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Dimensionless correlations of frost properties on a cold cylinder surface
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Abstract

We propose dimensionless correlations for frost properties on a cold cylinder surface. Frosting experiments were performed while
changing various frosting parameters such as the air temperature, cold cylinder surface temperature, air velocity, and absolute humidity.
The experimental data showed that a uniform frost layer grew around the circumference of the cylinder at a high air velocity. Dimen-
sionless correlations for the thickness, density, and surface temperature of the frost layer, and for the heat transfer coefficient were
obtained as functions of the Reynolds number, Fourier number, absolute humidity, and dimensionless temperature. The applicable
ranges of these correlations are Reynolds number of 700–3000 (air velocities of 0.5–2.0 m/s), Fourier number of 56.8–295.7 (operating
time of 0–100 min), absolute humidity of 0.00280–0.00568 kg/kga, air temperatures of 3–9 �C, and cold cylinder surface temperatures of
�32 to �20 �C. The proposed correlations agreed with the experimental data within an error of 15%.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The porous frost layer that forms on a heat exchanger
operated under frosting conditions causes a decrease in
the heat transfer rate because it acts as thermal resistance
between the airflow and the cold surface of the heat
exchanger. The thermal performance of the heat exchanger
also degrades owing to the reduced airflow rate during frost
formation. Previous studies have shown that the frost
behavior depends on the operating conditions of the heat
exchanger, demonstrating the importance of frost proper-
ties in designing heat exchangers.

Frost properties on a cold plate have been experimen-
tally investigated in several studies [1–8]. Östin and Anders-
son [1] and Yonko and Sepsy [2] expressed the effective
thermal conductivity of the frost layer as a function of
the frost density. Tokura et al. [3] and Biguria and Wenzel
[4] obtained correlations for the thickness, density, and
effective thermal conductivity of the frost layer. Hosoda
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and Uzuhashi [5] derived correlations for the density and
effective thermal conductivity of the frost layer by consid-
ering the cold surface temperature and the air velocity.
Mao et al. [6,7] proposed dimensionless correlations for
frost properties at very low-humidity, and Yang and Lee
[8] derived dimensionless correlations for frost properties
as functions of the frosting parameters. These previous
studies have presented frost property correlations for a
cold plate, but relatively little research have been con-
ducted on a cold cylinder. Recently, evaporators have been
designed using the increased heat transfer area of tubes
compared to that of fins to improve their thermal perfor-
mance and reduce their production cost. Consequently, it
is necessary to evaluate frost formation phenomena on a
cold cylindrical surface.

Most studies related to cylinders have focused on an
analysis of the frost growth. Aoki et al. [9] presented a
set of experimental data for the frost thickness, frost den-
sity, and heat transfer at different angular positions on a
vertical cylinder, while Chung et al. [10] examined the
effects of the air velocity and air humidity ratio on the heat
and mass transfer. Lee and Ro [11] conducted an experi-
mental study to predict the thickness and effective thermal
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Nomenclature

A area, m2

cp specific heat, J/kg K
d diameter of cylinder, m
Fo Fourier number, aat/d2

hh heat transfer coefficient, W/m2 K
hm mass transfer coefficient, kg/m2 s
hsv latent heat of sublimation, J/kg
k thermal conductivity, W/m K
mf frost mass, kg
_m mass flow rate, kg/s
Nu Nusselt number, hhd/ka

Q heat transfer rate, W
r radius of cylinder, m
Red Reynolds number, uad/ma

T temperature, K
t time, s
ua air velocity, m/s
W length of cylinder, m
wa absolute humidity, kg/kga

yf frost thickness, m

Greek symbols

a thermal diffusivity, m2/s
m dynamic viscosity, m2/s
q density, kg/m3

Superscript
* dimensionless

Subscripts

a air
ave average
c cold surface
f frost
fs frost surface
ice ice
in inlet
out outlet
r refrigerant
tot total
tp triple point of water
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conductivity of the frost layer on a horizontal cylinder, but
these results were only applicable under low-humidity air
conditions. Padki et al. [12] proposed a simple numerical
model for the frost formation on a plate and a cylinder,
and then predicted the thickness and surface temperature
of the frost layer. Other studies [13–15] presented empirical
correlations for the frost thickness on a cylinder. Cremers
and Mehra [13] proposed a correlation for the frost thick-
ness of free convective flow, which has only limited appli-
cations for forced convection. Schneider [14] proposed a
correlation for the frost thickness without considering the
air velocity, while Sengupta et al. [15] derived empirical
heat transfer and frost thickness correlations that are only
applicable to high-temperature air. Since the applicable
operating conditions of the Sengupta et al. correlations
are beyond the limits of conventional refrigerators and
freezers, the use of these correlations for such devices
may cause large errors. Thus, previous studies [9–15]
related to frost formation with cylinders have only pre-
sented experimental data for limited frosting conditions,
or frost thickness correlations only as functions of specific
frosting parameters.

In this study, we performed frosting experiments on a
cold cylinder surface under various frosting conditions.
The local frosting behavior was determined for different
angular positions. Correlations for the thickness, density,
and surface temperature of the frost layer, and for the heat
transfer coefficient were derived as functions of the Rey-
nolds number, Fourier number, air humidity ratio, dimen-
sionless air temperature, and non-dimensional cold
cylinder surface temperature.
2. Experiments

The experimental apparatus used in this study consisted
of a climate chamber to regulate the air temperature and
humidity, a refrigeration section to maintain the flow rate
and temperature of the refrigerant, a test section to per-
form the frosting experiments, and a circulation section
to adjust the airflow rate and to connect each section, as
shown in Fig. 1. Each section of the apparatus was inde-
pendently controllable [8]. Fig. 2a shows a schematic dia-
gram of the test section used to predict frosting behavior
on a cold cylinder. The test section
(L �W � H = 400 � 150 � 150 mm) was made of trans-
parent acryl, and a stainless steel cylinder with an outer
diameter (d) of 20 mm was placed in the center of the test
section. As shown in Fig. 2b and c, the cylinder is rotated
for frost thickness measurement only.

RTD sensors of Pt 100 X in a dry/wet bulb thermometer
were installed inside the climate chamber to measure the
temperature and humidity of the moist air. The air was reg-
ulated by a PID controller, heater, cooler, and humidifier.
The refrigeration section consisted of a refrigerator and a
pump to circulate the refrigerant. A solution of ethylene
glycol and distilled water at a mass ratio of 6:4 was used
as the refrigerant. The air temperatures at the inlet and out-
let of the test section and the cold cylinder surface temper-
ature were measured with type-T thermocouples or
thermopiles, and humidity sensors were used to measure
the air humidity. The airflow rate was controlled by a
blower with an inverter and measured using a flow nozzle.
To homogenize the airflow, a honeycomb and an air mix-



Fig. 1. Schematic diagram of the experimental apparatus.
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ing fan were installed at the inlet and outlet of the test sec-
tion, respectively. Insulating material was placed on the
surface of the experimental apparatus to minimize heat
loss.

Aluminum tape for weighing the frost mass was placed
on the surface of the horizontal cylinder before the start
of the experiment. The cold surface was also covered with
plastic wrap to prevent frost formation until steady-state
experimental conditions were reached, which were then
controlled by the refrigerator, pump, and climate chamber.
The plastic wrap on the cold surface was removed after
conditions reached a steady-state, at which point the frost-
ing experiments were started. Primary experimental data,
such as the air temperature and humidity, cold cylinder
surface temperature, airflow rate, and refrigerant tempera-
ture, were recorded every 4s by a data recording system
connected to a personal computer. This study performed
frosting experiments independently for operation times of
20, 40, 60, 80, and 100 min, measuring the frost properties.
The frost thickness and frost mass were measured as soon
as the frost surface temperature was recorded at the end of
each operation time. Each experiment was repeated more
than five times to check repeatability.

A digital micrometer was used to measure the frost
thickness every 30� around the circumference of the cylin-
der by rotating the cylinder, as shown in Fig. 2b. The
micrometer probe was made of acrylic resin to prevent
the melting of the frost when it touched the frost surface.
To identify whether the tip of the probe touched the frost
surface or not, the tip was colored black and observed with
a magnifier. The frost surface temperature was measured at
45� intervals using an infrared thermometer with the cylin-
der fixed in position without rotation, as shown in Fig. 2a
and c. To minimize the sensitivity of the thermometer to
the measurement angle, we maintained the measurement
angle at 90� to the cylinder surface (for 45�, 90�, and
135�) by placing holes through which infrared emitted from
the thermometer could contact the cylinder. We measured
the frost surface temperature through the side holes only
for 0� and 180� to avoid perturbing the flow, keeping the
thermometer as close as possible to perpendicular to the
cylinder. For the frost mass measurements, we removed
the aluminum tape from the cylinder at 90� intervals as
shown in Fig. 2c, and measured the frost weight formed
on the aluminum tape using a chemical balance. The rea-
son for the 90� interval was to reduce the error in frost
mass measurement caused by a small angle.

The frost density was calculated from the frost thickness
and frost mass,

qf ¼
mf

p½ðr þ yfÞ
2 � r2�W

ð1Þ

where r and W are the radius and length of the cylinder,
respectively.

The air-side heat transfer rate was computed using the
airflow rate and the temperature and humidity differences
between the inlet and outlet of the test section,

Qtot ¼ Qsen þ Qlat

¼ _macp;aðT a; in � T a; outÞ þ _maðwa; in � wa; outÞhsv

¼ hhAtotðT a; ave � T fsÞ þ hmAtotðwa; ave � wfsÞhsv ð2Þ

where Qsen and Qlat are the sensible heat and latent heat
transfer, respectively.

The heat transfer rate for the refrigerant was obtained
from

Qtot ¼ _mrcp;rðT r;out � T r;inÞ ð3Þ

As required by ASHRAE Standard 33–78, the energy bal-
ance between the air and the refrigerant was maintained
within a maximum error of 5% during the experiments.
The average heat and mass transfer coefficients for the cold
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Fig. 2. The test section and cross-sectional area of a cylinder showing
measurement points.

Table 1
Test conditions

Run Ta (�C) ua (m/s) wa (kg/kga) Tc (�C)

1 3 0.50 0.00280 �32
2 3 0.50 0.00374 �32
3 9 0.50 0.00425 �32
4 9 0.50 0.00568 �32
5 3 2.00 0.00280 �32
6 3 2.00 0.00374 �32
7 9 2.00 0.00425 �32
8 9 2.00 0.00568 �32
9 3 0.50 0.00280 �20

10 3 0.50 0.00374 �20
11 9 0.50 0.00425 �20
12 9 0.50 0.00568 �20
13 3 2.00 0.00280 �20
14 3 2.00 0.00374 �20
15 9 2.00 0.00425 �20
16 9 2.00 0.00568 �20
17 6 1.25 0.00404 �26
18 3 0.50 0.00280 �26
19 3 0.50 0.00374 �26
20 9 0.50 0.00425 �26
21 9 0.50 0.00568 �26
22 3 2.00 0.00280 �26
23 3 2.00 0.00374 �26
24 9 2.00 0.00425 �26
25 9 2.00 0.00568 �26
26 3 1.25 0.00280 �32
27 3 1.25 0.00374 �32
28 9 1.25 0.00425 �32
29 9 1.25 0.00568 �32
30 3 1.25 0.00280 �20
31 3 1.25 0.00374 �20
32 9 1.25 0.00425 �20
33 9 1.25 0.00568 �20
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cylinder were calculated from the experimental data as
follows:

hh ¼
_macp;aðT a; in � T a; outÞ

AtotðT a; ave � T fsÞ
ð4aÞ

hm ¼
_maðwa; in � wa; outÞ
Atotðwa; ave � wfsÞ

ð4bÞ

The uncertainties in the experimental data were deter-
mined by considering the bias error and the accuracy of
the measuring devices [16]. The uncertainties of the average
frost thickness, frost density, frost surface temperature,
and heat transfer coefficient were 5.3%, 6.6%, 4.6%, and
5.1%, respectively.
3. Results and discussion

The Frosting experiments were conducted to obtain
frost property correlations on a horizontal cold cylinder.
Table 1 shows the experimental conditions for 33 cases,
which were selected based on the design of experiment.

3.1. Local frosting behavior with angular position

We measured the local thickness, density, and surface
temperature of the frost layer that formed on the horizon-
tal cylinder surface.

Figs. 3 and 4 show the temporal variations in the local
frost thickness with angular position for low and high air
velocities, respectively. The characteristics of the local frost
growth at a low air velocity were similar to the heat trans-
fer characteristics under non-frosting conditions [17]. For a
low air velocity, the heat and mass transfer at the front of
the cylinder were very active due to the collision of high-
temperature moist air, and were inactive beyond the sepa-
ration point. The generation and growth of a vortex flow
caused an increase in the frost thickness at the rear stagna-
tion point. However, the frost layer thickness grew uni-
formly around the cylinder at a high air velocity.
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Fig. 3. Temporal variations in the frost thickness with angular position at
a low air velocity.
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a high air velocity.
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Figs. 5 and 6 show the frost surface temperatures at each
angular position under different air velocity conditions.
The variations in the frost surface temperature with angu-
lar position were similar to those of the frost thickness. The
frost surface temperature at the front of the cylinder was
high due to the fast-growing frost layer and the collision
of high-temperature air. However, the frost surface temper-
ature at the rear of the cylinder for a low air velocity was
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Fig. 5. Temporal variations in the frost surface temperature with angular
position at a low air velocity.
low because of the slowly growing frost layer and lower
surrounding air temperature.

The local frost densities for different air velocities are
shown in Figs. 7 and 8. The frost layer at the front stagna-
tion point was dense owing to the high frost surface tem-
perature. However, the frost density at the rear
stagnation point was much lower than that at the neighbor-
ing 90� intervals, despite the higher frost surface tempera-
ture at the rear stagnation point. Since the frost thickness
increased with the generation and growth of the vortex
flow despite the decreased mass transfer potential due to
the low temperature and humidity of the air at the rear
stagnation point, the frost density decreased in return.

3.2. Correlations

To analyze the effects of frost behavior on the frosting
parameters, correlations were derived using the mean val-
ues of the local frost properties. The frost properties were
expressed as functions of dimensionless frosting parameters
using a dimensional analysis. The frosting parameters,
measured frost properties, and selected parameters were
included as variables in the dimensional analysis. The vari-
ables in the dimensional analysis were air temperature, air
velocity, air humidity ratio, cold cylinder surface tempera-
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Fig. 7. Temporal variations in the frost density with angular position at a
low air velocity.
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ture, frosting time, frost thickness, frost density, frost sur-
face temperature, heat transfer coefficient, diameter of the
cylinder, density and thermal conductivity of the air, ice
density, and triple point temperature of the water.

A general correlation for the frost properties was
obtained from the dimensional analysis as follows:

f y�f ; q
�
f ; T

�
fs;Nu;Red; Fo;wa; T �a; T

�
c

� �
¼ 0 ð5Þ

where y�f ; q
�
f ; T

�
fs; T

�
a; and T �c represent, yf/d, qf/qice,

(Tfs � Ttp)/(Ta � Tc), Ta/Ttp, and Tc/Ttp, respectively.
The frost properties were expressed as functions of the

Reynolds number, Fourier number, air humidity ratio,
and dimensionless air and cold surface temperatures:

F ¼ f Red; Fo;wa; T �a; T
�
c

� �
ð6Þ

The empirical dimensionless correlations of the average
frost properties on the cold cylinder surface were derived
as follows:

y�f ¼
yf

d
¼ 3:236ðRedÞ4:447�10�2

ðFoÞ0:550ðwaÞ1:267

� ðT �aÞ
�14:884ðT �cÞ

�8:400 ð7Þ

q�f ¼
qf

qice

¼ 4:264� 10�4ðRedÞ0:346ðFoÞ0:208ðwaÞ�0:398

� ðT �aÞ
14:001ðT �cÞ

4:678 ð8Þ

T �fs ¼
T fs � T tp

T a � T p

¼ T p � T tp

T a � T p

þ 7:320ðRedÞ0:312ðFoÞ0:314

� ðwaÞ1:337ðT �aÞ
�12:980ðT �cÞ

�8:021 ð9Þ

Nuave ¼
hhd
ka

¼ 0:437ðRedÞ0:431ðFoÞ0:275ðwaÞ�0:173

� ðT �aÞ
�9:661ðT �cÞ

7:221 ð10Þ

The applicable ranges of these correlations were 700 6
Red 6 3000 (0.5 6 ua 6 2.0 m/s), 56.8 6 Fo 6 295.7
(0 6 t 6 100 min), 0.00280 6 wa 6 0.00568 kg/kga, 3 6
Ta 6 9 �C and �32 6 Tc 6 �20 �C.

Fig. 9 compares the measured and correlated data for
the dimensionless frost properties, such as frost thickness,
frost density, frost surface temperature, and Nusselt num-
ber. The proposed correlations agreed well with the exper-
imental data, with a maximum error of 15%.

Most research related to cylinders has predicted the
thickness and density of the frost layer. Correlations for
a cold cylinder are generally unavailable in the literature,
and correlations that do exist do not apply to the same test
conditions as the correlations proposed in this study. Thus,
only the results of the thickness and density of the frost
layer calculated from Eqs. (7) and (8) were compared with
experimental data from previous studies [9,11,14] under
similar ranges of test conditions, as shown in Figs. 10
and 11. The results from Lee and Ro [9] and Aoki et al.
[11] are mean experimental values measured at different
angular positions on the cylinder, and those of Schneider
[14] are displayed as a function of time on a log–log plot.
The proposed frost thickness correlations agreed with the
experimental data from these previous studies, with a max-
imum error of 10%, and the proposed frost density correla-
tion predicted the experimental data of Aoki et al. [11] well,
with a maximum error of 15%.
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4. Conclusions

We investigated local frosting behavior on a horizontal
cylinder surface through frosting experiments and pro-
posed empirical dimensionless correlations of the frost
properties. The experimental results showed that the local
frost thickness at a high air velocity did not vary with angu-
lar position. The dimensionless correlations of the frost
properties, such as the frost thickness, frost density, frost
surface temperature, and heat transfer coefficient were
derived as functions of the Reynolds number, Fourier
number, absolute humidity, dimensionless air temperature,
and dimensionless cold surface temperature. The proposed
correlations are applicable for Reynolds number of 700–
3000 (air velocities of 0.5–2.0 m/s), Fourier number of
56.8–295.7 (operating time of 0–100 min), absolute humid-
ity of 0.00280–0.00568 kg/kga, air temperatures of 3–9 �C,
and cold cylinder surface temperatures of �32 to �20 �C.
The proposed correlations agreed well with the experimen-
tal data, with a maximum error of 15%.
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