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Free convection frost growth in a narrow vertical channel
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Abstract

Processes involving heat transfer from a humid air stream to a cold plate, with simultaneous deposition of frost, are of great impor-
tance in a variety of refrigeration equipment. In this work, frost growth on a vertical plate in free convection has been experimentally
investigated. The cold plate (0.095 m high, 0.282 m wide) was placed in a narrow (2.395 m high, 0.01 m deep) vertical channel open at the
top and bottom in order to permit the natural circulation of ambient air. The cold plate temperature and the air relative humidity were
varied in the �40 to �4 �C and 31–85% range, respectively, with the air temperature held fixed at 27 �C (±1 �C). The main quantities
(thickness, temperature and mass of frost, heat flux at the cold plate), measured during the time evolution of the process, are presented as
functions of the input parameters (relative humidity and cold plate temperature); in particular, the role exerted by the plate confinement
on the frost growth is discussed. Data are recast in order to identify compact parameters able to correlate with good accuracy frost thick-
ness, mass and density data.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Frost formation occurs when humid air passes over a
surface whose temperature is below the water freezing
temperature. In many engineering applications, frost is un-
desirable. For example, a frost layer over a heat transfer
surface contributes to increase the thermal resistance and
reduces the rate of heat transfer. In channel flows, frost
may also reduce the flow cross-section and result in a lower
mass flow rate of air or even in a flow blockage.

The growth of frost is a complicated transient process in
which both heat and mass transfer occur simultaneously.
Hayashi et al. [1] identified three different periods in frost
formation process: (a) a crystal growth period, character-
ised by a one-dimensional growth of frost crystals in the
direction perpendicular to the frosting surface, (b) a frost

layer growth period, when the frost crystals interact with
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other crystals resulting in a uniform frost layer, (c) a frost
layer full growth period, when the frost surface reaches 0 �C
and a cyclical process of melting, freezing and deposition
occurs until frost formation stops. The time for each period
and the shape of frost crystals were found to strongly
depend on the cooling surface temperature and the vapour
concentration difference between the mean stream and the
cooling surface.

The dependence of frost formation on the environmen-
tal variables and surface conditions has been studied exten-
sively. Key parameters are the cooling surface temperature
and air humidity; typically, changing the cold plate temper-
ature mainly affects the frost thickness, while changing the
relative humidity affects both frost thickness and mass rate.
As for the role played by other parameters, data provided
by previous studies are often not in agreement. Increasing
air velocity turned out not to affect frost growth [2], to
increase it up to a critical Reynolds number [3], to increase
the frost mass rate and not the thickness [4], or to increase
both the mass and (slightly) the thickness of frost [5].

mailto:tanda@ditec.unige.it


Nomenclature

DP densification parameter (Eq. (7)), min0.5(kgv/
kg)0.29

FGP frost growth parameter (Eq. (1)), min K
FTP frost thickness parameter (Eq. (9)), min0.5(kgv/

kg)0.71

MDP mass deposition parameter (Eq. (3)), min kgv/kg
m00 deposited mass (per unit area) of frost, kg/m2

Rh relative humidity, %
T temperature, �C

Greek symbols

d frost thickness, mm
q frost density, kg/m3

s time, min
x humidity ratio, kgv/kg

Subscripts

amb ambient
fs frost surface
out outlet air
w wall (cold surface)

Fig. 1. Schematic layout of the vertical channel and cold plate.
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Similar inconsistencies were found for air temperature
effects: higher air temperature (holding the humidity ratio
constant) yielded lower frost height with [5] and without
[6] an increase in mass amount, while in [3] no effect of
air temperature on frost growth (for the 5–12 �C range)
was found. Moreover, cooling surface conditions (rough-
ness, affinity with water) may affect the formation of frost
nuclei [7,8].

Several models for frost growth have been proposed in
the literature [9–15]; however, owing to the complexity of
the phenomenon, the development of precise predictions
of frost growth characteristics as well as of correlations
to evaluate frost properties is still a demanding task.
Despite the increasing degree of sophistication in the devel-
opment of new models (accounting for spatial and tempo-
ral variations in density and temperature of frost and for
supersaturation of vapour at the frost surface) more exper-
imental data seem to be required to check both the assump-
tions made in the theoretical analyses and the predicted
results.

As clearly outlined in some review papers [16,17], frost
formation during the forced convection of humid air has
been extensively studied, while, on the other hand, only a
limited number of investigations deal with mass-heat trans-
fer during natural convection on a surface at subfreezing
temperatures. This problem was tackled by Kennedy and
Goodman ([18], study of frost formation on a vertical sur-
face), Tajima et al. ([19], flat surface with different orienta-
tions), Cremers and Mehra ([20], outer side of vertical
cylinders), Tokura et al. ([7], vertical surface). To the
authors’ knowledge, no data are available for natural con-
vection in channels, despite the practical significance of this
phenomenon in such devices as evaporative heat exchang-
ers for cryogenic liquid gasification.

The aim of this paper is to provide better understanding
of free convection frost growth inside narrow channels.
Experiments were designed to measure the frost thickness,
surface temperature, deposited mass and the air-to-frost
heat flux at regular time intervals, for a variety of ambient
relative humidity and wall temperature conditions, while
the ambient temperature was held fixed. The information
obtained from the experiments was used to identify condi-
tions for which the heat/mass transfers in the channel are
markedly reduced or even suppressed as well as correlations
to predict the frost growth, deposited mass and density.

2. The experimental setup

A schematic view of the experimental apparatus is
shown in Fig. 1. The entire apparatus and the instrumenta-
tion were placed in a large laboratory where relative
humidity could be regulated over the 30–90% range at
27 ± 1 �C. The channel, made of Plexiglas and rectangular
in shape, had a section of 0.01 m (depth) · 0.36 m (width)
and was 2.395 m high: it was open at the top and bottom
in order to permit natural circulation of ambient air. The
test section, located at 1.3 m from the channel top section
and at 1.0 m from the bottom section, consisted of a
0.095 m high, 0.282 m wide, cold plate and three Plexiglas
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walls forming a channel as deep and as wide as the entrance
and exit channels. The aspect ratio of the vertical channel
(ratio between the depth and the height) was 0.004175;
the aspect ratio of the cooled section of the channel (ratio
between the depth of the channel and the height of the cold
plate) was 0.1053.

The cold plate was made of copper and cooled by the
internal circulation of ethyl alcohol coming from a thermo-
static bath. The plate was framed inside a Plexiglas wall
and separated from it by 10 mm-thick polystyrene strips
to minimise the thermal conduction at the plate boundaries
and thus prevent dew and frost formation on surfaces other
than the test surface.

Each experiment was conducted with constant values of
ambient air temperature and relative humidity and for a
given value of the cold plate surface temperature. Namely,
the temperature of the ambient air was set at a value in the
range 26–28 �C, with variations in time, for each individual
test, confined within 0.9 K, while the relative humidity Rh
was taken at a value between 31 and 85%, with variations
in time, for each individual test, confined within 2% (in Rh
units). The surface temperature Tw of the cold plate was
varied in the �40 to �4 �C range, with variations in time
and along the surface within ±1 �C (at the lowest Tw)
and ±0.4 �C (at the highest Tw).

Before test plate cooling, the surface was covered with a
thin polyethylene film so that water vapour could not con-
dense on the test plate before the starting of the test. After
the prescribed temperature of the plate was reached, the
test was started by taking off the film. The standard dura-
tion of each test was 7.5 h; the monitored quantities (air,
plate and frost temperatures, frost thickness, and heat flux)
were measured at regular time intervals (typically 30–
45 min for frost thickness and air and plate temperatures,
and 5–15 min for frost surface temperature and heat flux)
after the test inception.

The relative humidity of the convective air flow was
measured by capacitance hygrometers, carefully calibrated
in the 10–95% range and positioned at the inlet and outlet
of the test section. The estimated uncertainty (at the 95%
confidence level, 20/1 odds) in air relative humidity was
2% (in Rh units). The surface temperature of the cold plate
was measured by five thermocouples, fitted inside small
holes drilled into the wall material positioned as close as
possible to the exposed surface. Numerous fine-gauge ther-
mocouples were employed to evaluate the temperature of
the air flow at the test section inlet and outlet. Additional
thermocouples were located in the Plexiglas wall opposite
to the cold plate (to allow the evaluation of the thermal
radiation exchange) and in the material surrounding the
cold plate (to allow the checking of thermal conduction
to the plate from the surrounding). Two infrared thermo-
meters were used to measure the frost layer surface temper-
ature at the plate midheight: the mean frost surface
temperature was calculated as the average of the two indi-
vidual measurements. The estimated uncertainty (at 20/1
odds) in temperature measurements was 0.1 �C for thermo-
couples and 0.8 �C for infrared thermometers; these sensors
were characterised by the largest uncertainties in the early
stage of frost formation (especially at low humidity) owing
to the strong variations of the emittance of the thin frost
layer. This last quantity, for a compact frost layer, was
measured to be 0.95 by a separate set of experiments.

The thickness of the frost layer was continuously moni-
tored at the three locations A, B, and C (see Fig. 1) corre-
sponding to the positions of the heat flux sensors. Two
alternative types of sensors were used: contact sensors
and optical sensors. The contact probe consisted of a
1 mm-dia needle connected to a micrometer and moved
from the Plexiglas wall (facing the cold plate) towards the
frost surface until the contact was visually observed. A
nylon tip needle was employed to prevent frost melting.
The optical probe consisted of a co-axial glass fibre, whose
tip, fitted by a lens, emits a pulsed red light. The intensity of
back reflected light, proportional to the distance from the
target and to the reflectivity of the target, exhibits a peak
value when the distance from the target is equal to the lens
focal length. In order to maximise the sensitivity of the
device, the probe was mounted on a micrometer; a set of
measurements (6 at least) was performed at various dis-
tances from the target so as to infer, by regression analysis
of individual signal values, the position of the sensor corre-
sponding to the maximum light intensity. The measure-
ment technique based on the contact probes is more time
consuming (great care is required to identify the contact
point without damaging the growing frost layer) but rela-
tively accurate (20/1 odds uncertainty about 0.35 mm) for
every surface condition of frost; on the other hand, the
use of the optical probe gives rise to greater uncertainty
(between 1 and 2 mm) when the frost surface is rough
and porous (owing to the variation of reflectance properties
of the growing frost layer), whereas for compact, flat and
uniform frost layers uncertainty drops to only 0.15 mm.
As further validation of the described thickness measure-
ments, additional measurements were made, by using two
shielded, 0.5 mm-dia thermocouples connected to microm-
eters so as to travel through the cold plate (inside small
holes) into the frost layer up to the frost/air interface:
owing to the destructive nature of this procedure, it was
applied only at the end of each test. Once established the
good agreement among the different measurement proce-
dures under standard operating conditions (presence of
compact and uniform frost layer at various thicknesses),
the majority of the presented thickness measurements were
performed by using the contact probes, since their accuracy
was found to depend only slightly on the input parameters
(air temperature/humidity and cold plate temperature).

The heat flux entering the cold plate was measured by
three heat flux sensors (size 1 cm2, thickness 0.15 mm)
flush-mounted on the test surface at different positions
(A, B, and C) as shown in Fig. 1. Since the thermal resis-
tance of each heat flux sensor (about 0.002 K m2/W) is very
low as compared to the air side (or frost side) thermal
resistance, their presence was expected not to locally alter



Fig. 2. Typical outlines of the frost layer. (a) Uniform frost growth and
(b) frost growth with flow obstruction at the leading edge.

G. Tanda, M. Fossa / International Journal of Heat and Mass Transfer 49 (2006) 1946–1957 1949
the frost formation phenomenon. For the same reason, the
thin lead wires were accommodated into little holes drilled
across the cold plate and were not exposed to the humid air
flow. The uncertainty (at 20/1 odds) in heat flux, estimated
according to conductive and convective mode calibrations,
was, in percentage, equal to 10%.

The deposited mass of frost was measured by a precision
balance (having a resolution of 10�5 kg) after the frost had
been scraped off the plate at the end of each test. In order
to recover the temporal variation of the frost mass, addi-
tional runs were performed at different time durations
and the mass was weighed at the end of each of them.

3. Results and discussion

A former set of experiments [21–23] conducted by the
same authors for a larger channel (depth double of that con-
sidered here) and same cooling surface, same test duration,
same relative humidity range and cold plate temperature
between�13 and�4 �C, led to the following considerations:

• the thickness of the growing frost layer was only slightly
affected by location and was found to increase with the
square root of time. Largest thickness values occurred at
the highest relative humidities and air-to-plate tempera-
ture differences; however, relative humidity, when higher
then 50%, exerted only a limited effect on frost thickness;

• the surface temperature of the growing frost layer
attained very quickly an asymptotic value close to the
freezing temperature at relatively high relative humidity.
Conversely, at the lowest relative humidities, frost sur-
face temperature was found to increase very slowly with
time;

• deposited mass of frost increased linearly with time
and was markedly affected by the relative humidity
and only slightly affected by the air-to-plate temperature
difference;

• the heat flux from air to the cold plate during frost for-
mation was markedly reduced, at the highest relative
humidities, during the first two hours from test incep-
tion; then a common value was reached. Only slight heat
flux reductions (or even enhancements) were observed
at the lowest relative humidities. At the same relative
humidity, lowest cold plate temperatures yielded largest
heat flux decreases with time.

Results for frost formation inside the channel with a
depth of 0.02 m [21–23] were qualitatively similar to those
obtained by other authors (see for instance [7,20]) for the
free convection frost formation on vertical surfaces without
confinement. It is argued that the cold plate confinement in
a channel of such width induced only minor modification
to the frost growth process. Indeed, the growing frost layer,
over the investigated time interval (7.5 h), did not signifi-
cantly obstruct the flow passage, without reductions in
the humid air, convected into the channel, feeding the mass
transfer process. As the channel depth was reduced from
0.02 to 0.01 m, significant alterations in frost growth were
observed, with features strictly related to the values of
driving parameters (air relative humidity, cold plate
temperature).

3.1. Frost layer outline

Fig. 2 schematically reports typical outlines of the frost
layer. Fig. 2a shows a nearly uniform frost growth that
progressively develops in the direction normal to the cold
plate; this situation, typically observed for free convection
in unconfined, vertical plane [7] and cylindrical [20] sur-
faces and in relatively wide channels [21–23], was typically
encountered, for the present geometry, at the highest cold
plate temperatures. This regular and uniform frost growth
is not able to alter the convection inside the channel at the
lowest humidities (owing to the thin layer of deposited
frost) while it can yield reductions in the buoyant flow at
the highest humidities (owing to the reduced flow passage
area and air-to-frost temperature difference). Conversely,
low cold plate temperatures combined with relatively high
humidities promote a frost growth that is fairly uniform
only during the very early stage of the transient; once the
deposited frost has occupied a significant part of the free-
flow area (say 50% of the available flow passage), the mass
transfer still occurs at the leading edge of the cold plate
(upper positions) while it ceases downstream owing to the
strong reduction in the convective air flow rate, with the
corresponding frost outline depicted in Fig. 2b.

Fig. 3 shows the typical frost growth occurring under
the different circumstances described in Fig. 2. A mono-
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Fig. 3. Frost thickness versus time at different elevations (A, B, and C)
and air relative humidity Rh = 70%; (a) cold plate temperature
Tw = �8 �C and (b) cold plate temperature Tw = �30 �C.

Time [min]

0 100 200 300 400
T

em
pe

ra
tu

re
 [°

C
]

-30

-20

-10

0

10

20

30

Rh = 31%, Tw = -8°C

Rh = 70%, Tw = -8°C

Rh = 31%, Tw = -8°C

Rh = 70%, Tw = -8°C

Rh = 70%, Tw = -30°C

Rh = 70%, Tw = -30°C

Tfs

Tfs

Tfs

Tout

Tout

Tout

Fig. 4. Mean air temperature downstream of the cold plate (Tout, closed
symbols) and frost surface temperature (Tfs, open symbols) at different Rh
and Tw.

1950 G. Tanda, M. Fossa / International Journal of Heat and Mass Transfer 49 (2006) 1946–1957
tonic increase in frost thickness, practically independent of
plate location, is observed for Rh = 70% and Tw = �8 �C
(Fig. 3a). As the cold plate temperature is decreased
(Tw = �30 �C, Fig. 3b), the frost thickness grows faster
up to the contact with the opposite plate, at an elevation
upstream of the probe locations. From this point on, the
frost thickness stops to increase (first at the lowest probe
location and then at the highest one) and even decreases,
probably owing to densification processes.

Similar considerations are reflected in the graph of
Fig. 4, where the outlet air temperature Tout (evaluated
as the average of nine independent measurements over
the outside section) and the frost surface temperature Tfs

are plotted versus time, again for Rh = 70% (Tw = �8 �C
and �30 �C) and for Rh = 31% (Tw = �8 �C). At a rela-
tively high cold plate temperature (�8 �C) and low humid-
ity (31%), the thin frost layer maintains the temperature of
the cold plate, while the outlet temperature of the buoyant
air flow decreases to a quasi-steady value (about 11 �C).
When the humidity is high (70%), the frost surface temper-
ature first increases from the initial value (�8 �C) towards
the freezing temperature and then inverts the trend,
as the frost thickness increases and the free flow area and
the heat/mass convection coefficients are progressively
reduced. The air temperature downstream the cold plate
quickly decreases to about 10 �C and then increases slightly
as a result of a decreased rate of convection heat transfer.
At the lower cold plate temperature (�30 �C) and high
humidity (70%), convection is suppressed within a short
transient. As a consequence, the outlet air temperature,
after a rapid decrease (to about 10 �C), shows a marked
increase with time while the temperature of frost surface,
after the attainment of a maximum value (about �9 �C),
rapidly tends to the cold plate temperature.

3.2. Mean frost thickness

The mean frost thickness (evaluated as the average
of the three local measurements) versus time is reported,
for different values of the cold plate temperature Tw, in
Fig. 5. Three values of the air relative humidity are consid-
ered, namely Rh = 31% (Fig. 5a), 52% (Fig. 5b) and 70%
(Fig. 5c). Generally speaking, during the early transient
(and throughout the whole transient at low humidities)
frost thickness grows approximately with the square root
of time; lower cold plate temperatures typically lead to
higher frost thicknesses, while relative humidity, when
exceeding about 50%, affects frost thickness only slightly.
The ascending–descending profiles pertain to conditions
for which the growing frost obstructs the flow passage close
to the cold plate leading edge (as shown in Fig. 2b): the
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Fig. 5. Mean frost thickness vs. time at different Tw. (a) Rh = 31%,
(b) 52%, and (c) 70%.
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Fig. 6. Frost surface temperature Tfs vs. time at different Tw. (a)
Rh = 31%, (b) 52%, and (c) 70%.
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relative maximum of the mean thickness was about 7 mm,
with the channel depth completely filled by frost close to
the leading edge and filled at 50% close to the trailing edge.
It is worth noting that a regular frost growth (as depicted in
Fig. 2a) is characterised by a monotonic increase in the
mean thickness with time: the maximum value of the mean
thickness was achieved for Rh = 70%, Tw = �13 �C, and
turned out to be, at the end of the test, 8.2 mm, uniformly
distributed (±1 mm) over the cold plate.

3.3. Frost surface temperature

Fig. 6 shows the temperature Tfs of the frost surface
(measured at the cold plate midheight) versus time, for dif-
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ferent values of the cold plate temperature Tw and three dif-
ferent humidity Rh levels. Measurements during the first
30 min of the frost growth (and during the whole test at
Rh = 31% and Tw = �4 �C) were made critical by the resid-
ual reflectance of the copper cold plate affecting the signal
provided by the infrared thermometer. The typical trend
of Tfs during the frost growth on a cold surface exposed
to a free convective air flow consists in a gradual increase
from the initial value (Tw) towards the freezing temperature
(0 �C), as observed at the lowest humidity (Fig. 6a), or inter-
mediate humidities (Fig. 6b) and high cold plate tempera-
tures. When the convective air flow is reduced or even
suppressed, the temperature of the frost surface, not effi-
ciently heated by the buoyant air flow, stops to increase
and turns towards the value of the opposite frost interface
(Tw) owing to the thermal conduction through the frost
layer: this is particularly evident at the lowest cold plate
temperatures and almost over the whole range of Tw at
the highest humidity (Fig. 6c). The frost surface tempera-
ture reversal forebodes the flow blockage in the channel,
that usually takes place from one to two hours later.

The map plotted in Fig. 7 reports the conditions (cold
plate temperature and air relative humidity) for which the
inversion of the profile of frost surface temperature occurs
within a given time from the test inception. The zone I

identifies conditions for which Tfs starts to decrease during
the first 90 min: from this point on, the buoyant air flow is
virtually suppressed and mass and heat transfer to the frost
surface tend to low values; the frost outline is qualitatively
represented by Fig. 2b. Increasing the Roman number
(from II to IV) corresponds to conditions for which the
inversion of Tfs profile happens later (from 90 to
150 min, zone II or from 150 to 300 min, zone III) or does
not occur (zone IV). When the frost surface temperature
increases monotonically or starts to decrease after a suffi-
ciently long time from test inception (say 150 min) the frost
grows uniformly over the plate, as outlined in Fig. 2a.
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Hence, when the input state in the Rh–Tw falls in zone
III or IV, a uniform frost growth is foreseen; conversely,
input conditions corresponding to zone I or II will proba-
bly result in irregular frost growth, featured by the block-
age of the air flow due to the frost accumulated close to
the leading edge of the cold plate.

3.4. Heat flux at the cold plate/frost interface

Attention is now turned to heat flux measured at the
plate/frost interface. This quantity has a great importance
since frost accumulation acts as a thermal resistance affect-
ing the heat transfer exchange between the plate and the
air. As described in Section 2, three plane heat flux sensors
were attached to the cold plate at different elevations.
Generally speaking, the sensors at locations B (midheight)
and C (close to the trailing edge) gave results close to each
other, while the sensor located close to the leading edge (A)
recorded values with a similar trend but at higher levels,
owing to the higher heat/mass transfer coefficient in that
region.

Fig. 8 shows heat flux measurements performed at the
midheight of the plate (location B, at the same elevation
as the frost surface temperature measurement). Each plot
refers to heat flux variations in time at a given cold plate
temperature and various Rh values. Each profile reflects
the interaction between complex (and often conflicting)
phenomena which act during frost formation: the spot sub-
limation of first crystals yielding sudden increases of heat
transfer rate in the first few seconds of test (not reported
in the graphs owing to the strong fluctuations in time of
the signal), the thickening of the frost layer (that increases
the thermal resistance of the layer and that can reduce the
free flow passage), and the densification of the layer (that
increases the mean density and thermal conductivity, so
reducing the thermal resistance).

Fig. 8a shows the heat flux at the highest cold plate tem-
perature (Tw = �4 �C). Heat flux fluctuations in time are
probably due to local frost densification. Increasing the
humidity leads to a denser frost layer and a higher heat
transfer rate, despite the larger thickness. Significant heat
flux reduction is observed only for Rh higher than 70%
and during the last part of the transient, when the growing
frost layer induces a reduction of the buoyant, down-mov-
ing, air flow.

For Tw = �13 �C (Fig. 8b), heat flux profiles, after a
short transient, attain a common behaviour at any Rh
value; then, after a time period of about 180–200 min from
frost growth inception, larger humidities lead to thicker
frost layers which contribute, when the frost occupies a sig-
nificant part of the channel, to reduce the air flow and, con-
sequently, the heat flux. The value (103 W/m2) recorded
at the end of the test at Tw = �13 �C was the minimum
among the performed experiments and corresponds to
the maximum frost thickness (from 7.7 to 9 mm, mean
8.2 mm) registered in the course of the experiments. As
the cold plate temperature is further decreased (Tw =
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Fig. 8. Heat flux at the cold plate/frost interface versus time at different Rh. (a) Tw = �4 �C, (b) Tw = �13 �C, (c) Tw = �20 �C, and (d) Tw = �40 �C.
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�20 �C, Fig. 8c and Tw = �40 �C, Fig. 8d), heat flux
decreases even more strongly during the early stage of the
transient, especially at the highest relative humidities, and
reaches an asymptotic value of about 120 W/m2 for
Tw = �20 �C and 130 W/m2 for Tw = �40 �C.

3.5. Deposited mass of frost

The deposited mass (per unit area of the cold plate) dur-
ing frost growth is presented in Fig. 9. As previously men-
tioned, the mass was scraped off the plate and weighed;
data at intermediate time values were thus obtained by per-
forming additional runs of different duration.

As found in previous experiments for the larger (20 mm)
channel [21–23], when the convection process in the chan-
nel turned out not to be significantly altered by the frost
growth, the mass of frost increases almost linearly with
time and almost independent of cold plate temperature.
This means that the difference in vapour concentrations
between the air and the frost layer (the driving force of
mass transfer) does not vary considerably with time. This
trend is noticeable for tests conducted at the lowest humid-
ity (Fig. 9a) and at the intermediate humidity (Fig. 9b) with
relatively high cold plate temperature. When convection is
reduced (owing to the flow passage contraction), the slope
of the mass rate variation with time tends to decrease; this
is particularly evident at the highest humidity (Fig. 9c) and
lowest cold plate temperatures.

3.6. Data reduction

Results were recast in order to identify significant
parameters affecting frost thickness, mass and density with
the aim to develop correlations able to predict the frost
growth under given ambient (temperature and relative
humidity) and cold plate (temperature) conditions.

A parameter affecting the frost layer thickness has been
obtained on a theoretical basis by Schneider [24] and used
by Cremers and Mehra [20] to correlate the thickness
for free-convective frost formation on vertical cylinders in
the 65–94% relative humidity range. This parameter,
termed FGP (frost growth parameter), is given by the prod-
uct of the time measured from inception of growth and the
temperature difference across the frost layer:

FGP ¼ s � ðT fs � T wÞ ð1Þ

The frost growth parameter arises from the assumption
that the heat delivered by condensation into the solid phase
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Fig. 9. Amount of deposited mass of frost with time at different Tw.
(a) Rh = 31%, (b) 52%, and (c) 70%.
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is transferred to the cold plate by conduction across the
frost layer; in [20,24] it was found to correlate the frost
layer thickness according to a power law with an exponent
in the 0.4–0.5 range.

Fig. 10 shows the mean frost thickness d (in mm)
obtained from the present experiment as a function of
FGP (in min K). A least-squares analysis of data, excluding
the values recorded after the flow blockage (open symbols),
resulted in the following relationship

d ¼ 0:390FGP0:338 ð2Þ
characterised by a coefficient of correlation r equal to 0.828
and a standard error of estimate S equal to 0.963 mm.
However, FGP seems to be inadequate to correlate the
frost thickness for the following reasons: (i) no indication
concerning the occurrence of flow blockage is inferred by
the value of FGP, (ii) in some experimental runs (line A,
Rh = 70% and Tw = �13 �C and line B, Rh = 70% and
Tw = �8 �C in Fig. 10) in which the frost grows uniformly
but convection is markedly reduced due to the free-flow
area contraction, the temperature difference across the
layer, beyond a critical time, decreases faster than the in-
crease in time, leading to a non-biunivocal correspondence
between FGP and frost thickness. It can be concluded that
relationships based on FGP may fail to predict the frost
thickness in channels owing to the alterations induced by
the free-flow area contraction in the convective air flow.
Moreover, FGP use could be impractical in real situations
since the frost surface temperature, on which FGP de-
pends, is typically unknown. A different approach has been
followed to correlate the frost layer thickness to input data
as will be described later.

The mass flux of sublimating water vapour depends on
the difference between the vapour concentration of the air
flow and the vapour concentration of the air in contact
with the frost surface. Therefore, a parameter, termed
MDP (mass deposition parameter), affecting the deposited
mass of frost can be defined as follows:

MDP ¼ s � ½xðT ambÞ � xðT fsÞ� ð3Þ
where s is the time expressed in min, x(Tamb) is the air
humidity ratio, in kgv/kg, measured at ambient (inlet) tem-
perature Tamb and relative humidity Rh, while x(Tfs) is the
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air humidity ratio, in kgv/kg, at frost air/interface (temper-
ature Tfs and relative humidity 100%.)

Frost mass data (per unit area) m00 (in kg/m2) have been
plotted in Fig. 11 against MDP. When MDP is lower than
2 min kgv/kg, mass data are fitted by the following
relationship:

m00 ¼ 0:311 �MDP ð4Þ
with coefficient of correlation r = 0.979 and standard error
of estimate S = 0.111 kg/m2.

For highest values of MDP, Eq. (4) still holds for data
obtained after a uniform growth of the frost (closed sym-
bols) while the occurrence of the flow blockage effect at
the plate leading edge leads to a slower increase in the
deposited mass (open symbols), according to the following
expression:

m00 ¼ 0:0678 �MDPþ 0:450 ð5Þ
with coefficient of correlation r = 0.852 and standard error
of estimate S = 0.079 kg/m2.

The same correlation applies when the humidity ratio
x(Tfs) is estimated at the temperature Tfs = (273 + Tw)/2,
that represents a rough evaluation of the frost surface tem-
perature. This is due to the fact that x(Tamb) is typically
much larger than x(Tfs) so an error in the latter term does
not significantly affect MDP. Eqs. (4) and (5) can thus be
used to predict the deposited mass of frost as a function
of environmental conditions (Tamb, Rh and Tw).

The mean density q of the frost layer can be directly
obtained from experiments as the ratio between the frost
mass (per unit area) m00 (in kg/m2) and the mean frost
thickness d (in mm):

q ¼ m00=ðd� 10�3Þ ð6Þ
A systematic analysis of all density data (including those

recorded after the blockage of the channel) led to the def-
inition of a parameter (termed DP, densification parame-
ter) given by
DP ¼ sa � ðT w=273Þb � ½xðT ambÞ � xðT fsÞ�c ð7Þ
where s is expressed in min, Tw in K, and x is the air
humidity ratio, measured in kgv/kg, at ambient conditions
(Tamb, Rh) and at frost surface conditions (Tfs, Rh =
100%). The optimised values of the exponents are: a =
0.5, b = 10.22, c = 0.29. According to the above definition
of DP, the mean density of frost, plotted in Fig. 12, is given
by

q ¼ 65:4DPþ 18:7 ð8Þ
where q is in kg/m3. The coefficient of correlation r and the
standard error of estimate S are 0.949 and 28.9 kg/m3,
respectively.

As done for MDP, it is reasonable to evaluate DP using
for Tfs the mean value between the cold plate temperature
and the freezing temperature (Tfs = (273 + Tw)/2); again,
an error in x(Tfs) has a little impact on [x(Tamb) �
x(Tfs)]

0.29, consequently Eq. (8) can be used to evaluate
the frost density as a function of ambient temperature, rel-
ative humidity and cold plate temperature.

The dependence of frost mass and density on MDP and
DP respectively, has led the authors to introduce a novel
parameter (termed FTP, frost thickness parameter), to cor-
relate the frost thickness, given by the ratio between MDP
and DP:

FTP ¼MDP=DP

¼ s0:5 � ð273=T wÞ10:22 � ½xðT ambÞ � xðT fsÞ�0:71 ð9Þ

The measured mean frost thickness versus FTP is shown
in Fig. 13. The frost surface temperature employed in Eq.
(9) is the mean between Tw and 273 (not the measured
value of Tfs) so as to relate FTP to input data Tamb, Rh
and Tw. As emerges from inspection of the figure, the frost
thickness appears to be linearly correlated to FTP when
FTP is lower than a critical value, probably controlled by
the geometry of the channel, here approximately equal to
1.5. The resulting empirical relation is
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d ¼ 4:62FTP ð10Þ
where d is in mm. The coefficient of correlation r and the
standard error of estimate S are 0.841 and 0.76 mm, respec-
tively. Since for values of FTP exceeding 1.5, the frost
growth is not regular as explained in Paragraph 3.1, the
prediction of d through FTP is reliable in the FTP range
from 0 to 1.5.

4. Conclusions

Frost growth process on a vertical cooling surface in free
convection has been experimentally investigated. The cool-
ing surface was placed in a narrow (10 mm wide) vertical
channel open at the top and bottom in order to permit
the natural circulation of ambient air. The cooling surface
temperature and the air relative humidity were varied in the
�40 to �4 �C and 31–85% range, respectively, while the
ambient air temperature was held fixed at 27 �C (±1 �C).

Relative to studies on free convection frost growth over
isolated surfaces, the presence of the confinement induced
by the narrow channel was found to remarkably alter the
process, especially at the lowest cold plate temperatures
here explored, combined with relatively high levels of the
air relative humidity. Two typical frost outlines were iden-
tified: (i) a uniform frost layer growing over the cooling
surface, which progressively reduces the down-moving
buoyant air flow as the free flow passage is reduced and
(ii) an abrupt growth at the leading edge of the cooling sur-
face that, in a relatively short transient, causes an obstruc-
tion to the buoyant flow with consequent interruption of
frost growth and sudden reduction in heat flux from air
to the cooling plate. The occurrence of a given frost outline
has been related to the input conditions, i.e. the values of
ambient air relative humidity and cold plate temperature.

Experiments have been recast in order to envisage com-
pact parameters useful for the prediction of frost growth
inside narrow channels. Even though the physics of the
phenomenon indicates the frost surface temperature (typi-
cally unknown in practical situations) as one of the signi-
ficant variables affecting the frost growth, correlations
giving the time evolution of deposited mass, mean density
and mean thickness of frost as a function of the input data
(ambient air temperature and relative humidity, and cold
plate temperature) have been provided. In particular, a
densification parameter (DP) was introduced to correlate
the mean frost density under any frost growth condition
(with and without flow blockage), while the mass deposi-
tion parameter (MDP) and the frost thickness parameter
(FTP) allow the estimation of the frost deposited mass
and mean thickness, respectively, in the case of uniform
frost growth (i.e. within limiting values of MDP and
FTP). A convenient frost surface temperature (given by
the average between the cold plate and the freezing temper-
ature) can be used in the empirical relations to overcome
the difficulty of knowing this variable a priori.
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