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ABSTRACT
Microchannel heat exchangers with louvered folded fins
are subjected to frequent frost and defrost cycles when used in
outdoor evaporator coils of air-source heat pump systems.
Despite their potential for heat transfer enhancements, understanding the root causes that penalize microchannel heat
exchangers during frosting operating conditions is still an
open field of study.
This paper presents a new experimental methodology to
study frost growth on louvered folded fins of microchannel heat
exchangers. The paper demonstrates the feasibility of the frost
mass and frost thickness measurements and, through a series
of controlled laboratory experiments, provides new data for
frost growth on louvered fins. Fin surface temperature was
directly measured during actual frosting operating conditions,
and relations with heat transfer rates, air-side pressure drops,
and frosting cycle times are discussed. The experimental
results suggested that the frost mass increased linearly with
time and that there was no measurable time delay before water
vapor began to frost and accumulate on the fins. The air-side
flow blockage due to frost accumulation on the front leading
edge of the fins was strongly dependent on the fin surface
temperature, and the data confirmed that the flow blockage
was the key factor for the heat transfer capacity degradation
during frosting operation.
INTRODUCTION
Microchannel heat exchangers have the potential to significantly increase the cost-effective performance of air conditioning, refrigeration, and heat pump systems. The benefits of

microchannel heat exchangers in air conditioning systems have
been shown by numerous studies in the literature (Kim and
Bullard 2002b, a; Garimella 2003; Jacobi et al. 2005). Because
of their compactness and efficiency for heat exchange, microchannel heat exchangers have been recently adopted by the heat
pump industry in residential and commercial applications. If
these heat exchangers are used as evaporator in outdoor coils,
they are subjected to significant frost growth and frequent
defrost cycles, which ultimately limit their heating performance
during winter (Kim and Groll 2003a; Xia et al. 2006; Padhmanabhan et al. 2008).
Frosting is a transient phenomenon in which both heat
transfer and mass transfer take place simultaneously. Because
of the low conductive thermal resistance of microchannel tubes,
the fin base temperature is close to the local saturation temperature of the refrigerant, and a larger temperature difference
between air and fin surface occurs in microchannel heat
exchangers. The augmented heat transfer rate of this type of heat
exchanger is beneficial for high heating capacity during the
heating period. However, the compactness of the microchannels
and folded fins, low fin temperature, and the fin surface characteristics might make them more vulnerable to early frost formation and rapid frost growth. The effective heating service time
that a heat pump unit with a microchannel outdoor coil will
experience is markedly reduced because of the air flow blockage caused by the frost. The unanimous consensus among
researchers is that the design of folded fin microchannel heat
exchangers for evaporator outdoor coils of heat pump systems
must consider both steady state and transient performance
under frosting conditions. Kim and Groll in 2003 (2003b), and
more recently Xia et al. (2005, 2006), investigated frosting
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performance of microchannel heat exchangers, and one main
common conclusion was a need for determining the impact of
fin geometry and fin operating temperatures on frost nucleation and frost accumulation rate for louvered folded fins
adopted in microchannel outdoor evaporators. This paper aims
to address this need and describes a new experimental methodology to study frost growth on louvered folded fins of
microchannel heat exchangers. The fin surface temperature
was directly measured during frosting operating conditions,
and relations with frost thickness, frost mass, air-side pressure
drop, and heat transfer rate were derived and discussed. Studies on microchannel heat exchangers and on frost growth are
extensive, and a thorough literature review is out of the scope
of this paper. However, the most recent research on frost characteristics on louvered folded fins of microchannel heat
exchangers is summarized next with particular emphasis on
the measurement techniques and experimental approaches.
LITERATURE REVIEW
There are several parameters that affect frost formation on
outdoor coils, such as air velocity, air humidity, air temperature, cold fin surface temperature, surface energy, and fin-base
contact resistance (Moallem et al. 2010a; Zhang and Hrnjak
2010b; Guo et al. 2006; Xia et al. 2005). While several
researchers have investigated frost formation on flat horizontal plates and conventional fin-and-tube coils, few researchers
have undertaken similar efforts for microchannel coils in transient frosting cases. The geometry of folded fin microchannel
coils and the presence of a porous layer of air and ice in addition to the normal air-side and refrigerant side parameters
makes the theoretical analysis difficult (Ohkubo 2006). Peng
et al. (2003) investigated the behavior of an air-source heat
pump with a fin-and-tube heat exchanger operating under
frosting and defrosting conditions. In their experiments a
threshold value of frost thickness was observed at which COP
of the heat pump started to decrease significantly. A similar
investigation was performed more recently by Guo et al.
(2006), in which they considered the effects of outdoor air
temperature and relative humidity on the frost accumulation of
a fin-and-tube outdoor coil and on the dynamic heating capacity of an air source heat pump system. The researchers found
that the COP of the heat pump increased at the initial frosting
stage and decreased rapidly when the frost started to accumulate. An experimental investigation of the impact of frost
growth on the system performance and reliability of microchannel heat exchangers in air-source heat pump systems was
presented by Kim and Groll (2003b). The investigators
considered two types of microchannel evaporator coils made
up of five individual panels (slabs). The two types of panels
had fin densities of 15 and 20 fins per inch, fin width and depth
of 18 mm (0.71 inch), and louver pitch of 1.14 mm (0.045
inch). Kim and Groll discussed the effects of fin-tube in two
different orientations (vertical tubes and 15 degree slanted
windward tubes) and pointed out that for heating mode, the
vertical coil installation with lower fin density led to slightly
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increased capacity and energy efficiency ratio (EER) and
longer frosting time. They concluded that water condensate
drainage removal during defrost cycles needed to be improved
and that the manifolds should be designed for more even
refrigerant distribution. In their work, the investigators
reported overall UA average coefficients and did not measure
the amount of frost thickness and weight during the experiments.
The effect of water retention in louvered-fin microchannel evaporators was experimentally investigated in a work
presented by Xia et al. (2006). They tested five microchannel
coils circuited in cross-flow configuration with the fin geometries in the following range: fin density from 12 to 24 fins per
inch, fin depth from 16 to 70 mm (0.63 to 2.76 inch), fin width
from 8 to 10 mm (0.31 to 0.39 inch), louvered angle of 23, 27,
and 30 degrees, and louvered pitch of 1 to 1.4 mm (0.039 to
0.055 inch). The coils were tested under frosting, defrosting,
and subsequent refrosting conditions. Xia et al. discussed the
performance of different coils’ geometries during multiple
frosting and defrosting cycles and also monitored closely the
coil using a fiberscope. They noticed that some of the water
droplets produced during the defrost cycles remained trapped
between the fins. During the subsequent frosting cycle, the
droplets froze directly into ice, which increased the pressure
drop of the coil and provided additional sites for frost growth.
Xia et al. also suggested that refrosting behavior becomes periodic after about five frost and defrost cycles. They suggested
additional experiments to parametrically extend the geometric
dimensions in the data set and to investigate the effects from
flow-depth, water retention, and fin geometry.
The effects of heat exchanger orientation, surface coating (hydrophilic versus hydrophobic), and fin-surface
enhancement (louver vs. lanced) were studied by Joardar et
al. (2006) using dynamic dip tests, which represent a fast,
efficient, and inexpensive laboratory method for comparative and screening studies. For coils with fins without
louvers, inclination helped drainage significantly, but in
louvered fins inclination had a fairly small effect on drainage due to competing effects of gravity and surface tension.
Surface wettability plays a key role in the retention of
condensate and frost melting on heat exchanger surfaces;
methods to produce super-hydrophobic and super-hydrophilic surfaces for heat exchangers were reviewed recently
in a paper presented by Zhong et al. (2006). The experimental method that they used to determine the surface wettability on a coil was a dynamic dip testing method. Coils that
hold the most water in the dip test method seem to retain the
most condensate in steady-state wind tunnel tests. Changing
the surface energy is a very attractive way to modify frost
properties, as also reported by Shin et al. (2003). The
authors investigated three aluminum flat plates with known
dynamic contact angle surfaces. The plates were coated by
means of a special advanced plasma polymerization technology for improvement of surface wettability. The surface
characteristics played an important role during the first
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stage, the nucleation of frost and became weaker as frost
grew. Values of average and local frost density and thermal
conductivity were obtained for frost accumulation on a flat
aluminum plate.
A recent work by Padhmanabhan et al. (2008) was
conducted to evaluate the performance and capacity of a 4-ton
heat pump unit using a microchannel coil as an outdoor evaporator in comparison with those of the same unit using fin-andtube coils as outdoor evaporators, where both coils had identical envelope dimensions. Several frost and defrost cycles
were performed, and additional tests were conducted by blowing nitrogen to the front air-side face of the wet coil at the end
of the defrost period in order to remove water droplets retained
in the coil. Their results showed only slight improvements of
the frosting time; that is, the nitrogen blow off procedure
produced an extension of the frosting period by only 4% with
respect to ordinary wet coil conditions. The comparison
between fin-and-tube and microchannel coils showed that finand-tube coils doubled the time between defrost cycles, and
the EER of heat pump systems using microchannel coils was
about 13% lower compared to one heat pumps using fin-andtube coils. In completely dry initial conditions the frosting
cycle time of microchannel coils was about 60% longer than
the one obtained after several cycles, for which the coil was in
wet conditions at the beginning of each frosting cycle.
In a recent experimental study by Zhang and Hrnjak
(2010a) on frosting performance, the effect of geometry (i.e.,
fin pitch of 12-22 fpi and louver pitch of 1.4-2.8 mm) on heat
transfer and pressure drop were investigated for air velocities
of 0.9, 2, and 3 m/s for a new heat exchanger that used louvered
bent fins on flat tubes with the flat tubes in a horizontal position. They observed that a louver pitch of 2.1 mm had the highest heat transfer coefficient when compared to louver pitches
of 1.4 mm and 2.8 mm. The difference in thermal performance
was identified especially at the highest face velocity. They also
pointed out that at a constant louver pitch of 1.4 mm, fin
pitches of 16 FPI and 18 FPI provided the highest overall heat
transfer coefficients, and the frosting time for those two geometries was longer compared to coils that had fin pitches of 20
FPI and 22 FPI.
In another experimental study on frosting performance of
parallel-flow parallel-fin (PF²) heat exchangers, Zhang and
Hrnjak (2010b) observed the impact of face velocities (0.9, 2,
and 3 m/s) and air relative humidities (70% and 80%) on the
air-side pressure drop across the coil and on the overall heat
transfer coefficient during the first five frosting cycles. Their
experimental results suggested that higher air humidity and air
face velocity led to increased frost growth rate, higher pressure
drop, and higher heat transfer rate. Their results also showed
that a 10% decrease in air relative humidity, that is, from 80 to
70%, caused the frosting time to increase by as much as 42%.
At higher humidity, the overall heat transfer coefficient at the
beginning of the first frost cycle was about 17% higher and
dropped more rapidly during the frosting period.
©2012 ASHRAE

Few researchers undertook direct measurements of frost
thickness and frost weight on aluminum fins. The frost thickness and mass were measured on removable aluminium fins by
Thomas et al. (1999). The experiments focused on growing
frost on fins that were mounted on an aluminium base, which
was cooled with 15 thermoelectric cooling modules (TECM).
The frost thickness measurements were taken by using a fully
automated laser scanning system. For the frost mass measurements, the aluminium fin was put in a sealed container, and a
digital balance with high accuracy was used to find the accumulated frost mass. The laser beam technique of measurement
was considered to be unreliable by Na and Webb (2004)
because of the high roughness of frost surface. Moallem et al.
(2010b) focused on frost growth on various microchannel heat
exchangers that were custom made of dimensions of 0.3 by 0.3
m (1 by 1 foot) to fit a laboratory low temperature wind tunnel,
which was built ad-hoc for frost thickness and frost mass
measurements. The frost thickness was measured from images
in which the advancement of the frost surface profile was
pinpointed with respect to the fin surface. The process to
obtain the frost thickness data was very lengthy but provided
accurate and repeatable results. The frost mass was obtained
from the weight increment of the coil, which was anchored to
a digital scale during the frosting operation. Similar techniques were previously used by Xia et al. (2005), in which the
authors also suggested that the parameters affecting the frosting phenomena the most were air humidity, fin temperature,
and air velocity.
From the literature review it appears that there is a need
to provide consistent transient frosting performance data sets
for louvered folded fins adopted in microchannel heat
exchangers. This paper describes a new experimental methodology to measure the frost mass and frost thickness and their
rate of increase during actual operation of the louvered fins in
cold ambient air. Fin surface temperature, heat transfer and airside pressure drop across louvered folded fins were also
measured during transient frosting cycles. The feasibility and
repeatability of the measurements are demonstrated through a
series of controlled laboratory experiments that highlight the
effects of fin surface temperature, air face velocity, and air
humidity on the local frost growth on louvered folded fins. The
effect of fin geometry on the thermal hydraulic performance is
introduced here, but more results, analysis, and correlations of
fin geometry and fin surface energy with the frost growth characteristics are presented in the second part of this work.
EXPERIMENTAL METHODOLOGY
The test set up consisted of a controlled low temperature
air wind tunnel, which is schematically shown in Figure 1. The
tunnel is a closed loop duct system equipped with ultrasonic
humidifiers, refrigeration coil, turning vanes, electrical heater,
and a centrifugal variable speed fan. A series of thermocouples, resistance temperature detectors (RTDs), pressure transducers, dew point meters, and a flow nozzle are distributed
along the wind tunnel. One column of louvered fins was cut
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Figure 1 Schematic of the low temperature air wind tunnel (top) and location of main equipment and instrumentation in the
tunnel (bottom).

Figure 2 Procedure for the preparation of the test assembly set up inside the wind tunnel.

from commercially available microchannel coils, and the
vertical microchannel tubes were machined until a thin wall of
metal attached to each side of the folded fins remained. This
is referred to as the “fin sample” throughout the paper; a typical fin sample is shown in Figure 2. An aluminum plate was
then epoxied to each side of the fin sample to form the final
“fin sample assembly” (also shown in Figure 2).
The fin sample was exposed to controlled frosting conditions. Air entered the fin sample at 1.7C (35F) dry bulb
1104

temperature. The wet bulb temperature was set at 0.6C
(33F), which yielded an entering relative humidity of about
82% and an absolute humidity of 0.0035 kg-water/kg-air
during the experiments. The air absolute humidity was also
varied from 0.003 to 0.0041 kg-water/kg-air (from 72 to 92%
rh) when studying the effect of moisture content on the frost
growth rate. The approaching air velocity was controlled by a
variable speed fan using a PID controller and ranged from 0.8
to 1.6 ms–1 (157 to 315 fpm). These inlet conditions were
ASHRAE Transactions

Table 1.

Geometry of the Fin and Operating Conditions During the Frosting Tests

Fin
Sample

Fin Temp.,
°C (°F)

Air Velocity,
M·s–1 (fpm)

Fin Density,
Fins per Inch
fpi

1

–11, –8, –5
(12,17, 23)

1.5
(295)

10 (flat fin)

27 (1.063)

2

–11, –8, –5
(12,17, 23)

0.8, 1.5
(157, 295)

14

3

–13 to –5
(8 to 23)

1.6
(315)

4

–11, –8, –5
(12,17, 23)

4

Fin Surface
Treatment

Test
Objective

8 (0.315)

None

Geometry

27 (1.063)

8 (0.315)

None

Geometry

20

26 (1.023)

8 (0.315)

None

Temperature
effects

1.3
(248)

19

25 (0.984)

10 (0.394)

None

Geometry
effects

–8 (17)

0.8, 1.3, 1.6
(157, 248, 315)

19

25 (0.984)

10 (0.394)

None

Velocity effects

4

T = –8 (db),
72%, (82), 92%
RH

1.3
(248)

19

25 (0.984)

10 (0.394)

None

Humidity effects

5

–11, –8, –5
(12,17, 23)

1.0
(205)

20

25(0.984)

13 (0.512)

None

Geometry
effects

controlled within a narrow range as specified in the standard
AHRI 210 for heat pump system performance ratings (AHRI
2005). Air in the tunnel was cooled by using a large refrigeration coil that was connected to a low temperature chiller. A
variable output electrical heater with a maximum capacity of
1.4 kW was used to tune the approaching dry bulb temperature, and three ultrasonic humidifiers were installed in the
tunnel to provide the required amount of water vapor in the air
stream. Their location with respect to the fin sample is shown
in Figure 1.
The accuracy, calibration, and control tolerance of the
instrumentation are discussed further in the following section,
and further details about the low temperature wind tunnel can
be found in Moallem et al. (2010b).
Some of the fin geometries investigated in this work were
similar to the geometries previously studied in Xia et al.
(2006), while several other geometries in the current work
extended the fin design parameters beyond what is currently
reported in the archival literature. The preparation of the fin
sample assembly required four basic steps, as illustrated in
Figure 2. Step 1 was to cut a sample from commercially available coils, which were selected as potential candidates for residential heat pump systems. The vertical size of each fin sample
was about 15.24 cm (6 inch). Fin density, fin depth (D), and fin
height (H) were determined by the original design of the coils
from which the samples were cut. The geometry of the fin
samples are summarized in Table 1. In step 2, the fin samples
were attached with thermal epoxy to two aluminum plates, one
on each side of the fin sample, as shown in Figure 2, step 2.
Aluminum plates were used because of their excellent thermal
conductance, which allowed for relatively uniform heat flux
©2012 ASHRAE

Fin Depth (D), Fin Height (H),
mm (in.)
mm (in.)

over the entire wall of the fin sample. The plates also provided
proper housing for the thermocouples, which were mounted
between the fin sample walls and the aluminum plates. Small
grooves were cut out to fit the thermocouple wires, and the tips
of the thermocouples were glued to the wall surface by using
a thermal epoxy with high thermal conductivity. Four thermocouples were completely embedded in each wall surface
substrate, that is, in between the aluminum plate and the thin
vertical wall that kept the fins together. The temperature readings from the eight embedded thermocouples were fairly close
to the fin-base surface temperature due to the high conductance of the entire assembly. This fin-base surface temperature
will be referred to as the fin temperature throughout this paper.
It is obvious that the actual fin surface temperature along the
edge of the fins varies depending upon the location in the fin
and is a result of the local heat and mass transfer processes
at the interface between frost and aluminum fins. The finbase temperature measured continuously during frosting
with the eight embedded thermocouples was thus taken to be
the control parameter during the experiments, and the average between the eight measurements was representative of
the overall thermal conditions of the fin sample. During the
tests, the fin temperature was controlled below the freezing
temperature to form frost. To cool down the fin sample, a
method originally proposed by Thomas et al. (1999) was
adopted. Thermal-electric cooling modules (TECMs) were
installed to remove heat from the fin sample and to control the
fin temperature during frosting. Four 44 watts-capacity
TECMs were used to cool the fin sample, two attached at each
side of the fin sample as shown in step 2 of Figure 2. The
amount of heat transfer from the fin sample to the liquid heat
1105

Figure 3 Photo of the test assembly mounted on the modified vice with springs (a) un-insulated test apparatus; (b) insulated
test apparatus; and (c) zoom of the fin sample attached to transparent plastic channels at the inlet and at the outlet
of the fin sample with respect to the air flow direction.
sink was accurately controlled by variable power transformers
connected to each TECM. Ethylene glycol was circulated
inside the liquid heat sink to remove heat from the test apparatus. Two custom-made stainless steel T-shapes blocks
(referred to as “T-blocks” in Figure 2, step 2) were inserted
between the fin sample assembly and the TECMs. The Tblocks were machined to nearly the same depth as the fin
sample assembly and provided one-dimensional uniform
conduction heat flux in the y-direction (as shown in Figure 2)
perpendicular to the fin assembly walls. Each TECM was
instrumented with six thermocouples, three on the hot side and
three on the cold side, to monitor the cooling load of the
device. In Figure 2 air flows along the x-direction, meets the
fins, and exits on the back side of the fin sample. Heat is
removed from the air stream by the louvered fins and is laterally transported along the y-direction by the T-blocks. The
entire device was assembled in a compact test assembly, as
shown in step 3 of Figure 2. Then the test assembly was
mounted inside the low temperature wind tunnel as shown in
step 4 and was exposed to frosting ambient conditions during
the tests.
The fin sample assembly was detached from the Tblocks in order to measure the frost mass accumulated on the
fins. The separation of the fin sample assembly from the Tblocks was accomplished by creating mirror finished
surfaces containing thermal grease on the exterior sides of
the fin sample assembly walls and on the surfaces of the Tblocks that were in direct mechanical contact with the fin
sample walls. Additional pins were opportunely mounted at
the top and at the bottom of the fin sample assembly to facilitate the mechanical separation of the fin sample assembly
from the T-blocks without destroying the integrity of the
frost accumulate on the fins.
When frost started to accumulate on the fins the air flow
blockage could potentially become severe. To eliminate a
systematic error during the measurements of the air-side
pressure drop across the fin sample in frosting conditions,
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the air stream, should not be allowed to bypass the fin
sample through micro cracks and small fissures around the
perimeter of the sample. To minimize the risk of air bypass,
a plastic enclosure was installed and completely sealed at
the inlet and outlet of the fin sample as shown in Figure 3 (c).
Pressure leak tests were performed by using a trace smoke
technique, and no leaks were detected from the inlet or from
outlet of the duct channel attached to the fin sample when air
inside the device was pressurized with respect to atmospheric ambient pressure. As will be discussed in more
detail later in this paper, eliminating the potential of the air
bypassing the fin samples, when frost accumulated on the
heat transfer surface, was the key factor to achieving good
repeatability of the measurements.
During the frosting experiments, the air surrounding the
test assembly was at about 1.7C (35F) due to a special thermal guard apparatus inside the wind tunnel (Moallem
2010a). Even though the temperature gradient was quite
small, foam insulation boards were installed around the Tblocks to minimize the heat gain to the fin sample further
during the frosting experiments. The uninsulated and insulated test apparatus is shown in Figure 3 (a) and (b), respectively. The apparatus was mounted on an adjustable
mechanical vice that was modified ad hoc for these experiments with adjustable springs as shown in Figure 3 (a). The
springs redistribute the contact pressure along both surfaces
of the fin sample assembly, and the vice provided sufficient
pressure on the fin sample to allow heat conduction across
the surfaces in mechanical contact during the frosting periods. The vice was opened to detach and weigh the fin sample
at the end of the frosting period in order to quickly measure
the weight of the frost accumulated on the fins.
During the experiments inlet air temperature and
humidity, initial air face velocity at the inlet, and temperature of the fin were controlled. The temperature measurements were done by using a T-Type thermocouple grid. The
humidity was measured by chilled mirror dew point meters,
ASHRAE Transactions

Figure 4 Example of the images of frost growth and measurements of frost thickness on louvered fins (fin sample 3, 20 FPI,
louvered H x D is 8 x 26 mm (0.315 x 1.024 inch), Tfin = –8 C [18ºF]).
and the air face velocity was calculated from the flow rate
measured by the flow nozzle downstream of the fin sample,
as specified according to ASHRAE 41.2 (ASHRAE 2001).
The fin temperatures were measured by using very fine 40gauge T-type thermocouples to minimize any interference
with the local temperature. The air-side pressure drop
across the fin sample was measured with a differential pressure transducer.
Frost Measurements
Frost thickness was measured with a magnifying high
resolution short focus charge-coupled device (CCD)
camera that had a borescope probe extending about 1 meter
(3 feet) inside the wind tunnel. The probe tip of the borescope was installed at the front of the fin sample. The value
of frost thickness was obtained by scaling high resolution
images and using special computer imaging software. The
distance between two adjacent fins was used as reference
dimension, and the fin edge in initial (dry) conditions was
selected as a starting point, that is, as reference for the frost
thickness, as shown in the example of Figure 4 for the “start
test” image. Figure 4 shows the images from the CCD
camera at various instances during the frosting period, but
it should be emphasized that this figure is only for illustrative purposes. The actual measurements were made on a
much larger scale by using magnified high resolution
photos of the frost on the fin sample. Figure 4 depicts well
the concept of the methodology adopted for the frost thickness measurements. The cold base plates attached on the
sides of the fins were maintained at a constant temperature
of Tfin = –8C (18F) for the example as shown in Figure 4,
and heat was continuously extracted from the fins along the
transverse direction by the two TECMs mounted on each
side of the fin sample assembly. The power supplied to the
TECMs was controlled in order to keep Tfin constant during
©2012 ASHRAE

the entire period of frosting as shown in the data of Figure
5. The second photo in Figure 4 shows the onset of frosting
at about 2 minutes. After 5 minutes the frost profile became
more defined, and then it continued to advance until 21
minutes, which was approximately the end of the test since
the fin sample was completely covered with frost. Frost
grew mainly perpendicular to the fin surfaces, and the CCD
camera captured digital photos every 1 minute. From these
observations it is emphasized that the growth of frost was
in two directions: the main direction was perpendicular to
the fin surfaces, and the second direction was perpendicular
to the fin leading edge toward the CCD camera. The frost
growth in the direction perpendicular to the fin surface was
prevalent during the initial frosting period. Some frost grew
from the side tube wall along the horizontal direction, but
it is mainly the frost growth in the main direction that is
responsible for the air flow blockage of the coil. The
distance between the frost surface edge and fin edge was
extracted from the images, and the accuracy of the frost
thickness measurements was about 0.03 mm. The main
advantages of this technique were that it was not invasive
and did not interfere with the frost growth process. The data
reduction of frost thickness from the digital photos requires
considerable time and experience of the operator. Further
details on the measurements of the frost thickness using this
imaging technique are provided in the papers by Moallem
et al. (2010a, 2010b).
To determine the frost mass, the fin samples were quickly
removed from the vice at the end of the test, and the weight was
measured using a precision digital scale. For each sample, the
weight with frost was compared to the initial weight of the
sample in completely dry conditions so that the weight only
due to frost accumulated on the fins could be accurately determined. During the weighing process, no water droplets were
found on the sample which indicates that there was no frost
melted.
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Figure 5 Example of the control of the fin temperature (Tfin) during frosting operation and pull down period of the fin sample
to the set point temperature of –8C (17.6F) for the frosting experiment.
EXPERIMENTAL PROCEDURE AND UNCERTAINTY
ANALYSIS
All tests were conducted with the fin sample initially in
dry conditions. The fin sample assembly was installed inside
the tunnel and left at room temperature overnight to achieve
dry surface conditions. Then the air stream in the wind tunnel
was brought to 1.7/0.6C (35/33F) dry bulb/wet bulb temperature in about 4 to 5 hours, and the air velocity was set to
1.5 ms–1 (295 fpm). Once the wind tunnel reached steady
state conditions, the thermoelectric cooling modules were
energized, and a pull down period for the fins was observed in
order to achieve subfreezing surface temperatures. This pull
down period is clearly visible in the experimental results
shown in Figure 5. After 2 to 4 minutes the fin temperature
(Tfin) reached the set point temperature, and the time for calculating the frosting cycle was initiated. During this pull down
period no visible amount of frost was measured on the fins, and
the fan was kept off during the pull down period, then the
airflow started and fan was kept at a constant rpm throughout
the entire test. The air inlet velocity, calculated from the air
volumetric flow rate and frontal area of the fin sample,
decreased as a result of flow blockage on the fins once frost
started to accumulate. This method of testing was preferred
over a constant air velocity method since it was closer to the
actual operation of the outdoor evaporator coils in air-source
heat pump systems. According to ASHRAE standard 41.2 the
lower limit of the air velocity that could be measured with our
flow nozzle was 0.7 ms–1 (137 fpm). However, in order to
extend the frosting period and in order to detect a clear difference between the various frosting times the frosting period
1108

was extended beyond the low air flow limit and up to the point
for which the air flow across the fin sample was equal to or
below 0.25 ms–1 (50 fpm). All of the measurements were
taken using a Fluke® 2680 data logging acquisition system.
Control boards PCI-DAC 6703 and PCI-DAS 6025 from
Measurement Computing® were used to provide low voltage
control signals. A program was written in the LabView® ver
8.5 software environment to calculate derived quantities, plot
the data, and control the test facility.
The uncertainty of the volumetric air flow rate was calculated to be within 3%. This uncertainty was calculated at an air
velocity of about 1.6 ms–1 (315 fpm). The uncertainty on the
frost thickness was determined to be within 0.03 mm, and the
accuracy of the frost weight was found to be ±0.3 g. These
values included the nominal accuracy of the instrumentation
and the errors due to the repeatability and hysteresis of the
sensors, which were carefully estimated through a series of insitu calibration tests in our laboratory. The heat transfer rate
was estimated from the air side measurements through the air
enthalpy method and compared with the conduction side
measurements through the T-blocks, which functioned as 1-D
flux meters. This was done for redundancy since the magnitude
of the heat transfer rates was very small in our test apparatus.
An additional series of calorimeter tests was performed on the
test apparatus to verify that thermocouples were firmly
attached to the surfaces and provided correct measurements of
the local surface temperature at various locations along the fin
vertical wall. Because of the transient nature of the experiments
and due to the complex geometry of the T-block flux meters,
the average heat balance between air side and conduction side
ASHRAE Transactions

Table 2.
Parameter
Measured

Measurement Devices, Set Points, Range, Accuracies, and Control Tolerances
Measuring Device

Calibration

Set Point/Range

Accuracy

Control Tolerance

Sensors for Controlled Variables
Air temp.
(Dry bulb)

Thermocouple (Grid)

In situ*

1.67°C
(35°F)

±0.15°C
(0.27°F)

±0.56°C
(±1°F)

Air temp.
(Wet bulb)

Chilled mirror dew
point meter

Manufacturer

0.56°C
(33°F)

±0.1°C
(0.18°F)

±0.28°C
(±0.5°F)

Fin temp.

Thermocouple

In situ*

–11°C, –8°C, –5°C
(12.2°F, 17.6°F, 23°F)

±0.1°C
(0.18F)

±0.5°C
(±0.9°F)

Air volume flow rate

ASHRAE Nozzle

Manufacturer
(Pressure transducer)

0 to 0.0025 m3s–1
(0 to 5.3 cfm)

±3%

0.00012 m3/s
(0.25 cfm)

Measured Variables
Air press. drop

Differential pressure
transducer

Manufacturer

0 to 623 Pa
(0 to 2.5 in. H2O)

±6.2 Pa
(0.025 in. H2O)

—

Air velocity

Flow nozzle

Manufacturer
(Pressure transducer)

0 to 1.6 ms–1
(0 to 315 fpm)

±3%

—

Frost thickness

Short focus CCD
camera

Manufacturer

0 to 0.6 mm
(0 to 0.024 in.)

0.03 mm
(1.2 × 10–3 in)

—

Frost mass

High precision digital
scale

In situ

0 to 8 g
(0 to 18 × 10–3 lb)

0.3 g
(0.66 × 10–3 lb)

—

Heat transfer rate

Both air side meas.
and conduction side
meas.

In situ

5 to 50 W
(17 to 170 Btu/h)

15%

* NesLab Instruments Inc. constant temperature bath chiller model RTE-140 was used.

heat transfer rates was within 15% for dry tests and during
initial periods of wet tests, that is, when steady state or quasi
steady-state behaviors were realistic assumptions in the data
reduction. Air side measurements were more stable than the
heat transfer rates calculated from the conduction side of the Tblocks, and the air side heat transfer measurements were
chosen as the primary method to calculate the heat transfer rate
extracted from the fin sample.
Frosting tests were repeated multiple times to verify that
the experimental data from the developed test methodology
were consistent. The main accuracy and uncertainties of the
measurements are given in Table 2.
DISCUSSION OF THE FROST MEASUREMENTS
Frost growth on louvered folded fins was investigated by
conducting a series of experiments in a parametric fashion and
by varying the fin temperature, air inlet humidity, and air inlet
face velocity such that only one variable was modified at a
time while all other operating parameters were unvaried. A
summary of the tests conditions during the experiments is
provided in Table 1.
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The effect of fin temperature on the frost thickness growth
for sample 4 is shown in Figure 6. The frost thickness is
measured on the front leading edge of the fin, and it was the
main parameter that caused air flow blockage. On the back
side of the fins, on their trailing edges, there was no visible
frost for the entire frosting period and for all the samples. This
observation suggested that the blockage of the airflow
occurred at the front face of the coils. Data in Figure 6 show
that a decreasing fin temperature results in a decrease in frosting time. The frosting time was defined as the time measured
right after the pull down period, that is, from the instant the fins
reached the set point temperature at the beginning of the test
to the instant the air velocity decreased below 0.25 m/s (50
fpm). For this test, the fin temperatures were –11, –8, and –5°C
(12, 17.6, and 23F), and the frosting times were 13 minutes
for –11°C (12F) fin temperature, 25 minutes for the –8°C
(17.6F) fin temperature, and about 80 minutes for the –5°C
(23F) fin temperature. The test at Tfin= –8C (17.6F) was
selected as the baseline case since previous work suggested
that this surface temperature is the closest one to the fin surface
temperature in actual outdoor evaporator coils with microchannel heat exchangers during frosting conditions specified
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Figure 6 Frost thickness on fin sample 4 for different fin
temperature.

in the AHRI standards (Heating test conditions at 35/33 db/
wb). The data in Figure 6 show that if the fin temperature
decreased by 3°C (5.4F), the frosting time is reduced by
approximately 80%, that is, from 25 to 13 minutes. The fin
thickness on the leading edge at the end of the frosting period
was about 0.58 mm (0.020 inches), and the measurement error,
which was fairly constant for all data points, is reported only
for one data point in Figure 6 for clarity. The data at –5°C
(23F) fin temperature were quite surprising. Although frost
started to accumulate rapidly at the beginning of the test there
is a clear variation of the slope in the thickness data for the –
5°C (23F) case. At this fin temperature the frosting time is
significantly extended. This is likely due to the fact that the
actual temperature of the fin edge might be quite close to the
freezing point for a fin-base temperature of –5°C (23F). In
addition there seems to be a frost densification effect near the
freezing point as confirmed by the frost mass measurements
reported next in Figure 7.
The mass of frost grows linearly with time as shown in
Figure 7. For a fin temperature of –8°C (17.6F) there are four
different data points, which were taken at different time intervals. All data points lie near a linear trend with no measurable
time delay for the formation of the frost on the fin surfaces.
This result suggests that the water vapor in the air stream
immediately starts frosting on the fin surfaces. At the lowest
fin temperature of –11°C (12F) the frost weight at the end of
the frosting period was about 3 grams, while at the highest fin
temperature of –5°C (23F) the frost weight was more than 6
grams. This result is consistent with the previous findings
from the literature (Yonko and Sepsy 1967; Hayashi et al.
1977; Östin and Andersson 1991; Mao et al. 1992, 1993; Sahin
1994) and support the fact that there is a densification phenomenon of the frost when the surface of the fins is just below the
freezing point.
1110

Figure 7 Frost weight on fin sample 4 for different fin
temperature.
The effect of frost densification can also be observed in
the measurements of the air-side pressure drop, which are
shown in Figure 8. These measurements should be considered
along with the frost thickness values, which measure obstruction to the air flow at the leading edge of the fins (reported
previously in Figure 6). The data in Figure 8 support that the
increase of the air pressure difference across the fins is caused
by the increase of the frost thickness at the leading edge, which
blocks the air flow. Second, by focusing on a single leading
edge frost thickness, for example to 0.5, and by considering
Figure 6, this thickness occurred at about 10, 20, and 73
minutes after the start of the frosting period for the three fin
temperatures of –11, –8, and –5C (12, 18, and 23F). The
corresponding pressure drops in Figure 8 are 200, 212, and
224 Pa (0.8, 0.85, and 0.9 inches H20) at the times of 10, 20,
and 73 minutes for the three fin temperatures. If the frost thickness is the same for all three cases then the air flow blockage
differs because of the internal porosity of the frost and due to
frost-air film interface surface characteristics. At –5C (23F),
that is, when the fin surface temperature was closer to the
freezing point, the data series (c) in Figure 8 confirms that the
densification of the frost occurred, and it imposed a more
severe barrier to the air flow. The air-side pressure drop was
slightly higher than for fin temperatures of –8 and –11C (18
and 12F) if equal frost thickness on the leading edge of the
fins is considered.
The fin sample capacity ratio, expressed as the ratio of the
instant heat transfer rate during frosting operation to the initial
heat transfer rate at the beginning of the test, is shown in
Figure 9. The trends clearly indicate severe capacity degradation as frost accumulated on the fins. The initial capacity was
different for the various fin temperatures, and at –8C (17.6F)
and –11C (12F) the heat transfer rate dropped drastically
after only 20 and 11 minutes of frosting operation, respectively. The capacity decrease was due to air flow blockage,
which decreased the air velocity and thus lessened the ability
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Figure 8 Pressure drop across the fin sample 4 for different
fin temperature.

Figure 9 Capacity ratio of fin sample 4 for different fin
temperature.

to exchange heat by convection at the air-frost interface
boundary layers. If one takes 60% of the capacity drop as the
parameter to initiate the defrost cycle, the frosting times would
be 63 minutes, 20 minutes, and only 11 minutes for fin temperatures of –5°C, –8°C, and –11°C (23, 17.6, and 12F). Experimental results for other fin densities, fin depths, and fin
heights provided similar results. Overall, the data showed a
strong dependance of the frosting performance on the fin
surface temperature.

as shown in the second series of experiments reported in
Table 3. For the lower face velocity of 0.8 ms–1 (157 fpm),
the frosting time was actually slightly longer than for a face
velocity of 1.3 ms–1 (248 fpm). On the other hand if the face
velocity is increased to 1.6 ms–1 (315 fpm) the, frosting time
is also increased to about 34.6 minutes. When the velocity
was 1.6 ms–1 (315 fpm), the mass of frost accumulated on
the fins was significantly higher, but the thickness on the
front leading edge was similar to thicknesses for velocities of
1.3 and 0.8 ms–1 (248 and 157 fpm). This finding suggests
that at 1.6 ms–1 (315 fpm) the water vapor was carried
further into the coil before reaching saturation at the frost air
film interface. As a consequence, the rate of frost growth at
the leading edge of the fin was reduced, but a larger amount
of the frost accumulated inside the fin when compared to the
case at a face velocity of 1.3 ms–1 (248 fpm).

To estimate the effect of humidity on frost growth, tests
were conducted at constant fin temperatures of –8°C (17.6F)
and at an entering face velocity of 1.3 m/s (248 fpm). The relative humidity set points were 72%, 82%, and 92% with resulting absolute water vapor content of 3, 3.5 and 3.9 grams of
water vapor per one kg of dry air, respectively. Table 3 summarizes the results from the experiments and gives the final frost
mass after termination of the tests. From the findings of Table
3 one observes that the humidity has a peculiar effect on the
frost growth. While the data at 82% and 92% rh (3.5 and 3.9
absolute humidity) have a similar frost mass and frosting
period, a decrease of only 10% in relative humidity, that is, a
decrease of the absolute humidity from 3.5 to 3 grams of water
vapor per one kg of dry air, extended the frosting time to about
120 minutes. A lower ambient humidity yielded a slow frost
deposition process, and the mass of the frost accumulated at
the end of the cycle was almost double that the one accumulated from tests at rh of 82% and 92%. This is explained by the
densification of the frost, in which water vapor slowly
increases the density of the frost layers accumulated on the fins
rather than augmenting the thickness of the frost on the leading
edge of the fins.
For the velocity factor, tests were conducted at a
constant fin temperature of –8°C (17.6F) and a constant
humidity of 3.5 grams of water vapor per one kg of dry air
(82% rh). The initial face velocities at the inlet of the fin
sample were 0.8, 1.3, and 1.6 ms–1 (157, 248, and 315 fpm),
©2012 ASHRAE

Effect of Geometry on the Frosting Performance of
the Louvered Fins
For the different samples that were tested in the experimental apparatus, the frosting time was measured from the
onset of frosting to the time when the fin sample was
completely blocked with frost. An alternative definition of
frosting time could be derived from the ratio of the heat transfer capacity during frosting time to the initial heat transfer
capacity of the fin sample, namely Q/Q0 as shown in Figure
10 where the samples are defined in Table 1. The capacity
ratio Q/Q0 provides the degradation of heat transfer due to
frost growth on the fin surfaces. In Figure 10 the frosting time
was calculated at a Q/Q0 ratio of 0.6, that is, when the capacity of the fin sample decreased by 40% with respect to its
initial capacity. The inlet air stream conditions were 1.67C
(35F) dry bulb temperature, 82% relative humidity (3.5
grams of water vapor per one kg of dry air), and entering
initial face velocity of 1.21 m/s (238 fpm). Samples 1
through 3 have identical geometries aside from fin density.
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Figure 10 Frosting time for fin samples with different geometries (see Table 1) and at various fin base temperature (Fin Temp.).

Table 3.

Frosting Time and Frost Mass at Different Velocities and Humidity Ratios of the Entering Air
Frosting Time,
min

Test Condition

Humidity
Effect

Velocity
Effect

g

lbm

Relative Humidity = 72%, v = 1.5 ms–1 (295 fpm)

120

7.07

0.0156

Relative Humidity = 82%, v = 1.5 ms–1 (295 fpm)

24.8

3.88

0.0085

Relative Humidity = 92%, v = 1.5 ms–1 (295 fpm)

20.4

3.46

0.0076

Initial Face Velocity = 0.8 ms–1 (157 fpm)

29.2

3.35

0.0074

Initial Face Velocity = 1.3 ms–1 (248 fpm)

23.0

3.88

0.0085

Initial Face Velocity = 1.6 ms–1 (315 fpm)

29.2

5.31

0.0117

Figure 10 shows that samples 1, 2, and 3 have frosting time
of 59 minutes, 23 minutes, and 18 minutes at the baseline
temperature of Tfin=–8°C (18F). Unfortunately, sample 1
was available only with corrugated flat fins, that is, without
any louvers. Even though its frosting time was higher than
those for samples 2 and 3, the actual initial capacity of
sample 1 was considerably lower. For samples 2 and 3, which
have very similar geometries and similar louvered fins, an
increase of fin density from 14 to 20 fins per inch (FPI)
reduced the frosting period from 23 minutes to about 18
minutes, more than a 22% in reduction of the frosting time
when Tfin= –8°C (17.6F). Samples 4 and 5 both have similar fin density of 19 and 20 FPI, the same fin depth of 25, but
different fin heights of 10 and 13 mm, respectively. Sample
5 had approximately a 20% to 30% higher capacity
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Frost Mass,

compared to sample 4. This suggests that as the fin height
increases, the capacity also increases due to increase in heat
transfer surface area. At the higher fin temperature of –5°C
(23°F), sample 4 has higher frosting time when compared to
sample 5, i.e, sample 5 has a frosting time of 50 minutes and
sample 4 had 80 minutes, which is more than 60% extension.
This observation suggests that increasing the fin height
extends the heat transfer area. This would increase the heat
transfer rate but decrease the frosting time. This phenomenon was measurable only if the fin temperature was above –
8C (18F), that is, closer to the freezing point. Another
comparison can be made between samples 3 and 5 to see the
effect of fin density and fin height. Samples 3 and 5 have a
similar fin depth of 26 and 25 mm and similar fin density of
20, but they have different fin heights. The fin heights of
ASHRAE Transactions

samples 3 and 5 were 8 mm and 13 mm, respectively. At a fin
temperature of about –5°C (23F), samples 3 and 5 have
frosting times of 46 minutes and 50 minutes. An increase of
fin height from 8 mm to 13 mm would increase the heat transfer area. This augments the space between the two adjacent
walls of tubes for frost accumulation before the airflow
blockage, and sample 5 had a longer frosting time than
sample 3. At the same time sample 3 had approximately 24%
lower initial capacity than sample 5. This indicates that
longer fins are better for frosting operating conditions.
The frosting time was more sensitive to the fin temperature of the leading edge when the wall temperature was –5°C
(23F) because the fin leading edge temperature might be
closer to the freezing point. In other words small deviations of
the fin base surface temperature from the nominal value of –
5°C (23F) might have resulted in substantial variations of the
actual fin’s edge temperature, just below the freezing point of
the water vapor. This theory seems to be confirmed by the fact
that at the lower fin temperature of –11C (12F) the frosting
times of all three samples were close to each other for similar
fin-base temperature and the actual fin temperature along the
leading edge of the fins is slightly higher if the fin height
increases.

Results of frosting time for different fin geometries were
also presented in this paper. Folded flat fins seemed to have
higher frosting times due to lower heat transfer capacities
when compared to folded louvered fins at the same microchannel tube wall surface temperature. Higher fin density samples
had a lower frosting time and higher capacity however for the
same fin density, increasing the fin height slightly increased
the frost time with one exception at –5°C (23°F). The effect
of fin density was predominant in determining the air flow
blockage in all surface temperatures. Further tests are needed
to investigate the sensitivity of frost growth to fin depth. In
addition, surface coating is another key factor that might affect
the frosting performance. These experiments are recommended in future expansions of the work presented in this
paper.

CONCLUSIONS

NOMENCLATURE

This paper presents an experimental study of frost
growth on flat and louvered folded fins adopted in microchannel heat exchangers. A new experimental methodology
is presented to measure frost thickness, frost mass, and fin
surface temperature during actual frosting operating conditions. Frost mass was measured, and the data in this work
suggested that the frost mass grew linearly with time, that is,
water vapor did not experience any measurable time delay
before it started to frost and to accumulate on the fins’
surface. Frost thickness on the leading edge of the fins was
observed to be non-linear with time, and the growth rate was
strongly dependent on the fin surface temperature. The frost
thickness on the leading edge of the fins was responsible for
the air flow blockage across the fins and generated severe air
pressure drops. The heat transfer capacity was also seriously
penalized by the flow blockage.
Several experiments were conducted to quantify the
impact of fin temperature, air humidity, and air face entering
velocity on the frost growth rate on the louvered fins. Fin
temperature and air humidity were found to have a predominant effect on frost growth rate. When the fin surface
temperature approaches the freezing point, i.e., about –5C
(23F), the frosting cycle time was noticeably extended with
respect to the baseline case, for which the surface temperature was about –8C (17.6F). An increase in the frosting
time was also observed when the absolute humidity was
varied from 3.5 to 3 grams of water vapor per kg of dry air
and with a similar air dry bulb temperature of 1.7C (35F).
The effect of air velocity was peculiar, and further investigations are recommended in the future.
©2012 ASHRAE
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CCD
D
P
FPI
fpm
H
Q
T
TECM

charge-coupled device
fin depth, mm (inch)
air-side pressure drop, Pa (in H2O)
fins per inch
feet per minute
fin height, mm (inch)
heat transfer rate, W (Btu/hr)
temperature, C (F)
thermoelectric cooling module

Subscripts
Fin
0

fin
initial time of the frosting period

REFERENCES
AHRI. 2005. AHRI Standard 210/240-2005, Unitary air conditioning and air-source heat pump equipment. H. a. R.
I. Air-Conditioning. Arlington, VA Air-Conditioning,
Heating and Refrigeration Institute.
ASHRAE. 2001. ANSI/ASHRAE 41.2-2001, Standard
methods for laboratory airflow measurements.
Garimella, S. 2003. “Innovations in energy efficient and
environmentally friendly space-conditioning systems.”
Energy 28(15): 1593–1614.
Guo, X., C. Wang, W. Wang, and C. Chen. 2006. “Numerical
simulation and experimental verification on dynamic
performance of air source heat pump under frosting con1113

ditions.” Hsi-An Chiao Tung Ta Hsueh/Journal of Xi’an
Jiaotong University 40(5): 544–548.
Hayashi, Y., A. Aoki, S. Adachi, and K. Hori. 1977. “Study
of Frost Properties Correlating with Frost Formation
Types.” Journal of Heat Transfer 99(2): 239–245.
Jacobi, A. M., Y. Park, Y. Zhong, G. Michna, and Y. Xia.
2005. High performance heat exchangers for air-conditioning and refrigeration applications (non-circular
tubes). Final Report. ARI. Arlington, VA, ARTI-21CR/
605-20021-01, Final Report for the Air-Conditioning
and Refrigeration Technology Institute: 288.
Joardar, A., Z. Gu, and A.M. Jacobi. 2006. Off-cycle condensate drainage behavior of compact heat exchangers:
assessment and enhancement. International Refrigeration and Air Conditioning Conference at Purdue, Purdue University, West Lafayette, IN.
Kim, J.-H., and E.A. Groll. 2003a. Performance comparisons
of a unitary split system using microchannel and fintube outdoor coils. ASHRAE Transactions.
Kim, J.-H., and E.A. Groll. 2003b. Performance comparisons
of a unitary split system using microchannel and fintube outdoor coils, Kansas City, MO, United States,
Amer. Soc. Heating, Ref. Air-Conditioning Eng. Inc.
Kim, M.-H., and C.W. Bullard. 2002a. “Air-side performance of brazed aluminum heat exchangers under dehumidifying conditions.” International Journal of
Refrigeration 25(7): 924–934.
Kim, M.-H., and C.W. Bullard. 2002b. “Performance evaluation of a window room air conditioner with microchannel condensers.” Journal of Energy Resources
Technology, Transactions of the ASME 124(1): 47–55.
Mao, Y., R.W. Besant, and J. Falk. 1993. “Measurements and
Correlations of Frost Properties with Laminar Airflow at
Room Temperature over a Flat Plate.” ASHRAE Transactions 99(1): 739–745.
Mao, Y., R. Besant, and K.S. Rezkallah. 1992. “Measurement and Correlations of Frost Properties with Airflow
over a Flat Plate.” ASHRAE Transactions 98(2): 65–78.
Moallem, E., L. Cremaschi, and D.E. Fisher. 2010a. Experimental Investigation of Frost Growth on Microchannel
Heat Exchangers. 13th International Refrigeration and
Air Conditioning Conference at Purdue, West Lafayette,
IN: Purdue Univ.
Moallem, E., S. Padhmanabhan, D.E. Fisher, and L. Cremaschi. 2010b. Experimental study of onset and growth of
frost on outdoor coils of air-source heat pump systems.
ASME-ATI-UTI Conference on Thermal and Environmental Issues in Energy Systems, Sorrento, Italy,
ASME.
Na, B., and R.L. Webb. 2004. “New Model for Frost Growth
Rate.” International Journal of Heat and Mass Transfer
47: 925–936.
Ohkubo, H. 2006. “Advance of ‘study on frosting phenomena.’” Refrigeration 81(942): 9.
1114

Östin, R., and S. Andersson. 1991. “Frost growth parameters
in a forced air stream.” International Journal of Heat
and Mass Transfer 34(4–5): 1009–1017.
Padhmanabhan, S., D.E. Fisher, L. Cremaschi, and J. Knight.
2008. Comparison of frost and defrost performance
between microchannel coil and fin-and-tube coil for
heat pump systems. 12th Int. Refrigeration and Air Conditioning Conference at Purdue, West Lafayette, IN:
Purdue University
Peng, X., Z. He, Z. Xing, and P. Shu. 2003. “Operating characteristics of an air-source heat pump under frosting/
defrosting conditions.” Proceedings of the Institution of
Mechanical Engineers, Part A: Journal of Power and
Energy 217(6): 623–630.
Sahin, A.Z. 1994. “An experimental study on the initiation
and growth of frost formation on a horizontal plate.”
Experimental Heat Transfer: An International Journal
7(2): 101–119.
Shin, J., A. Tikhonov, and C. Kim. 2003. “Experimental
Study on Frost Structure on Surfaces With Different
Hydrophilicity: Density and Thermal Conductivity.”
Journal of Heat Transfer 125(1): 84–94.
Thomas, L., H. Chen, and R. Besant, W. 1999. “Measurement of Frost Characteristics on Heat Exchanger Fins.”
ASHRAE Transactions: 283–293.
Xia, Y., P.S. Hrnjak, and A.M. Jacobi. 2005. Air-side thermal-hydraulic performance of louvered-fin, flat-tube
heat exchangers with sequential frost-growth cycles.
ASHRAE Transactions.
Xia, Y., Y. Zhong, P. Hrnjak, and A.M. Jacobi. 2006. “Frost,
defrost, and refrost and its impact on the air-side thermal-hydraulic performance of louvered-fin, flat-tube
heat exchangers.” International Journal of Refrigeration
29(7): 1066–1079.
Yonko, J.D., and C.F. Sepsy. 1967. “An investigation of the
thermal conductivity of frost while forming on a flat
horizontal plate.” ASHRAE Transactions 73, Part
1(Paper No. 2043): 1.1–1.11.
Zhang, P., and P.S. Hrnjak. 2010a. “Effect of some geometric
parameters on performance of PF2 heat exchangers in
periodic frosting.” International Journal of Refrigeration 33: 334–346.
Zhang P., and P.S. Hrnjak. 2010b. “Air-side performance of a
parallel-flow parallel-fin (PF2) heat exchanger in
sequential frosting.” International Journal of Refrigeration 33: 1118–1128.
Zhong, Y., A.M. Jacobi, and J.G. Georgiadis. 2006. Condensation and wetting behavior on surfaces with microstructure: Super-hydrophobic and super-hydrophilic.
International Refrigeration and Air Conditioning Conference at Purdue. West Lafayette, IN: Purdue University.
ASHRAE Transactions

DISCUSSION
Noma Park, Chief Research Engineer, LG Electronics: In
your presentation, it appears that both weight (mass) and
thickness of frost grow linearly in time. This implies that the
frost density remains the same through the frosting event.
However, frost density is the nonlinear function of surface
temperature. Can you explain this?
Ehsan Moallem: 1) The thickness and mass grew almost
linearly, not exactly linear. At the end of the test, value of frost
thickness is 20% less than if it were linear. 2) Even if the thickness and mass of frost were growing exactly linear, it does not
mean that frost density remains the same. Frost density is division of mass over volume and not mass over thickness. If
thickness grows linearly in time (Thickness = m·t), volume
will grow as a function of the third order in time (Volume =
(m·t)·(m·t)·(m·t) = m3·t3) and this shows that volume is a polynomial of the third order in time (t3). So the volume is a curve,
not a straight line. Thus the fraction of mass to volume will not
remain constant or even linear at all. 3) In the present study,
frost thickness on the leading edge has been measured and no
information is available about how the thickness of frost
volume inside the microchannel changes. So we can not have
detailed and accurate scientific measurements of frost volume
in the present study. As mentioned before, even if we assume
that all the aspects of thickness in every point of heat
exchanger grows exactly similar to leading edge thickness,
still volume is a third order polynomial and density varies
nonlinearly. 4) In the present study, temperature of the fin
bases have been kept constant; however, temperature of the
frost surface could not be measured or controlled during the
frost test. Thus frost grows in a different temperatures during
a frost test and might have various densities due to formation
temperature. Also, as time passes, frost density increases due
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to diffusion of water vapor into frost layers apart from the
vapor that increases the frost thickness at the top of frost layer.
Although we expect the frost density to increase during the
test, because of lack of concise measurements of frost volume,
talking about frost density in the present study is more speculative rather than evidential.
James Schaefer, Project Engineer, HTRI: 1) How was air
side controlled? 2) Why was constant wall temperature used
instead of constant heat flux?
Moallem: 1) Air side was controlled within AHRI 210/240
required tolerances, which was +–1°F in air dry-bulb an d+–
0.5°F in air wet-bulb temperature as mentioned the body text
of the paper and in Table 2 of the manuscript. The control of
dry-bulb temperature was controlled by wind tunnel cooling
coil to near setpoint and then was accurately controlled to the
exact setpoint by an electrical heater as shown in Figure 2 of
the manuscript. The humidity level of air (wet-bulb temperature) was controlled by turning the appropriate number of
humidifiers on and off to maintain the humidity level within
desired tolerances as explained in the body text. The fan
RPM was constant during the test as mentioned in the manuscript. 2) The second part of the question was about constant
temperature vs. heat flux. Since these coils are evaporators in
real application, the two-phase flow inside the microchannel
keeps a constant surface temperature during frosting working period. When frost forms on the surface, capacity of the
evaporator drops (not constant) during frost test due to insulation and flow blockage effect of the frost. Therefore,
constant surface temperature and decreasing heat flux are
much more similar to what happens in real working condition than lowering the surface temperature and maintaining
the same heat flux.
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