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Abstract

A Modelica model to study the frost growth on paral-
lel heat exchanger plates is developed. The coupled
heat and mass transport phenomena involved in the
process are described. A physical model which in-
cludes the distributed densification of the frost layer
is compared to a simple lumped model approach. The
frost structure and thus the resulting properties such as
density and thermal conductivity are found to have a
strong influence on the model results. Empirical cor-
relations for properties and transport coefficients are
used in both models. The model describing the air-
flow is taken from the Modelica_Fluid library and ex-
tended to handle condensation and freezing of water
vapor. The Modelica. Media library provides the moist
air property model.

1 Introduction

Frost formation on heat exchanger surfaces in air cool-
ing applications always occurs when the coil surface
temperature drops below the freezing point of water
and the dew point temperature of the air in contact
with the cold surface. The main problems associated
with frost growth are the decline in heat exchanger ef-
ficiency resulting from an insulating effect of the frost
layer and the rising pressure drop due to a decreas-

ing hydraulic diameter of the flow channel, which in

return increases the energy consumption of the fan.
Usually a system operating under frosting conditions
needs a defrost from time to time. In order to estimate
the allowable frost growth period and the energy re-
quired to melt down the frost layer, its stored amount
of frozen water, thickness and thermal behavior have
to be known. Several studies exist which try to for-
mulate empirical approaches to predict the behavior of
certain types of heat exchangers and surfaces, see e.g.
[1], [2]. Hoffenbecker et al. [3] investigated defrost
cycles with fin-and-tube heat exchangers and devel-
oped a numerical model describing the process with

given initial frost conditions. Over the past decades
several attempts have been made to develop physical
models of the transport phenomena which govern the
general formation of a frost layer. In 1974 Sanders [4]
already proposed a system of partial differential equa-
tions describing the coupled heat and mass transport
processes in his detailed study on frost structure and
provided several simplified approaches. Le Gall et al.
[5] and Tao et al. [6] developed more detailed mod-
els and focused on the diffusion process of water va-
por through the porous medium. But due to the com-
plex structure and variety of ice crystal formation an
entirely physical approach is hardly possible and the
quality of the model still relies on some empirical cor-
relations.

The transport phenomena involved in the frost forma-
tion process are sketched in figure 1. Warm moist air
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Figure 1: Transport phenomena in a porous frost layer

passes a cold surface with a temperature below the
freezing point of water and the dew point of the air.
Heat transfer by forced convection occurs from the
bulk flow to the cryosurface, driven by a temperature
gradient. A concentration gradient causes a water va-
por flux from the bulk flow to the frost surface where
part of it freezes and adds to an increase of the layer
while releasing latent heat. Part of the water vapor dif-
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fuses into the frost layer leading to a densification of
the structure. The sum of sensible and latent heat is
transported to the cold wall interface by thermal con-
duction.

2 Modeling the frost formation pro-
cess

2.1 Frost formation types

During the process of frost deposition on a cold sur-
face several stages of frost formation may be distin-
guished. Hayashi e al. [7] found three periods de-
scribing the formation of a frost layer:

e the crystal growth period
e the frost layer growth period
o the frost layer full growth period

The first corresponds to the first formation of ice crys-
tals on the cryosurface, which basically form paral-
lel columns or needles growing in one dimension. In
the frost layer growth period they start interbranching
which leads to a meshed more uniform frost layer. The
surface temperature of the frost gradually increases
with increased frost thickness due to a rising ther-
mal resistance. When the triple point temperature is
reached the frost surface begins to melt, water soaks
into the frost and decreases its thermal resistance,
which again leads to additional frost deposition and
under continuous melting and freezing eventually to a
dense and tight layer. This stage is referred to as the
full growth period. In the following model only the
frost layer growth period will be considered.

Hayashi et al. classified four types of frost crystal
structure with respect to the cryosurface temperature
and the water concentration difference between bulk
flow and surface. Generally, higher cryosurface tem-
peratures and lower concentration gradients lead to
denser and more homogeneous frost layers. In the
same study the frost type was found to have a strong
influence on frost properties like density and thermal
conductivity.

2.2 Energy and mass balances

Heat and mass transport through the ice layer are con-
sidered one-dimensional, because a prevailing temper-
ature gradient and a frost dimension very small com-
pared to the other two is assumed perpendicular to wall
and air flow. Further assumptions are that temperature

variations of moist air and ice properties are neglected,
the total gas phase pressure is constant throughout the
porous medium, radiation effects are neglected and
thermodynamic equilibrium prevails between ice and
air in the pores.

The water mass balance over the ice phase of the frost
layer can be written as the change of accumulated ice
and water vapor equal to the spatial change of the dif-
fusive vapor transport rate [5].

a(poc 8Oc) a(pv,sat 8[3) . _amv (1)

ot o0  Ox

where m, is the water vapor mass flow per unit area
and pg, is the density of ice. The moist air in the frost
pores is always assumed to be saturated with vapor,
the vapor density Py, in the gas phase is therefore
determined by the local temperature applying the ideal
gas law and the saturation pressure curve of water. €,
and &g are the ice and moist air volume fractions, re-
spectively. The driving potential for the diffusive wa-
ter transport is the gradient of vapor partial pressure in
the gas phase py, the resulting vapor flux for molecular
diffusion is then obtained from [8]

B Defr apv
R, T ox

nty = (2)
with D as the effective coefficient of diffusion and
R, as the ideal gas constant of water, T is the local
temperature.

Equation 1 may then be transformed into

d Pv,sat or 90 Eq
oT (1 - 80()? + (p(x - pwsat)?
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The energy balance over the frost element is
duf 0 oT oty
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The first term on the right handside of equation 4 cor-
responds to the conductive heat flow, the second rep-
resents the enthalpy tranport associated with the dif-
fusive vapor flux with A/, as the heat of fusion. The
frost energy per unit volume u* is given by

)

where cr is the specific heat capacity of frost, pr is the
frost density and 7 is the local temperature.

A simplifying assumption to the problem is the neglec-
tion of water vapor diffusing into the frost layer. The

u? =cepe T+ (1 - 80() Pv,sat Ahg,
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energy balance then reduces to the basic formulation
of unsteady heat conduction [8].
oT
Ap ——
" ox )

dAorr) _ 2 (

T ©)

2.3 Boundary conditions
2.3.1 Wall

The boundary conditions at the wall side of the frost
layer are:

Tx=xy) = Ty

my(x =xyw) = 0.

(7

The index w denotes the position at the wall interface,
rity is the water vapor flux.

2.3.2 Airside heat and mass transfer

The heat transferred from the airflow to the frost sur-
face is expressed as the sum of sensible and latent heat
flows.

. ) o7,
Gsens T qlat = }\'f(xs) a_xs

7T
O(,(T]vg — 7;) + Ahsv(mt — n"lv75) = }\«f(.xs) a—x (9)

@®)

where o is the coefficient of heat transfer, 7; is the
bulk air temperature and the index s denotes surface
properties. 7 and 7y s are the total vapor flux from
the air to the frost layer and the vapor flux into the frost
layer, respectively. They may be determined from

D. Opy.s
mv,s = mv(x:xs) = <Rv;> §x7 (10)
PaP (X — X5) (11)

where 8 is the mass transfer coefficient in m/s and
X 1is the absolute humidity in in the bulk flow and at
the frost surface, respectively and p, is the air density.
Substracting the two fluxes yields the frost deposition
rate at the frost surface.

0xg

Pfs g

The surface density may be calculated from an empir-
ical correlation by Hayashi et al. [9]

n"lt —

(12)

my — My s

650 60.227(7'5—273415) (13)
where Tj is the surface temperature in K. In [6] a zero
gradient for the ice volume fraction is assumed at the
surface.

Pfs =

If a simplified model is used that does not account for
water diffusion into the frost, 7, is set to zero and
the entire water mass flow towards the frost surface
is assumed to contribute to the increase of frost layer
height.

Empirical correlations are used to determine the trans-
port coefficients. In the literature the Chilton-Colburn
analogy between heat and mass transfer seems to be
widely accepted also under frosting conditions [2]
[11]. It relates the mass transfer coefficient [ to the
heat transfer coefficient o using the Lewis number Le:

(04
B — —LeZ/?)
Cp Pa

(15)

Pa ist the moist air density and c,, is the specific heat
capacity. According to [2] the heat transfer coeffi-
cients are normally higher under frosting conditions
compared to a smooth surface due to an increased sur-
face roughness. However, it is unclear if the reduction
of the hydraulic diameter also adds to this reported in-
crease. The following correlation suggested by [2] for
air flow between parallel plates for Reynolds number
ranging from 6000 to 50000 was used:

Nuy = 0.034 Re%® (16)

where the Reynolds number is based on the hydraulic
diameter of the parallel plate channel.

2.4 Frost properties

As described above the prediction of frost layer thick-
ness and its thermal behavior largely depends on frost
properties such as density, thermal conductivity and
the effective diffusion coefficient of water vapor in
the air filled porous medium. The diversity of pos-
sible frost structures as indicated in section 2.1 clearly
shows that an accurate determination of those proper-
ties for a wide range of operating conditions and heat
exchanger types may be a difficult task. The wide
range of empirical correlations and theoretical models
that have been established sometimes are mostly ap-
plicable only in a very limited operating range. A lit-
erature review of empirical correlations for frost prop-
erties and frost layer thickness can be found e.g. in

[2].

2.4.1 Thermal conductivity

The significant thermal resistance added to the heat ex-
changer wall by the growing frost layer results from

g, the rather low thermal conductivity of the ice-air com-
‘S . . . .

o 0; (14)  posite. The air in the pores largely contributes to the
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insulating effect. Also the structure and orientation of
the ice crystals influence the material property. There
is an agreement in the literature that thermal conduc-
tivity is a strong function of frost density with only a
weak dependence on temperature. An empirical cor-
relation based on the frost layer density from [10] is
used for the proposed models:

A =0.024424+7.214-10 *pe+ 1.1797- 10 %p2 . (17)
Another correlation suggested by [2] is

Ae=1.202-1073 p2963 (18)

More theoretical approaches take into account the
(generally assumed) frost structure and sometimes
even the surface roughness as in [11]. All correla-
tions are found between the two ideal assumptions of
ice crystals parallel and perpendicular to the prevailing
direction of heat transport. The first orientation corre-
sponds to thermal resistances in series, the second to a
parallel arrangement. Their conductivities can be ob-
tained as follows

1/ Aper =
}\'par =

(1 —€q)/Aa+ €0/Ao (perpendicular)
(1 —€q)Aqy + €gAy (parallel)
(19)

where A, and A are the thermal conductivities of air
and ice, respectively. A comparison of this approach
with eq. (17) and (18) is given in figure 2. It shows that
the presented empirical correlations are found within
the two ideal structure models, but still reveal signif-
icant deviations in one to another. It is expected that
differences in frost structure which cannot be related
to density or ice volume fraction alone that are caused
by variable frost growth conditions and aging effects
also play an important role.

2.4.2 Density and specific heat capacity

The way to determine the frost density depends on the
assumptions made for the vapor transport in section
2.2. If equation 1 is used, the density distribution in
the frost layer can be determined from the ice volume
fraction €

(20)
e2))

€aPa+ (1 —€a)(Pa+pv)

~  EuPa

P

The volumetric heat capacity may be computed in a
similar way and with neglection of the gas phase im-
pact reduces to:

pPrer =~ €aPola (22)
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Figure 2: Thermal conductivity vs. frost density for
the empirical correlation by Yonko et al. (17), the cor-
relation by Sanders (18) as well as perpendicular and
parallel ice crystal orientation, respectively.

If the frost layer is assumed to have a uniform den-
sity over the entire frost height and equation 6 is used,
the average frost density pr is computed from a mass
balance over the total frost layer,

(23)
with 7z, from eq. (10) and the frost thickness O¢.

2.4.3 Coefficient of diffusion

Following from (10) the frost density largely depends
on the water vapor that diffuses into the frost layer.
The effective diffusion coefficient D in (3) accounts
for several complex mechanisms. Those involve be-
sides molecular diffusion the tortuosity of the porous
frost structure, the variation of pore diameters, phase
transitions and others. The effective diffusion coeffi-
cient may be expressed in terms of the binary diffusion
coefficient Dag

Der = uDaB (24)
Several works focus on the determination of the u fac-
tor with significantly different results. The first models
dealing with effective diffusion factors for frost always
assumed lower values than those for molecular diffu-
sion (1 <1), others including Tao ef al. in [6] report
values several times larger. Le Gall ef al. propose a
correlation that combines both approaches and try to
determine the factor £ in the following equation em-
pirically with respect to selected boundary conditions
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[5].

1—
o L 10F e (1—e0)0 (25)

b= 12058,

F will also be treated as a constant parameter input
to (25) in the distributed model and discussed further
below.

3 Implementation of the model in
Modelica

A Modelica model is developed to investigate the im-
pact of frost growth on parallel plates passed by a
moist airflow. A model structure that allows a flex-
ible and easy change of the level of detail and used
correlations is aimed for.

The transport phenomena involved can be divided into
groups with respect to their location in the combined
problem.

e heat and mass transport by forced convection -
spatial resolution in air flow direction required

e heat and mass transport through thermal and con-
centration boundary layers - transport phenomena
are lumped by using transport coefficients from
empirical correlations

e conductive heat and diffusive mass transport
through the frost layer - spatial resolution perpen-
dicular to airflow direction required

e conductive heat transport through the solid wall
- spatial resolution perpendicular to airflow re-
quired

The first two are combined in an air flow model partly
taken from the Modelica_Fluid library, frost layer and
wall are combined in a second component for the rea-
sons specified further below.

3.1 Airflow model

The model that describes the moist airflow in a a
channel formed by two flat plates is extended from
the base class PartialDistributedFlow in the
Modelica_Fluid library. Conservation of energy, to-
tal mass, substance mass and momentum as well as
flow reversal are handled in this model applying a one-
dimensional finite volume approach with upwind dis-
cretization. The medium model for moist air was taken
from the Modelica.Media library. The energy and

mass balances contain source (or sink) terms which
can be used to include heat and massflow across the
volume boundaries. Those heat and mass flow rates
are determined in a replaceable subcomponent heat
which is added to the extended air model. The total
volume and hydraulic diameter depend on the inter-
nal dimensions of the flow channel, which may change
with an increasing frost layer.

3.2 Wall and frost model

3.2.1 Implemented frost models

Three frost models are implemented in Modelica re-
flecting different levels of detail.

I Distributed frost densities (ice volume fractions),
diffusive vapor transport into frost. Balance
equations (3) and (4), boundary conditions (7) -
(12,(14) and property calculations (19), (23), (24)
and (25) are used.

II Frost density changes only due to temperature de-
pendent surface density during frost deposition.
Water vapor diffusion in the frost layer is ne-
glected. Balance equations (6) and (23), bound-
ary conditions (7) - (13) and property correlation
(17) are used.

III Steady state heat transport. The same equations
as in model II are used, the energy storage term

in eqn. (6) is set to zero.

3.2.2 Spatial resolution of transport equations

The spatial resolution of the partial differential equa-
tions of heat and mass transport are implemented in
model I applying a finite volume method [12] for a
flat plate geometry. The number of nodes is kept
constant throughout the computational procedure, the
moving grid therefore requires the inclusion of con-
vective terms in the heat and mass balances which are
experessed using an upwind scheme. A spatial dis-
cretization of 10 segments seems to give a satisfactory
accuracy and was used in all results presented further
below. The frost properties on the right hand side of
equations (4) and (3) representing the inverse of the
transport resistances are then defined at the boundary
of two neighboring finite volumes. In case they are not
constant in the spatial domain, they are determined us-
ing the harmonic mean of the terms computed for the
two neighboring cells. This corresponds to finite resis-
tances connected in series.
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Combining wall and frost layer in one component is
advantageous if the model should also be capable of
simulating situations, when no frost layer is present
due to a surface temperature higher than the triple or
the dew point. In this case the proposed equation sys-
tem would become singular. Including the thermal re-
sistance of the frost in the energy balance of the first
wall element until a certain frost thickness is reached
makes it possible to determine the onset of frost for-
mation by boundary conditions. The internal temper-
atures are set to constant during this period and are
reinitialized using the reinit operator as soon as a
threshold value for the frost layer thickness is reached.
A linear distribution of the difference between wall
and surface temperatures is used as start values. This
approach simply neglects the energy storage capacity
of the frost layer in the initial growth period. The frost
porosity also remains constant during this time. The
intial frost density is assumed to be pro =25 kg/ m’ as
suggested by [5].

Both, wall and frost layer are also discretized in air
flow direction without any interdependence of neigh-
boring cells in this dimension.

The frost layer model versions I-III are organized as
replaceable components in the combined aiflow/wall
model. They extend from a base class which contains
the parts all versions have in common, like e.g. the in-
terface and some boundary conditions. All frost prop-
erty correlations are written as functions.

4 Results and Discussion

4.1 Lumped frost layer model

Figure 3 shows the average values for frost thickness,
frost density and surface temperature with respect to
time and different air inlet velocities for model 1. A
discretization of 8 segments was chosen for the air-
flow dimension. If the timescale of frost growth is
of primary interest the steady state model (model III)
gives results similar to model II and even on a shorter
timescale the heat capacity of the frost layer may be
negligible. However, introducing additional numerical
states may be advantageous in a more complex appli-
cation to break down systems of nonlinear equations.

. . 6
3.3 Air - frost/wall interface
é 4t I TUIEAIRRs
When the surface temperature is above the triple 7 T LS T T
. . . w2} i
point and below the dew point of the air flow, water =T
. 0 ‘ ‘ ‘ ‘ ‘
condenses at the cold surface and is assumed to 0 50 100 50 200 250 300
leave the system immediately. The liquid water 600
volume is therefore not considered. The model does .,
not include situations of water condensation on a ED 400r
.. . K| e
present frost surface. The liquid would soak into the S 200f T oS
porous medium, its distribution would be very hard 0 ST ‘ ‘ ‘
to predict. The connector variables required to com- 0 50 100 150 200 250 300
bine the two components, airflow and frosted wall, are: 275
s 2701
connector FrostPort “ g
: B 265}
SI.HeatFlowRate Q_-flow "Sensible heat air
flow" ; 260 L L L L L
SI.Temperature T "Surface temperature"; 0 50 100 tUQ 200 250 300
, min

SI.MassFlowRate m_flow "Water mass flow
rate (condensing or freezing)";
SI.MassFraction xs "Saturated absolute
humidity at surface";
SI.EnthalpyFlowRate H_flow "Latent heat
flow rate";

SI.SpecificEnthalpy h.gas "Specific
enthalpy of vapor in bulk flow";
SI.Velocity xf_flow "Frost layer growth
rate";

SI.Length x_f "Frost layer thickness";

end FrostPort;

Figure 3: Frost thickness 8¢, mean frost density pr and
surface temperature 7 at different air inlet velocities.
T,=293K, Achannet.0 = 40cm?, Ty=263K, 0.i=42 %.

An increasing air flow rate leads to a higher frost de-
position rate due to an increased heat and mass trans-
fer. This creates a higher thermal resistance leading
to a greater surface temperature. At the same time the
density of the frost layer increases with a rising sur-
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face temperature according to the used correlation for
the surface density (eq. 13) which in turn reduces the
thermal resistance of the total frost layer. The total
thermal resistance responsible for the thermal behav-
ior of the frosted heat exchanger surface is therefore a
result of the counteracting effects of densification and
frost growth.

- = —F=-2 F=1 —-—-—- F=6 emp. COIT.
275
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Figure 4: Surface temperature T, frost density pr and
frost layer thickness ¢ at a distance of y = 0.5 m from
the leading edge over time with the diffusion enhance-
ment factor F as a parameter. Boundary conditions:
Vair = 2.5 m/s, Ty = 283K, Ty, = 263K, X = 0.006
kg/kg.

4.2 Distributed frost layer model

The distributed frost layer model provides a spatial
resolution of frost density with frost layer height which
makes it possible to compute the local thermal resis-
tance in the frost. However, because measurement
data of these variations are scarce, the overall values
of frost thickness and average frost density will be fur-
ther discussed. Mao ef al. conducted a wide range
of measurements under various conditions with an air-
flow channel (300 mm wide and 20 mm high) that con-
tained one cooled surface. They derived empirical cor-
relations from their results (with a root mean square
error of 0.22 for density and frost height), which are

used in this work to adapt the diffusion enhancement
factor F' in (25). Figure 4 presents simulation results
from the distributed model for different values of F'.
It can be seen that frost growth and density develop-
ment are strongly influenced by its value. Unfortu-
nately Mao ef al. did not measure the frost surface
temperature, but assumed it always to be equal to 0 °C,
while the model presented here does not account for
melting water permeating the frost which would oc-
cur under those circumstances. Instead the frost layer
growth stops as soon as the triple point temperature is
reached as can be observed at ¢ = 35 min for F = -2
caused by the low water diffusion resulting in a larger
frost thickness, higher porosity and large thermal re-
sistance of the material.

4.3 Model comparison

A comparison of model I (distributed) and model II
(lumped) is given together with results from empirical
correlations found by Mao et al. for their experimental
data in figure 5 for different wall surface temperatures.
The frost thickness computed with the lumped model
is in good agreement with the values obtained from the
empirical correlations. The average density is larger
than that computed using the empirical correlation in
all lumped model cases. This would also lead to a ther-
mal resistance predicted too low. However, the devia-
tion from the given error interval of the empirical cor-
relation is not very large. The distributed model shows
a close agreement with the empirical correlations for
both, frost thickness and average density, the diffusion
factor £ was set to 0, 3 and 8, respectively with rising
wall temperature to give a good fit. A trend towards
an increasing enhancement of the diffusion factor with
rising plate temperatures in a non-linear way is also
reported by [6]. However, the exact values may not be
transferable to different boundary conditions.

A simular trend on the average frost density can be ob-
served with the lumped model which relates the sur-
face density to the surface temperature. Since den-
sity has a major impact on all frost properties includ-
ing the thermal conductivity its correct determination
seems important. However, in both approaches some
assumptions were made that strongly influence the de-
velopment of frost density with time. In the distributed
approach a zero density gradient is applied at the sur-
face which is similar to the approach in [6], while cor-
relation (13) is used for the lumped model. But it is
believed that the actual structure and at the same time
the density of the new frost depositing at the surface
may actually differ from these assumptions.
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Figure 5: Frost layer thickness ¢ and average frost density prover time for the lumped and the distributed model
and an empirical correlation from [13]. Boundary conditions: v, = 2.5 m/s, Ty =291 K, X = 0.006 kg/kg, y =

0.5 m.

5 Conclusion

Resolving heat and mass transport phenomena in the
spatial domain of the frost layer as it is done in model
I gives only higher accuracy in predicting frost growth
and average density if information on the diffusion en-
hancement factor F' is present. The simple lumped
approach (model II) is suitable to predict trends of
frost formation with respect to variable boundary con-
ditions, such as air and wall temperature, humidity
and air velocity. A surprisingly good agreement is ob-
tained for the predicted frost thickness when compared
to an empirical correlation. More accurate absolute
values of density and thermal resistance with regard to
operating time may perhaps be obtained with a refine-
ment of the model in terms of densification of the frost
layer with time and surface density of the deposit. In
addition more empirical data is required, especially in
terms of the frost surface temperature, to validate the
model in a wide operating range.

Modeling the frost formation process correctly pro-
vides information on the amount of frost and its ice
fraction at the start of the defrost process, which gives
an idea of the minimum energy required for a complete
defrost. Further work is needed to describe the defrost

process with time depending on the chosen strategy.
The most common method of heating the solid wall
material using hot gas or electrical current poses the
problem of predicting the detachment of the frost layer
from the wall and the associated heat transport through
gaps filled with liquid water or air. In addition, heat
transfer to the surrounding air by natural convection
must be taken into account if the air supply is stopped
during this period.
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