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Abstract

An e�ective frost thermal conductivity for the crystal growth period of frost formation was developed based on a

simple model consisting of cylindrical frost columns surrounded by moist air. Being closely related to the frost layer
density, the thermal conductivity of frost layer is found to be a�ected by the vapor di�usion inside the frost layer as
well. The density of frost columns, on the other hand, depends on the sublimation temperature of ice crystals and
the humidity ratio of air, therefore, the whole process of frost formation and the thermal conductivity of frost layer,

in particular, is shown to depend on the controlling temperatures, i.e. plate temperature, air temperature, and air
humidity ratio. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Frost formation is an important consideration in
cryogenics, refrigeration, air conditioning, and aero-
space industry. Nocturnal frost on aircraft wings is

known to cause aerodynamic penalties of lift and drag
during take-o�. It is required that the frost developed
on the outer surface of the transport planes be

removed prior to take-o�. This sometimes requires a
costly operation in which an expensive petroleum sol-
vent is used. Frost formation on the external tank of a
space shuttle and space vehicles alike is particularly

important because the built up frost may shed and
damage the surface tiles of the vehicle during take-o�.
Frost formation encountered in the ®eld of refriger-

ation and air-conditioning, has a signi®cant adverse
e�ect upon the heat transfer and pressure drop. For
instance, the frost formation on heat exchanger sur-

faces can be extremely detrimental to their e�cient op-
eration since the frost will act as a thermal insulator,
thus reducing the ability of the surface to transfer
heat. Also, accumulations of the frost often become

thick enough to restrict and block air ¯ow. There is a

need for a fundamental understanding of the nature of
frost formation including the vapor-condensation pro-

cess to assist in predicting rate of frost formation. A
number of investigators have made both experimental
and theoretical studies of the heat and mass transfer in

frost in an e�ort to obtain both the rate of heat trans-
fer and the thermal conductivity. Discrepancies appear
primarily as a result of the lack of information on the

dependence of the frost structure and, therefore, the
frost properties on the experimental conditions.
The thermal conductivity of frost depends on a var-

iety of parameters, thus making it almost impossible to

select an accurate value for calculations. The tempera-
ture at which frost crystals form would in¯uence the
type of crystalline formation and therefore directly

a�ect the thermal conductivity. The thermal conduc-
tivity of frost is a�ected by the density; however, it
must be a function of some other factors as well. It

can be shown that two frost layers with identical den-
sities might have di�erent thermal conductivities. One
of the reasons is that sublayers of various densities
exist within the frost layer under certain environmental

conditions. The shape and orientation of the ice crys-
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tals within the frost layer structure a�ect the thermal
conductivity as well. For a given density, if the crystals

formed an assembly of thin columns, all of which were
oriented in planes parallel to the direction of heat ¯ow,

frost layer would have its highest thermal conductivity.

However, for the same given density, a low thermal
conductivity would occur if the ice crystals oriented

themselves in planes perpendicular to the direction of

the heat ¯ow.
Yonko and Sepsy [1] developed a theoretical model

for the frost thermal conductivity by postulating an

e�ective air conductivity and then proceeding to treat
the frost as a cubical lattice of uniform spherical ice

particles in moist air. They correlated their experimen-

tal data of frost thermal conductivity as function of
density, however also found a considerable scatter.

They concluded that the conductivity of frost is a func-
tion of factors other than the frost density. This means

that the true relationship between the thermal conduc-

tivity and the density would be given by an area rather
than a line on a thermal conductivity and density plot.

Trammell et al. [2] performed experimental tests and

numerical calculations to determine values of the ther-
mal conductivity, convective heat transfer coe�cient,

and overall heat transfer coe�cient of frost forming on

a ¯at plate. They found that increases in the air vel-
ocity and air speci®c humidity resulted in an increase

in the frost thermal conductivity. In addition, exper-
imental to theoretical data comparisons were made for

several parameters. They have studied the e�ect of vel-
ocity, humidity and temperature on frost formation

and have discussed the density pro®le in a frost layer.

Brian et al. [3] performed experimental measure-

ments to determine the variations of density and ther-
mal conductivity of frosts forming on cold surfaces at

cryogenic temperatures. Later, an empirical expression
for the thermal conductivity of frost, based on exper-

imental data, was developed by Brian et al. [4] as a

function of both the temperature and the density. If
Brian et al.'s empirical frost thermal conductivities as a

function of temperature are calculated for high den-

sities then they do not approach the thermal conduc-
tivity of ice, as required. In addition, they stated that

their model would not be expected to apply to the
early stages of frost formation.

Biguria and Wenzel [5] have compiled a list of sev-

eral possible structural models for the frost (ice and air

in series, ice and air in parallel, ice in continuous
phase with air pores arranged in a simple cubic lattice,

uniform spheres of ice dispersed in air, random mix-
ture of ice and air, cubic lattice of uniform ice particles

in air) to come up with di�erent frost thermal conduc-

tivity predictions. They concluded that at very low
densities the theoretical models could not correlate

Nomenclature

Ac area of frost columns per unit area of frost
layer

Av area of the void parts per unit area of the

frost layer
D di�usivity of water vapor in air (m2/s)
DH hydraulic diameter (m)

hc heat transfer coe�cient (W/m2 K)
hg enthalpy of saturated water vapor (J/kg)
hig latent heat of sublimation (J/kg)

ka thermal conductivity of moist air (W/m K)
kf frost layer thermal conductivity (W/m K)
kfc frost column thermal conductivity (W/m

K)

keff e�ective frost thermal conductivity (W/m
K)

Lf frost layer thickness (m)
_m total mass ¯ux per unit area (kg/m2 s)
_md mass di�usion rate of water vapor into the

frost layer per unit area of frost layer (kg/

m2 s)
_ms sublimation rate of water vapor inside the

frost layer per unit volume of frost layer

(kg/m3 s)

Pg partial pressure of water vapor (kPa)
P0 partial pressure of water vapor at T0 �

273:15 K (kPa)

Pr Prandtl number
qa conduction heat ¯ux through the voids of

frost layer (W/m2)

qc conduction heat ¯ux through the frost col-
umns (W/m2)

Re Reynolds number

Sc Schmidt number
Ta air temperature (K)
Tp plate temperature (K)
Ts frost surface temperature (K)

ui internal energy of ice (J/kg)
y distance from the plate surface (m)
b volumetric ratio of frost columns

b0 initial volumetric ratio of frost columns
ra density of air (kg/m3)
rc sublimation density of ice crystal (kg/m3)

rf frost density (kg/m3)
oa humidity ratio of moist air
os humidity ratio of air at frost surface
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frost density and thermal conductivity. Therefore they

studied the main variables including free stream vel-
ocity, free stream humidity, boundary layer regime,
plate temperature, and time.

Yamakawa et al. [6] pointed out that the e�ective
thermal conductivity of the frost layer is in¯uenced by

the density; however, the relationship was not obvious
and mass transfer caused by moisture di�usion must
be considered in determining the thermal conductivity

of the frost layer.
In another approach, White and Cremers [7] formu-

lated the e�ective thermal conductivity as a linear

function of frost density and an arbitrary function of
frost interior temperature.

Dietenberger [8] has developed a method of calculat-
ing the frost thermal conductivity based on both the-
ory and experimental data. His model, which is mostly

theoretical and partly empirical, postulates a compli-
cated frost structure which accounts for vapor di�u-

sion, geometrical shapes of ice dendrites and for frost
aging. It is basically a random mixture model with ice
cylinders and ice spheres immersed in moist air as the

predominating structure at low frost densities, and
with ice planes in moist air and moist air bubbles in
ice at high densities. The proportions of these various

structures are then calculated using experimental data
and a generalized correlation of frost thermal conduc-

tivity is presented which depends on frost temperature
and density. The average frost thermal conductivity
results in his model at high frost densities are unre-

alistically high.
Tokura et al. [9] found that the parameters a�ecting

frost density are also the major factors in the thermal

conductivity of a frost layer. More recent investigators
such as Sami and Duong [10], Sherif et al. [11], Tao et

al. [12] and Ismail et al. [13] used Yonko and Sepsy's
[1] model of thermal conductivity as function of den-
sity as a sole parameter, without questioning whether

the frost density can be considered as a sole parameter.
Fukada et al. [14] studied frost thermal conductivity
under varying gaseous atmospheres and found that the

scatter on a thermal conductivity versus density plot
was so large that they were unable to correlate them.

Le Gall et al. [15] used the model of Auracher [16]
which gives thermal conductivity as a function of both
the density and the frost temperature. Lee et al. [17]

used a new thermal conductivity model that they devel-
oped earlier. Their model being a function of only den-
sity behaves poorly for the early stages of frost

formation during which the frost density is low. Fig. 1
shows a comparison of some of the earlier frost ther-

mal conductivity models including models from snow
literature [19±23]. The large discrepancy at all stages of
frost formation is obvious.

An analytical study on the frost formation was
made by S° ahin [24] to clarify the fundamental nature

of the early stage (crystal growth period) of frost for-
mation phenomena. A suitable model was developed
by using the principles of crystallization and nucleation

theory. Ice crystal density variation with temperature
reported by cloud physicists is used in the model to
predict the density variation of frost during the crystal
growth period. The temperature variation in the frost

layer is formulated and vapor di�usion through the
frost layer is taken into consideration.
Consequently, in the present work, the e�ective ther-

mal conductivity of frost layer during the crystal
growth period is studied. Using the model developed
by S° ahin [24], it is shown that the e�ective thermal

conductivity of frost layer is not only a function of
frost density, but depends on the di�usion of water
vapor and sublimation activity which take place in the
frost layer as well.

In the next section, a brief introduction to ice crystal
structure under di�erent ambient conditions is made
and in the subsequent section, a model of frost thermal

conductivity for crystal growth period of frost for-
mation that is based on the ice crystal structure is
given.

2. Ice crystal structure

Two general classi®cations of crystals may be ident-
i®ed for ice. In their simplest form, these are columns

and plates. Both types of crystals may exhibit a skel-
etal or incomplete structure. Columns with incomplete
basal faces are termed hollow columns, sheaths or in

the extreme case, needles. Plates which form platelike
extensions of the prism faces are termed sector plates,
or dendrites (Fig. 2).

Fig. 1. A comparison of some of the earlier frost thermal con-

ductivity models.
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Many workers have noted that the habit (shape) of

ice crystals exhibits a striking dependence on tempera-

ture and, to a lesser degree, on supersaturation. Mason

and Hallet [25] were able to grow crystals over the

temperature range 273±223 K and under supersatura-

tions ranging from a few per cent to about 300%

using a thin nylon or glass ®bre running vertically

through the center of a water vapor di�usion chamber.

The crystal habit varied along the length of the ®bre as

shown in Table 1.

Transitions from plate growth to prisms growth,

back to plates and then to prisms again may be noted

as the temperature decreases. The classi®cation of lab-

oratory-produced crystals according to the temperature

of formation bears a marked similarity to that of natu-

ral snow crystals, showing that it is possible to simu-

late quite well the early stages of growth of snow

crystals in the laboratory and, at the same time, deter-

mine the transition temperatures for the di�erent crys-

tal forms more precisely than can be done in the

atmosphere. The most striking feature of crystal habit

is the remarkable sequence of habit, plates±prisms±

plates (and stars)±prisms, which occurs as the tempera-

ture is lowered from 273 to 248 K.

Very large variations of supersaturation do not
change the basic crystal habit between prism and

plate-like growth although, of course, the growth rates
are profoundly a�ected. On the other hand, the super-
saturation appears to govern the development of var-

ious secondary features such as the needle-like
extensions of hollow prism, the growth of spikes and
sectors at the corners of hexagonal plates, and the
fern-like development of the star-shaped crystals, all of

which occur only if the supersaturation exceeds values
which correspond roughly to saturation relative to
liquid water.

Whenever a crystal was transferred to a new en-
vironment, the continued growth assumed a new habit
characteristic of the new conditions. Thus, when

needles grown at temperatures between 268 and 270 K
are suddenly moved up in the chamber, to about 271
K, plates develop on their ends, and when similar

needles are lowered to about 259 K, they give way to
star-shaped crystals. Such radical changes in crystal
shape could not be produced by varying the supersa-
turation at constant temperature, but in some cases

were produced by only a degree or two change in tem-
perature at constant supersaturation [25].
The sublimation density of ice crystals as a function

of crystal temperature, based on the experimental stu-
dies of Fukuta [26] and Miller and Young [27] is
shown in Fig. 3. The least squares approximation of

the experimental data that is used for the crystal
growth model given in the following section is

rc ��ÿ10429:56� 41:574T 255:15 K < T < 273:15 K

180 T < 255:15 K

�1�

where T is the crystal formation temperature in K and
rc is in kg/m3.

Table 1

Variation of crystal habit with temperature

Temperature range (K) Form of ice crystal

273±270 Thin hexagonal plates

270±268 Needles

268±265 Hollow prisms

265±261 Hexagonal plates

261±257 Dentritic crystals

257±248 Plates

248±223 Hollow prisms

Fig. 2. Main type of ice crystal structures: (a) column, (b) plate, (c) dendrite.
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3. Model for crystal growth period

A simple model, shown in Fig. 4, has been selected

for this work in which the frost layer is assumed to
consist of several frost columns.
The following assumptions are made for this model:

. Frost columns consist of ice crystals.

. Volumetric ratio of frost columns, b, which is
de®ned as the ratio of the total volume of the frost

columns to the total volume of frost on a unit area
of plate surface, is a function of time and has an in-
itial suggested value, b0.

. The temperature of the frost column at a cross-sec-
tion y is the same as that of the void portion at this
position and varies with y.

. The humidity of the air at any cross-section corre-

sponds to saturation humidity at that temperature.
. The conductivity of frost columns, kfc, is a function

of the frost column density only.

The process of adhesion and growth of frost on the
heat transfer plate is a very slow but unsteady process.
However, because this process is very slow, it is treated

in a quasi-steady state manner.

3.1. Analysis of crystal growth model

Frost thermal conductivity is one of the critical
properties that a�ect frost growth and heat transfer
and therefore, need to be studied in detail. Since frost

nucleation and growth during the early stage of for-
mation has di�erent and unique structures, the corre-
lations developed for relatively thick frost layers are

not suitable for this study. The large discrepancy
among these models also indicates that there is indeed
a need for a closer look at the thermal conductivity of
frost during the crystal growth period. With these con-

siderations, an attempt to develop a theoretical model
of frost thermal conductivity that could be suitable for
the early stage of frost formation is presented in the

following.
The conservation of mass on the di�erential control

volume at location y in the frost layer as shown in Fig.

5 is

_ms � ÿd _md

dy
�2�

where _ms (kg/m3 s) is the rate of sublimation of water

vapor inside the di�erential control volume. An energy
balance on the same di�erential control volume as
shown above in Fig. 6 yields,

Fig. 4. Frost model consisting of cylindrical frost columns.

Fig. 3. The sublimation density of ice crystals as a function of crystal temperature.
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Av

d
ÿ

_mdhg

�
dy

ÿ Av _msui ÿ Ac
dqc

dy
ÿ Av

dqa

dy
� 0 �3�

where Ac and Av are the total cross-sectional area of

frost columns and the total cross-sectional area of void
portions of the frost per unit area of frost, respect-
ively.

It should be noted that �hg ÿ ui�1hig is relatively
constant within the range of temperature of most prac-
tical frosting conditions. Thus, combining Eqs. (2) and

(3) the energy balance equation becomes

ÿAv _md

dhg

dy
ÿ Avhig

d _md

dy
ÿ Ac

dqc

dy
ÿ Av

dqa

dy
� 0: �4�

Since the temperature variation inside the frost layer is
not large [12], the ®rst term in Eq. (4) is negligible in

comparison with the other terms. Thus, neglecting the
®rst term in Eq. (4), the energy balance is obtained as

ÿAvhig

d _md

dy
ÿ Ac

dqc

dy
ÿ Av

dqa

dy
� 0: �5�

The vapor mass di�usion rate inside the frost layer is
given by

_md � ÿDra

dos

dy
� ÿDra

dos

dPg

dPg

dT

dT

dy
: �6�

Thus, the energy balance can be written as

d

dy

��
�1ÿ b�higDra

dos

dPg

dPg

dT
� bkfc

� �1ÿ b�ka

�
dT

dy

�
� 0

�7�

where the volumetric ratio of frost columns is de®ned
as

Fig. 6. Energy balance inside the frost layer.

Fig. 5. Conservation of mass inside the frost layer.
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b � Ac

Ac � Av

:

The term in the square bracket in Eq. (7) is the local
frost thermal conductivity

kf � �1ÿ b�higDra

dos

dPg

dPg

dT
� bkfc � �1ÿ b�ka: �8�

Under the frosting conditions

ra1
Patm

RT
,

os10:622� 10ÿ2Pg, �9�

where Pg is in kPa and

Pg � P0 exp

�
hig

R

�
1

T0
ÿ 1

T

��
�10�

where P0 is the partial pressure of water vapor in kPa
at T0 � 273:15 K.
On the other hand, the di�usivity of water vapor in

air is given by Pruppacher and Klett [28] as

D � 2:11� 10ÿ5
�
T

T0

�1:94

with T in K and D in m2/s. Thermal conductivity of

the frost columns can be approximated by one of the
many empirical relations found in the literature such
as Sanders equation [18]

kfc � 1:202� 10ÿ3�rc �0:963

and the thermal conductivity in the air side can be ap-

proximated by [28]

ka1kair � �1:0465� 0:017T� � 10ÿ5

with T in K, r in kg/m3 and k in W/m K.
Thus, the frost thermal conductivity can be related

to temperature as a sole parameter

kf�T� � 0:131� 10ÿ6�1ÿ b�

� higPatmP0

T 1:94
0 R2T 1:06

exp

�
hig

R

�
1

T0
ÿ 1

T

��
� 1:202� 10ÿ3 _b�rc �0:963��1ÿ b��1:0465

� 0:017T� � 10ÿ5: �11�

The boundary condition on the surface of the frost
layer must satisfy the equation

kf

dT

dy
jT�Ts

� hc�Ta ÿ Ts � � hig

�
_mÿ �1ÿ b� _mdjT�Ts

� �12�

where the average heat transfer coe�cient is given by
[29]

hc � 0:023
ka

DH

Re0:8Pr0:3 �13�

in W/m2 K and the average di�usion rate of water
mass through the moist air boundary layer is given by

[29]

_m � 0:023
D

DH

Re0:8Sc0:3�oa ÿ os �ra �14�

in kg/m2 s, where Re is the Reynolds number, Pr is the
Prandtl number and Sc is the Schmidt number. It is
known that the frost layer in¯uences the heat transfer

coe�cient. Therefore, Eqs. (13) and (14) which are
valid for plane wall without frost should be regarded
as approximations.

3.2. E�ective frost thermal conductivity

The local thermal conductivity of the frost layer

given by Eq. (8) consists of three terms. The ®rst term
stands for the e�ect of the di�usion and sublimation
of water vapor in the frost layer to the frost thermal

conductivity. This term clearly is a function of tem-
perature, therefore, the contribution of this term to the
frost thermal conductivity varies with the location in

the frost layer. The second and third terms in Eq. (8)
are the thermal conductivity contributions of the frost
column and the moist air around the frost columns, re-
spectively. These two terms are also closely related to

frost temperature and vary along the thickness of the
frost layer. Thus an e�ective frost thermal conductivity
can be de®ned as

1

keff

� 1

Lf

�Lf

0

1

kf�T� dy �15�

where kf�T � is given explicitly in Eq. (11).

E�ective frost thermal conductivity is a function of
the volumetric ratio of frost columns, b, frost surface
temperature, Ts, plate temperature, Tp, and the way

the temperature varies within the frost layer.
The dependence of e�ective frost thermal conduc-

tivity on the water vapor di�usion can be explained by
the volumetric ratio of frost columns, b, which changes

with time continuously due to sublimation of water
vapor around the frost columns.

3.3. Radial growth of frost columns

Vapor di�usion through the void portions of the

frost layer causes the radius of a column to grow with
time. The di�usion rate of mass of water vapor
through the frost layer is given by Eq. (6). This can be
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expressed in terms of the temperature by using Eqs. (9)
and (10) as

_md � ÿ0:622� 10ÿ2Dra

hig

RT 2
P0exp

�
hig

R�
1

T0
ÿ 1

T

��
dT

dy
:

�16�

The amount of mass which crosses the frost surface
and di�uses through the void parts of the frost solid-

i®es around the frost columns causing a horizontal
growth with time. During this horizontal growth the
radius of a frost column is assumed to be the same
everywhere in the vertical direction (i.e. b is kept uni-

form along y ). However, the local density of frost var-
ies along the frost columns due to the dependence of
ice crystal density with the formation temperature as

given in Eq. (1). The overall density of the frost layer
is an average density considering the void portions of
the frost layer as well,

rf �
b
Lf

�Lf

0

rc dy: �17�

The initial value of the volumetric ratio of frost col-
umns, b0, which is needed to start the calculations in
this analysis is obtained from experimental results and
depends on the experimental parameters such as Tp, Ts

and oa. A regression analysis based on the experimen-
tal results of S° ahin [30] gives the following linear corre-
lation of b0 with these experimental parameters:

b0 � ÿ11:8916� 0:01371Tp � 0:03269Ta

ÿ 112:677oa: �18�

Regression analysis shows that the e�ect of Reynolds

number on b0 is negligible.
The variation of the volumetric ratio of frost col-

umns with time is calculated using the rate of mass of

vapor di�using through the frost layer, _md, and the
frost column density, rc. During each time step in the
numerical procedure, it is assumed that the amount of

Fig. 7. Temperature variation inside the frost layer (t = 1 h).
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mass of water vapor that di�uses inside the frost layer
increases the radius of the frost columns uniformly in

y direction, while the remaining mass of water vapor
that arrives at the surface of the frost layer accumu-
lates on the top of the frost columns, increasing their

height. These changes in radius and height of frost col-
umns are calculated considering the sublimation den-
sity of ice crystals given by Eq. (1) and evaluating it at

the local temperature of the frost layer.

4. Results and discussion

The e�ective frost thermal conductivity, de®ned by

Eq. (15), includes vapor di�usion and latent heat of
sublimation which are two main processes taking place
simultaneously during the frost formation. Although,

the e�ective frost thermal conductivity expressions are
suitable for analytical calculations, the above processes

are treated separately in numerical analyses. Moreover,

the frost formation process as a whole is transient in
nature. However, the process of frost growth and den-
si®cation is a very slow process. Therefore, the above
analysis was carried out by a quasi-steady state

assumption. Calculations of temperature variation,
vapor di�usion, density and thermal conductivity were
performed at every selected time interval, Dt, and the

geometrical dimensions of frost columns were modi®ed
at the end of each Dt. A time interval of 1 min was
selected in this study.

The temperature variation inside the frost layer and
the surface temperature in particular is believed to be
the key function for determining all of the frost for-

mation parameters. The water molecules arriving at
the cold surface of frost columns form ice crystals
whose shape and density are strongly related to the

local temperature at which they are formed. For this
reason, one should pay more attention to the tempera-

Fig. 8. Frost surface temperature variation with time.
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ture variation in the frost layer and its variation with
time.

Integrating Eq. (7) once

kf�T� dT

dy
� 1

Lf

�Ts

Tp

kf�T� dT

and integrating once more, the temperature variation
in the frost layer can be obtained as�T
Tp

kf �T� dT�Ts

Tp

kf �T� dT
� y

Lf

:

The solution of this equation must be done numeri-
cally.

Starting with zero thickness of frost layer and
suggested b0 from Eq. (18), the initial amount of water

vapor di�usion, _m, is calculated. Then the total frost

deposited on the cold surface during the ®rst time

interval (Dt) is obtained. At the end of Dt, the density,

the height and the thermal conductivity values of the

frost columns are determined. Based on these values,

the temperature variation along the frost columns and

the surface temperature of the frost (top of columns)

are calculated. All these calculations are repeated with

the new frost surface temperature for the second time

interval Dt. After each Dt, size of frost columns, den-

sity and e�ective thermal conductivity of the frost

layer are recalculated, until the total time of 100 min is

reached. In the numerical calculations, the thickness of

the frost layer is divided into sublayers each one of

which corresponds to one of the time intervals. As

time progresses the number of sublayers increase. The

thickness of sublayers, their density and thermal con-

ductivity values are di�erent from one another and are

modi®ed as time progresses. It should be noted that,

Fig. 9. The e�ect of plate temperature on e�ective frost thermal conductivity.
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the present model may not give accurate results for the

cases where frost temperatures are below 253 K since

ice crystal densities below 253 K are not available and

after times when the surface temperature of the frost

reaches the melting temperature.

Fig. 7 shows a typical variation of temperature in

the frost layer. The horizontal axis gives the dimen-

sionless distance through the thickness of the frost

layer while the vertical axis gives the temperature

di�erence of the calculated temperature pro®le from

the linear temperature distribution. y in this ®gure is

the temperature deviation from the plate temperature,

y � Tÿ Tp, and ys is the temperature di�erence

between the surface temperature of the frost and the

plate temperature, ys � Ts ÿ Tp. Thus, the term

(yÿ Zys) represents the deviation of temperature from

the linear variation. This deviation is mainly due to

vapor di�usion and sublimation activity taking place

in the frost layer.

The maximum deviation of the actual temperature

distribution and the linear one with the same boundary

temperatures, Tp and Ts, is found to be less than 0.5 K

in most cases. Therefore, the temperature variation in

the frost layer can be assumed to be linear at all times.

It should also be noted that this small temperature de-

viation from the linear pro®le shows that the frost for-

mation process is very slow and thus the quasi-steady

state assumption is justi®ed.

A typical variation of the surface temperature with

time is given in Fig. 8. During the early stages of frost

formation the surface temperature increases rapidly

and then slows down approaching the melting point.

The variation of the e�ective frost thermal conduc-

tivity with di�erent frost parameters is given in Figs.

9±12. The e�ective frost thermal conductivity increases

with time as a result of densi®cation. It varies with

variations in frost surface temperature, plate tempera-

ture and humidity ratio. In addition, the e�ect of

Fig. 10. The e�ect of air temperature on e�ective frost thermal conductivity.
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water vapor which exists around the frost columns

throughout the frost formation process is implemented

during the development of e�ective frost thermal con-

ductivity model. That is why the e�ective thermal con-

ductivity increases rapidly in the early stages of the frost
formation process, namely the crystal growth period,

especially for the cases where driving potential for vapor

di�usion is higher and then levels o� approaching a

steady value as the frost layer thickens. This shows that

during the crystal growth period, frost thermal conduc-
tivity is not a function of only frost density. The struc-

ture of frost in this period is quite di�erent than that of

relatively thick frost layers. Therefore, the complex

empirical correlations found in the literature related to

thick frost layers and snow are not suitable for the crys-

tal growth period of frost formation.

The e�ect of plate temperature on the e�ective frost

thermal conductivity is considerable, as shown in Fig.

9. Higher plate temperature yields denser frost layer

with high thermal conductivity. A similar result is

obtained for the parameter of air temperature in Fig.

10, but the e�ect is smaller.

The e�ect of humidity ratio of air on the e�ective

frost thermal conductivity is shown in Fig. 11. Higher

humidity ratio results in low e�ective frost thermal
conductivity. It should be noted that for low humidity

ratio, the e�ective frost thermal conductivity stays

nearly constant except during the very early period of

frost formation (i.e, for the ®rst 5±10 min with a
humidity ratio of 0.003). This is because the frost layer

is developing in a dense structure, such that the density

is high and di�usion of vapor in the frost layer is

almost negligible.

Fig. 12 shows the e�ect of Reynolds number on the

e�ective frost thermal conductivity. E�ective frost ther-

mal conductivity is slightly greater for higher Reynolds
numbers due to the dominant factor of densi®cation.

Numerical results of the e�ective frost thermal con-

Fig. 11. The e�ect of air humidity ratio on e�ective frost thermal conductivity.
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ductivity and the average frost density for several sets

of frost formation parameters are plotted on Fig. 13.

The results do not show a functional dependency

between the e�ective frost thermal conductivity and

the density. The numerical values of the e�ective ther-

mal conductivity are spread out in a region rather than

forming a curve on this ®gure. This means that the

e�ective frost thermal conductivity is not a function of

only density, however the density can be regarded as

the in¯uencing parameter. One can always approxi-

mate these results with a single relationship. But there

are cases where this assumption may lead to signi®cant

errors. Frost layers with a density of 200 kg/m3 may

have e�ective thermal conductivity values between 0.13

and 0.2 W/m K. This is a variation of more than

220% based on the average e�ective thermal conduc-

tivity for the same frost density.

5. Conclusions

An e�ective frost thermal conductivity was intro-

duced. The e�ect of water vapor that exists around the

frost columns throughout frost formation process is

implemented during the development of e�ective frost

thermal conductivity model.

The e�ective frost thermal conductivity increases

with time, in general, as a result of densi®cation.

Higher plate temperature results in more dense frost

layer with high e�ective frost thermal conductivity. A

similar result is seen for the parameter of air tempera-

ture, but the e�ect is smaller. High humidity ratio

results in low e�ective frost thermal conductivity while

low humidity ratio yields nearly constant but higher

e�ective frost thermal conductivity due to negligible

vapor di�usion in the frost layer. Frost thermal con-

Fig. 12. The e�ect of Reynolds number on e�ective frost thermal conductivity.
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ductivity is slightly greater for higher Reynolds num-
bers due to the dominant factor of densi®cation.

All the parameters a�ecting the frost density have
in¯uence on the e�ective frost thermal conductivity.
But e�ective frost thermal conductivity cannot be re-

lated to frost density as a sole parameter.
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