from measure-
ments upon a fixed bed of glass particles, can be found
elsewhere, and are widely used for lumped frost for-
mation models (see, for example, refs. [3, 12]):

p=(-g)ft

where 7 is the tortuosity of the porous medium.

Another expression of y is that of Auracher [21],
who did theoretical studies on frost structure models
and some careful measurements of water vapour
diffusion during frosting in capillary tubes:

11<7<13 (23)
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T>0°C

T<0°C,

Ts >0°C

80.

%‘5 redistribution of the liquid mass
wall 4 towards the inner elements

€ 7 S
‘ _.—thinning of the
‘ frost layer
Sre e | =
NI | T, <0°C
Nl | densification of the :

new surface elements
Fig. 3. Adaptation of the model to the permeation process.
s Gime, =058 24)
k= 1—Cye, W o (

Unfortunately, the range of boundary conditions cov-
ered by this study is very limited, and cannot apply to
all frosting conditions.

The above two expressions [equations (23) and
(24)] always lead to effective diffusivities lower than
the molecular one (i < 1). Nevertheless, other inves-
tigations (Yosida [22]) carried out on water vapour
diffusion through snow (which is very similar to frost)
show a great discrepancy, and result in a diffusion
resistance factor p much greater than 1 (up to 10).
The author pointed out that, in the particular case of
frost (or snow), the diffusing substance (water vap-
our) is the same as the solid matrix (ice). Thus, it can
go ‘through’ the ice crystals by simply condensing on
one side, releasing its latent heat, thus allowing some
more ice to sublimate on the other side (Fig. 2). This
process, called "hand-to-hand" diffusion, could justify
the large values proposed for the water vapour effec-
tive diffusivity.

Tao et al. [8] also obtained effective diffusivities
several times larger (up to 7) than the molecular one.
In order to take into account this result. they defined
a parameter Frelated to u by

= (1+F1-¢). (25)

Depending on the F value, y may be greater than 1.
It appears to be very difficult to choose among
all these simple formulations that are not really in

diffusion resistance factor
WEa)

@3

ol N
0 02 04 06 08 1
volumetric ice-fraction g,

Fig. 4. (a) Effect of k on u(e,) ; (b) effect of F,

agreement. [t is believed that the frost diffusion resist-
ance factor is a much more complex function that
involves structural effects (ice fraction ¢,) as well as
other ambient conditions prevailing in the frost layer.

Expression (25), derived from Auracher’s works
[13, 21] was used first; the results obtained were not
really satisfying, and did not always fit the exper-
imental data. Most of the time, the water vapour
transport seemed too low to ensure correct esti-
mations of the frost thickness and average density.
The diffusion resistance factor g given by Auracher
was thus artificially increased by adding an arbitrary
second term, a function of the ice volumetric fraction
¢, and the two parameters k and F,:

+ F ke, ( —g )t

. Cl) =0
with
k=10

The first exponent (k) allows the increase to be dis-
tributed throughout the whole range of the ice fraction
&, [Fig. 4(a)]; it is fixed at 10 to ensure a maximum
value in the area of low ¢, (corresponding to high
porosities). The parameter F, affects the intensity of
the correction. Positive values of F, lead to an effective
diffusivity that can be greater than the molecular one
(u>1) [Fig. 4(b)]. Formulation (26) always fits the
two limiting conditions [u(e,=0)=1 and
u(e, = 1) = 0] which apply for water vapour diffusion

(e, )_I%C(,x

.58
. (26)

diffusion resistance factor

®° wed)
(k =10),
2 A\ ]

N\ F, =0,1,2,3,4,5

Auracher

0 O 2 04 06 08 1
volumetnc ice-fraction g,

 on pi(e,).



Modelling of frost growth and densification

3183

porosity (1- €)

31 0.8 06 04 0.2 0
Tao et al. (25) ey
(1+F)| | (1+F)(1-25)
Dotr> DaB
25
2
proposed
adjustment
equation (26)
1.5
Der= Dag £=0,1,2345
water vapour
diffusion through~
moist air Auracher (24)
0.5/ |(1-8)/(1-Coee)
\ Deff= 0
no diffusion

0
0 02 04

through ice

06 08 \1)

volumetric ice-fraction ¢,
Fig. 5. Modelling of the diffusion resistance factor u(e,).

surface temperature [°C frost height [mm] mean frost density [kg/m3
-10 3 300
F.=0, 3,69 12— F.=0,36,912 F.=036,9 12
A5 — -~
I 200} —
20 A— ]
251 e 100 T |
0 21 time[x60s]| [/ time [x 60 s] time [x 60 s]
2% 50 100 150 ©0 50 100 150 % 30 100 150

Fig. 6. Sensitivity to the diffusion resistance factor u(s,)(x = 0.5m, W, = 0.004 kg kg~', T, = 15°C,

T.

through, respectively, air and ice: it appears to be a
compromise between Auracher’s expression (24) and
the Tao er al. ones (25) (Fig. 5)

Figure 6 shows that the model results are strongly
sensitive to F, (and, thus, to the diffusion factor u):
higher values of F, correspond to thinner and denser
frost layers. It is, therefore, proposed that some vari-
ations in this factor u could be responsible for the
great discrepancy observed between the experimental
and theoretical data. As pointed out by Tao and Bes-
ant [9], these variations should be related to the
different boundary conditions applied to the frost
layer.

F, estimation from the experimental results

In order to validate the proposed model, an exper-
imental set-up was built whose main characteristics
were :

—the frost grew on the external surface of a stainless
steel tube (1.8 m length, 0.02 m outer diameter)
from moist air,

—the moist air flowed through an annular section

—30°C, % =3.6ms .

between the inner tube and a plexiglass tube (0.037
m inner diameter). The inlet temperature and moist-
ure of the air flux were controlled as well as its rate
of flow,

—the inner tube was cooled by a liquid R11 flow.

Global measurements (inlet and outlet air tempera-
ture, and moisture) as well as local ones ( frost surface
temperature and thickness) were performed according
to the air flow, temperature, and moisture and inner-
tube temperature. All of the details concerning this
pilot set-up are available in ref. [1].

The most useful information retained to estimate
F, was the frost surface temperature, which was con-
tinuously measured using an infrared radiometer. For
each set of experimental conditions, F, was estimated
by trial and error. Figure 7 shows two examples of the
good results obtained with 0 < F, < 1.5. Never-
theless, it is generally difficult to get a single satisfying
value of F, for the whole test duration. This is mainly
due to the confinement (D, < 0.017 m) of the annular
test section, which leads to important variations in the
boundary conditions during frost growth (all tests
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surface temperature [°C]

0 0
... measured 57(12') ) /F;;M«

-10f B A

A \

-20 e A5 Ty \

F, =[0, 1.5, 3,4.5,6 oof F=0.183456 ‘

-30 25 - measured|

| time [x 60 s] | ‘ time [x 60 s] |

-40 . -30! ‘
0 50 100 150 200 O 50 100 150 200

Fig. 7. Adjustments of the model with our experimental results. (a) x = 0.5 m. W, = 0.004 kg kg
T,=15C. T, = —40"C.0% =182ms ';(b)x =0.5m, W, =0.006kgkg™". T, =

1

15°C. T, = —30°C.

t? =36ms .

were performed at a constant rate of flow). A correct
adjustment of the model would have required a vary-
ing F, corresponding to the varying conditions.

F, estimation from literature data

Considering this difficulty, it was decided to use
the Mao er al. [24, 25] empirical correlations. They
measured the boundary conditions as well as the main
characteristics of a frost layer growing on a cold flat
plate submitted to a forced circulation of moist air.
More than 90 tests were done for the whole range of
parameters defined in Table 2. All of their results are
expressed in terms of correlations for the dimen-
sionless independent variables defined as: a position
ratio x* = x/D,, the humidity ratio W, . a reduced
temperature, T*[(T,,— T.,)/(T,. — T.,)], the Reynolds
number Rep,, and the Fourier number Fop,,. The ref-
erence dimension of the rectangular flow channel is
D, = 0.0375 m (twice the present value); variations
due to frost growth are then neglected. Two sets of
empirical correlations are obtained, corresponding.
respectively, to turbulent [24] and laminar [25] flow
conditions. The total heat flux delivered to the wall 1s
directly measured by a heat fluxmeter.

The Mao er al. correlations [24, 25] were extrapo-
lated towards initial times (¢° = 60 s) to obtain some
proper initial conditions (1 and p") applying for the
resolution. Unfortunately, Mao ez ¢/. did not measure
the actual frost surface temperature, and assumed that
it was always equal to T;,( = 0°C). It could not, there-
fore, be used for the present adjustments (it would

Table 2. Range of parameters investigated by Mao e «l. [24. 25]

Laminar flow

be extremely useful to improve the validation of the
permeation process).

The F, adjustments were then performed to fit the
present model to the frost layer height and mean den-
sity correlations obtained by the authors (Fig. 8).
About 50 adjustment tests of this kind have been
performed to cover the whole range of parameters
(including turbulent and laminar flow conditions)
described in Table 2. The resulting F, values ranged
from about —2 to 20, which corresponds to a
maximum effective water vapour diffusion coefficient
up to 8 times the molecular one. It was then possible
to establish two correlations between the F, values
and the corresponding boundary conditions.

First, the dimensionless independent variables iso-
lated by Mao et al. [24, 25] for their empirical cor-
relations were used. The following regression was
obtained :

(Fu+5) = 4.35%0-36 W‘,WT*' 0.93 Rei_))}i{(w. (27)
Fop, was not used for this correlation because it was
considered that the time-evolution of the different
boundary conditions during the duration of the frost
tests is not significant in this case (D, = 0.0375m).
The agreement between predicted values and those
resulting from trial-and-error adjustments [Fig. 9(a)}
is quite satisfactory.

Some new independent variables more directly
related to the boundary conditions applied to the frost
layer have also been isolated. These are g, and n,, the

Turbulent flow

133 < x* < 14.13 0.05 <x < 0.53m
0.004 < W, < 0.007 kg kg "'

024 < T* < 0.51 20<T, <23C

—15<T,< —5C
041 <V, <086ms™'
35 <t < 210 min

1000 < Rep, < 2100
28 < Fop, < 165

1.33 < x* < 14.13 0.05 < x <053 m
0.004 < W, <001 kgkg '

0.24 < T* < 0.51 15<T, <23C

—15<7T,<=5C
1.15<V, <2.67ms '
15 <t < 130 min

3000 < Rep, < 7000
13 < Fopy, < 104
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surface temperature [°C) 4 frost height [mm] 3oclrost mean density fkg/m
(@) Of -~ - e F.=0,45[g 135 18 F.=0,45[9 135,18
2lR.=0,45[d 135, 18 8 200
-4
-6 2
100
-8 1 ~ @xp. cofr. ~= @Xp. COIT.
-10 time (x 60 s) 0 time (x 60 s) o time (x 60 s)
0 50 100 150 200 0O 50 100 150 200 O 50 100 150 200
surface temperature [°C] 3 frost height [mm] 400frosl mean density [ka/m’
(B) Of - -pprrvc-ozn] R=-126 F=-126
2 s 300
4
-6t ’ 200 = exp. Corf.
-8 exp. com.|
:g time (x60s)] time (x 60 s) time {x 60 s)
) 50 100 150 200 O 50 100 150 200 4] 50 100 150 200
surface temperature [°C] frost height [mm] frost mean density [kg/m
-10 80
© ., alF=-104 R=-104
2t = -1, > 60
3¢ } 40
14 “« @xp. COIT. =~ @Xp. COIT.
time (x 60 s) o time (x 60 s) 20 time (x 60 s)
-1 50 50 100 150 200 O 50 100 150 200 0 50 100 150 200

Fig. 8. Adjustments of the model with the experimental correlations obtained by Mao er al.: (a) x = 0.5

m, W, =0.006 kg kg”', T, =20°C, T,,= —10°C, v,, =3 m s~' (turbulent flow); (b) x =0.2 m,

W, =0004kgkg ', T, =22°C, T,, = —10°C, v, = 3ms~! (turbulent flow) ; (c) x = 0.5m, W,, = 0.007
kgkg™', T, =20°C, T,, = —15°C, v,, = 0.4 m s~ ' (laminar flow).

25 Fy (adjustment) A R))
20r ©=2.68 .

. e
16¢ i /ﬂ‘o
10r

! L0 = turb
Py e « lam

R (correlation (27))
-5 0 5 10 15 20 25

R (adjustment)

20} o=2.10 ¥
. A

151 8
e .
10+
L = furb
« lam

. (correlation (29))
-5 0 5 10 15 20 25

Fig. 9. Comparison of predicted and obtained values of F,.

heat and mass boundary fluxes, and the global rate of

densification (ji[kg m™* s~']) of the entire frost layer

defined as
;_6/7_ 0p  OFop, op 2
P = ot = g Bt Fom, /PW- (Y

These parameters being slightly time-dependent, their

mean time values (§,, 7, /;7) obtained for 7 = 3600 s
and Fop, = 50 were used. The second correlation
obtained for F, is then

(FII+5) _ 852 X ]015‘7;1.56’;;11.76/;0.25
50 < g, < 600

. 11x1077 <A, <42x107°
with (29)

81x107° < p<1.0x10°

This expression leads to a better agreement [Fig. 9(b)],
although only three independent variables were used.
One can especially notice that equation (29) does not
depend on the paramater x*. The dependence of F,
on x* is inevitably indirect because of the boundary
condition variations along the frost layer. Cor-
relations (27) and (29) also confirm that, for the whole
range of boundary conditions investigated, the real-
ized adjustments are coherent even for the highest
values (F, > 10) reached during the tests. This is
especially noticeable as it is known that two different
sets of empirical correlations covering turbulent and
laminar flow conditions were used.

Accordingly, there seems to be one (or more) under-
lying physical mechanism(s) that could explain the
increased effective diffusivity used to obtain the good
agreement between the described model and the exper-
imental data. As shown in equation (29), this mech-
anism should be expressed in terms of heat and mass
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boundary conditions (g, and n,) as well as the frost
layer global rate of densification (). No other simple
environmental conditions (like 7., 7, ...) could be
isolated to substantially improve the above corre-
lation.

Possible physical explanations of the high effective
water transport

As mentioned before, it became hard to speak
about common diffusion in view of the high values
reached for the effective water transport. Therefore,
some other physical mechanisms that could be respon-
sible for this high observed mass transfer were inves-
tigated. Considering the literature and the results
obtained, two hypotheses are proposed.

Water vapour transport through the frost is
accompanied by a local consumption of the water
vapour due to the phase transition in progress during
frost densification. The frost layer global rate of dens-
ification p [analogous to the local volumetric rate of
phase change (— )] is then a measure of the kinetics
of this transition. Hence, the change of phase occur-
ring throughout the frost layer will act as a ‘pumping’
force that will promote the mass transfer mechanism :
this is highly comparable to the acceleration factor
introduced to describe gas-liquid absorption with
chemical reaction (see, for example, ref. [26]). The
above statements are supported by the fact that j is
directly involved (with an exponent of 0.25) in the
proposed correlation (29).

Another possible explanation could result from the
extreme fragility of the frost porous medium. High
effective mass transfer would, in fact, be caused by
displacement of some ice crystals towards the cold
wall. This transfer could be due to thermophoresis
acting on small ice nuclei (see ref. [5]), dissociation of
some dendritic crystal (frost metamorphism), or more
simply, a modification of the shear stress caused by
the air flow along the frost layer. The great sensitivity
to boundary conditions [see correlations (27) and
(29)] would then be explained by mechanical and
structural differences of the frost medium related to
those ambient conditions. High values of n, and p.
and low values of g, might correspond to a more
fragile first structure, which will be more easily sub-
jected to local modifications or rearrangements of the
frost crystals. Moreover, it seems reasonable that
those ‘crammings’ of the frost structure are con-
centrated in the low ice fraction range (high porosit-
ies), as can be seen in Fig. 5 [this was one of the most
serious arguments for the choice of the & exponent
introduced in expression (26)].

SUMMARY AND CONCLUSION

A complete and physical model of the frost layer
growth and densification is presented. The achieve-
ment of the present formulation requires a good
knowledge of the frost transport properties applying
for, respectively, heat conduction and water diffusion.

R. LE GALL et al.

Unfortunately, there appear to be great uncertainties
about effective mass transport occurring in the frost
layer. The effective water vapour transport resulting
from adjustments between the model and some exper-
imental works showed important deviations from the
common Fick’s diffusion. These deviations (mainly
augmentation) are correlated with the heat and mass
boundary conditions (¢, and »,) applied to the porous
deposit as well as the internal global rate of dens-
ification (p). This tends to prove that some other
physical mechanisms acting in conjunction with sim-
ple diffusion could be involved in the high water vap-
our transport prevailing in the frost layer ; their identi-
fications and characterizations will ask for more
experimental and theoretical research.
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APPENDIX: FROST THERMAL CONDUCTIVITY
MODEL

The simple model of Auracher [13, 17], referred to as the
combination model, has been selected to compute A.. The
unit cell is considered to be divided into two parts with
the same porosity connected in series, where the heat flux
direction is, respectively, perpendicular and parallel to the
ice crystals. The ratio of the perpendicularly oriented part
being defined as the factor C|, the whole unit cell conductivity
is then obtained from

Vi, = Cilag+(1—C\)/2n (Al)
with 4, and /, being the two weighted harmonic and arith-
metic means of the ice and air conductivities :

{I/ZH =(1—¢,)/4 +¢&,/7,  (perpendicular) A2)
ia =(1—e)i +8e,7, (parallel)
with
C, =0.42(0.140.995°) (A3)
Ay = 630/T 100 T<273
Aoxl,=—3381x107*T2+9.814x107°T (A4)

—1.308x107* 180 < T < 600.



