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Local variation of frost layer thickness and morphology
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Abstract

Frosting is an important phenomenon encountered in the cryogenic industries in connection with gas coolers, refrigerators, heat pump:
etc. It may adversely affect the performances of those devices. This paper experimentally studied the local frost formation process on a col
surface with natural airflows or forced airflows over it. The frost layer thickness was found to increase stepwise during the frost formation
process. This increase pattern was ever indicated only by one literature. The literature attributed the pattern to the melting of frost crystal:
at the frost surface. However, present observation of the morphology of the frost layer surface suggested that the growth of water drops ¢
ice particles at the initial period caused the first slowly increasing of the frost layer thickness; the following growth of acerose-shaped ice
crystals caused the rapidly increasing of the frost layer thickness; thereafter, the column-shaped ice crystals on the surface grew in its leng
and radius alternatively, which caused the frost layer thickness increasing rapidly and slowly alternatively.
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1. Introduction form of supercooled liquid water droplets at first. The water
droplets then grow and combine to form bigger water drops.
When a cold surface with temperature belodis ex- ~ Those bigger water drops freeze sometime and produce ice

posed to humid air, frost may deposit on the surface. This Particles on the cold surface, which is usually regarded as
phenomenon is frequently encountered in the cryogenic in- the beginning of the frost formation process. Feather, rod
dustries in connection with gas coolers, refrigerators, heat©r needle-shaped crystals then grow from the top of the ice
pumps, etc. Frost deposition is usually undesirable. It may Particles. Those crystals first grow in the direction perpen-
adversely affect the performance of devices due to the block-dicular to the surface at about the same rate. This period
ing of the air passages and the increase of the thermal resisiS called “crystal growth period” by Hayashi [1] or “one-
tance between air and the cold surface. Numerous studieslimensional growth period” by Tokura [2]. In the succeeding
have been conducted to study the frost formation processPeriod, the frost grows not only in the direction perpendic-
with intention to seek for countermeasures against frost for- ular to the surface but also in the direction parallel to the
mation. surface. By the generation of branches around the top of the
Frost formation process on the cold surface was describedCcrystals, the frost layer grows gradually into a meshed and

as follows. Water vapor condenses on the cold surface in themMore uniform one. Frost layer surface becomes nearly flat.
This period is called “frost layer growth period” by Hayashi
[1] or “three-dimensional growth period” by Tokura [2]. At
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Thickness and thermal conductivity are the most impor- surface temperatures and increase it at higher cold surface
tant parameters of the frost layer since the negative effectstemperatures. Ostin [15] indicated that, before the quasi-
of the frost layer lie in its blocking the air passage and in- stationary condition was reached, the frost thermal conduc-
creasing the thermal resistance between air and the coldtvity decreased with the increasing of the frost layer thick-
surface. Most researchers tacitly agreed that the thicknessess, while after that, the thermal conductivity increased
of the frost layer increased continuously with time while linearly on the thickness of the frost layer. Shin's [16] ex-
the growing speed decreased gradually. Their experimentalperimental results showed that the frost thermal conductivity
results consistently showed that the frost growth increaseddecreased at the initial period and then increased during the
with the increasing air humidity and decreasing cold surface frost formation process. For the frost formed under natural
temperature and air temperature, both for natural and forcedairflows, Kennedy [13] indicated the thermal conductivity
airflows. Whereas, the effect of the airflow conditions on the of the frost layer increased slightly with the increasing am-
frost growth was rather confused with regard to forced air- bient humidity, while strongly with time (or frost thickness).
flows. O’Neal [3] concluded from his experimental results Tajima [14] concluded that the conductivity of the frost layer
that frost growth increased with the increasing Reynolds just increased with the increasing specific weight of frost
number when Reynolds number was less than 15900, whilelayer during the frost formation process. Researchers used
had no dependence on the Reynolds number when Reynoldso correlate the thermal conductivity of the frost layer to its
number was higher than 15900. O’Neal’s conclusion for density. The results were still not satisfactory.

Reynolds number less than 15900 was supported by the Although numerous studies have been conducted on the
experimental results of Brian [4] (with Reynolds numbers frost formation process, the conclusions are rather diverse.
of 5100 and 5790), Sahin [5] (with Reynolds numbers of Present authors conducted further studies on the frost forma-
2400, 3700, and 4500), and Lee [6] (with Reynolds num- tion process. This paper reports the stepwise increase of the
ber of 2000 and 1000). O’Neal’s conclusion for Reynolds local frost layer thickness during the frost formation process
number higher than 15900 was supported by the experi-and tries to explain the mechanism behind it. This increase
mental results of Trammell [7] (with Reynolds numbers of pattern of the frost layer thickness was seldom realized by
2.40et+5 and 1.65e-5 as calculated by present authors), Ya- researchers. However, it may be essential to elucidate the
makawa et al. [8] (with Reynolds numbers of 17508 and mechanism of frost growth.

25561 as calculated by present authors). There were other

conclusions differing from O’Neal conclusion. Biguria’'s [9]

experimental results showed that the frost growth increased2. Experimental apparatus and procedures

with the increasing Reynolds number for Reynolds numbers

of 4.66et+-4, 1.24e+5, and 2.16e5 (calculated by present The experimental apparatus is schematically shown in
authors). Schneider’s [10] experimental results showed thatFig. 1. The apparatus was placed in a large laboratory room.
there was no dependence of frost growth on Reynolds num-A heater and a humidifier were employed to adjust the room
ber for Reynolds numbers of 4000, 8000, 16000, and 32000.temperature and humidity. Since the room had great ther-
Han [11] indicated that the frost growth depended on the po- mal inertia, manual adjustment of the humidifier and heater
sition rather than on Reynolds number for Reynolds numberscould control the humidity and temperature of the room at
of 2270 and 1600. His experimental results showed that, atstable values. Air in the room was sucked into the chan-
the front part of the plate, the frost growth at Reynolds num- nel by the fan mounted at the end of the channel. It flew
ber 1600 is stronger than that at Reynolds number 2270;through the convergent section, screens, entrance section,
at the middle part, they are almost equal; whereas at thetest section and divergent section and then exit. The cross
rear part, the former became weaker than the latter. Chengsections of the entrance section and the test section are both
[12] employed a microscopic image system to record the 160 x 15 mn?. The entrance section was 1600 mm long,
pattern and the thickness of the frost layer. A multiple-step which made the air flow fully developed before entering the
ascending frost growth pattern was observed. He attributedtest section. An aluminum plate with area of 280 mn?

the pattern to the melting of frost crystals at the frost surface. was inlaid inside the upper plate of the channel in the test

Thermal conductivity of the frost layer was usually cal- section. For the aspect ratio of the cross section of the chan-
culated with the measured heat flux through the layer, tem-nel is as high as 12, the flow over the aluminum plate can
peratures of the cold surface and the frost surface and thebe regarded as two-dimensional one. A stainless steel ves-
frost layer thickness. For the frost formed under forced air- sel was put on the aluminum plate. During the experimental
flows, Biguria [9] indicated that the thermal conductivity process, liquid nitrogen was held in the vessel. Then, the
of the frost layer might stepwise increase or fluctuate dur- aluminum plate was cooled and frost grew on its bottom sur-
ing the frost formation process depending on the concreteface. Thermal insulation was inserted between the vessel and
conditions. He concluded that the frost thermal conductivity the aluminum plate to adjust the aluminum plate bottom sur-
should increase with air velocity linearly and with cold sur- face temperature. The bottom plate of the channel in the test
face temperature bypls, while the increasing air humidity ~ section was removed when experiments for natural airflow
might decrease the frost thermal conductivity at lower cold were conducted.
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Fig. 1. Schematic of the experimental apparatus.
Table 1
Uncertainties of the measurement items
Measurement items Instruments Uncertainties
Air temperature entering the test section Thermohygrometer | +0.3°C
Air relative humidity entering the test section Thermohygrometer | +3%
Air temperature leaving the test section Thermohygrometer Il +0.3°C
Air relative humidity leaving the test section Thermohygrometer 1| +3%
Air flow rate Vane anemometer +2%
Thickness of the frost layer Laser displacement gauge 0.01 mm
Temperature of the frost layer surface Thermal video system +0.5°C
Aluminum plate thermal conductivity Thermal conductivity meter +5%

Temperatures and relative humidities of air entering and surface. When the surface of the growing frost layer reached
leaving the test section were measured with the thermohy-the sensor, the temperature indicated by the sensor would
grometers placed at inlet and outlet of the test section. Air abruptly decline. Immediately after that, the sensor indicated
flow rate through the channel was measured with the vanethe temperature of the frost surface. The frost surface tem-
anemometer attached to the channel end. Temperatures operature was measured by the thermal video system simulta-
the aluminum plate top and bottom surfaces were measurecheously with an arbitrarily assigned frost surface emissivity.
with the K type thermocouples attached to the surfaces. HeatThe emissivity was then modified based on the comparison
flux through the aluminum plate could then be calculated of the two measured temperature values.
with known plate conductivity. (The aluminum plate ther- Methods to measure the thickness of the frost layer are
mal conductivity was measured with a thermal conductivity divided into contact and non-contact ones. Simple contact
meter in advance.) When the stable state was reached irmethods based on touching of the frost surface by a fine ther-
the experiment, the heat flux through the aluminum plate mocouple as a sensor were used by Hayashi [1] and Takura
could be considered to be equal to the heat flux through [2]. Non-contact methods were used by Cheng [12] and Be-
the frost layer. The frost layer surface temperature was mea-sant [17]. Cheng [12] measured frost layer thickness by a mi-
sured with the thermal video system (TVS). The thickness croscopic image system. Besant [17] employed laser beam
of the frost layer was measured using the laser displacementechnique with the laser beam parallel to the frost surface to
gauge. Frost surface morphology was observed and recordedneasure the average layer thickness. Laser beam technique
with the CCD camera. The uncertainties in the experimental was also employed in present study with the laser beam im-
measurements are shown in Table 1. The measurements opinging the frost surface to measure the local thickness of the
the frost layer thickness, the frost surface temperature, thefrost layer. The weak points of the contact method lied in the
cold surface temperature, and the heat flux were all made atfact that a thermocouple might melt the frost around it and
the position 4 mm from the leading edge of the aluminum the sampling interval was rather long. In contrast, present
plate. The morphology of the frost surface was also taken laser beam technique affected little the frost surface and the
around that position. sampling interval could be as short as 1 second. However,

The thermal video system measured the surface temperwhen the voids in the frost layer surface were too large, the
ature by detecting the radiation from the surface. Before incident laser might not be reflected effectively and the mea-
the measurements could be conducted, the emissivity of thesurement failed. To weaken the adverse effect of the voids
frost surface had to be determined. A special experiment wason the measurement, the laser beam impinged the frost sur-
designed for that purpose. A temperature sensor was addiface with an angle less than 9@ the surface rather than
tionally set at the elevation of about 3 mm from the cold perpendicularly to the surface.
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3. Experimental results
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Over 60 runs had been conducted for natural or forced air- ]
flows. Reynolds number ranged from 750 to 7400 for forced 800 -
airflows. Since this paper focuses on the growing pattern of ] v \

the frost, it will report only the results of several typical runs. 600 1 Case 2
400

The operational conditions for those runs are listed in Ta-
ble 2.

Heat flux (W/m?)

3.1. Heat flux 200

When the stable state was reached in the experiment, the B
heat flux through the frost layer could be considered to be Time (s)
equal to the heat flux through the aluminum plate, whigh,

is calculated by foIIowing equation: Fig. 2. Typical results showing the variations of the heat flux through the

frost layer during the frost formation process.
(Tpb — tpt)A
= % (1) o
where,), is the aluminum plate conductivity,, is the alu-
minum plate thicknessy is the aluminum plate top surface &
temperature, anghy is the aluminum plate bottom surface
temperature.

Fig. 2 shows the variations of the heat flux through the
frost layer during the frost formation process for cases 2 and
4. The Heat flux increased with time initially and then kept
nearly constant. The latter periods of the runs could be re-
garded approximately as with constant heat flux.

Thickness (mm)

\Case1
24

. 0~
3.2. Thickness of the frost layer 0 2000 4000 6000 8000 10000

Time (s)

Fig. 3 shows the variations of the frost layer thickness

as a function of time. The sampling interval was 1 second. Fig. 3. Variations of the frost layer thickness during the frost formation
. . . process.

In all the cases, including that under natural, for laminar
and for turbulent airflows, the frost layer thickness increased
stepwise during the frost formation process. In the initial When acerose-typed ice crystals formed on the frost layer
period of the frost formation process, the frost layer thick- surface, the incident laser might not be reflected effectively
ness increased slowly. Following that, a steep increasing ofby the frost surface and the displacement gauge might thus
the frost layer thickness was observed. Next, the increasingfail to work. In that situation, the displacement gauge yielded
of the frost layer thickness became slow again. In such aunvaried signals. In Fig. 3, the short, smooth and level sec-
way, the frost layer thickness increased rapidly and slowly tions of the curves for cases 2, 3, and 4 just indicate the
alternatively through the whole frost formation process. The failure of the displacement gauge. Since those sections are
comparison between the cases shown in Fig. 3 also seems t@ery short compared to the whole curve, they do not affect
suggest that increasing turbulence intensity and air humidity the conclusion that the frost layer thickness increased step-

would increase the frequency of the cycle. wise through the whole frost formation process.

Table 2 3.3. Average thermal conductivity

Operational conditions of the runs

CaseNo. Re Temperature  Dew point  Heat ;qu‘ The average thermal conductivity of the frost layer, is
ofair P/C]  ofar[°C] [W-m’] calculated by following equation:

1 Natural airfflow  25.3 1D 750

2 1510 19.2 B 740 . qdy 2

3 4980 195 “ 1120 P = o)

4 4980 18.1 n 1090 .

5 4980 18.8 10 1060 where g is the heat flux through the frost layer as calculated

a The heat fluxes shown in this table indicate the heat fluxes in the latter PY Ed. (1), is the frost layer thiCkﬂGSﬁ)p is the aluminum
periods of the frost formation process, when the heat fluxes kept approxi- plate bottom surface temperature, andis the frost layer

mately constant. surface temperature.
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6 502 The morphology of the frost surface changed continually

5 during the whole process. As the cold surface temperature
decreased, water droplets formed on the surface. The water
droplets grew and merged into bigger drops until freezing
sometime, when ice particles appeared on the surface (see
Fig. 5(a)). The ice particles are relatively far apart from each
other initially. They grew gradually in all directions. Next,
acerose-shaped ice crystals grew sporadically from the top of
the ice particles (see Fig. 5(b)). They grew mainly in the nor-
mal direction of the surface. In this period, the thickness of
. . . . . o the frost layer increased rapidly. The void portion occupied
0 2000 4000 6000 8000 10000 most area of the frost layer surface, which rendered the ther-
Time (s) mal video system and the displacement gauge to fail to work
@ sometimes. These crystals then changed to grow mainly in
6 03 the direction parallel to the cold surface and showed feather
shape (see Fig. 5(c)). The void portion of the frost layer sur-
face was rapidly filled by those ice crystals. Then, column-
shaped or needle-shaped crystals began to appear on the
surface. The column-shaped crystals on the surface grew ini-
tially mainly in its radius rather than in its length. As a result,
the crystals perpendicular to the surface increased their cross
section areas (as seen in the frames at the right-top corner of
Fig. 5(d)—(f)). The crystals lying across the surface increased
their width (as seen in the frames at the left-bottom corner of
Fig. 5(d)—(f)). From Fig. 5(d)—(f), the frost layer thickness
— T T 71— 01 increased slowly. Then the crystals on the surface resume
0 2000 4000 6000 8000 10000 . . . . .
Time (5) growing mainly in its length. The crystals in the frames of
() Fig. 5(g)—(i) could be seen to become longer and longer with
the radius changing little. The thickness of the frost layer in-
Fig. 4. Variations of the surface temperature and the thermal conductivity of

, : creased rapidly again in this period. From Fig. 5())—(l), the
the frost layer during the frost formation process, (a) for case 3 and (b) for . . . . )
case 4. crystals on the surface grow again mainly in their radius and

the thickness of the frost layer increased slowly. An example
could be seen in the frames in the figures. From Fig. 5(m)—

Fig. 4 shows the average thermal conductivity for cases 3 ) the crystals on the surface changed again to grow mainly
and 4 together with the variation of the thickness of the frost i, iheir length and the thickness of the frost layer increased

layer. Since the thermal video system measures the surfaCEFelatively rapidly. An example was shown in the frames in
te_mperature by detecting the radiation from. the _surface, it the figures. From Fig. 5(p)—(r), the crystals on the surface
fails to work properly when there were too big voids in the 4,6\ again mainly in their radius, as seen with the crystal in
surface. In the present experiments, the surface temperaturgne frames in the figures. The frost layer thickness increased
could be measured convincingly only in the latter periods of again relatively slowly.

frost formation process. _S_o, only in those_periodg was the The observation on the morphology of the frost layer sur-
average thermal conductivity measured validly. As indicated e suggested the following fact. The first slowly increasing

by Fig. 4, the thermal conductivity of the frost layer fluctu- period just corresponded to the growth of water drops or
ated with frost growth in the latter periods of frost formation jce particles. The first rapidly increasing period just corre-
process. The amplitude of the fluctuation was, however, un- snonded to the growth of acerose-shaped ice crystals. There-
remarkable. after, the column-shaped ice crystals on the surface grew in

its length and radius alternatively and caused the frost layer
3.4. Morphology of the frost layer surface thickness to increase rapidly and slowly alternatively.

Thickness
™~

\Thermal conductivity
3 —402

Thickness (mm)
Thermal conductivity (W/m °C)

Thlckness\

W 02

24 \
Thermal conductivity

Thickness (mm)
w
1
Thermal conductivity (W/m °C)

A CCD camera was employed to observe the morphology
of the frost layer surface with the intention to elucidate how 4. Discussions
the frost layer thickness increases in the stepwise pattern.
Fig. 5 shows serially the images of the frost layer surface  The stepwise increase of the frost layer thickness was
during the frost formation process of case 3. Fig. 6 shows ever indicated only by Cheng [12]. However, it can be found
the correspondence between the images and the frost layewith other researcher’s results when they are checked care-
thickness variation. fully. Fig. 7 shows the experimental results by Ostin [15],
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Fig. 5. Serial images of the frost layer surface during the frost formation process of case 3, viewed from above.
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Lee [18], and Yonko (cited from [19] by Sami) for forced
airflows and that by Tajima [14] for natural airflows. The sampling time intervals were somewhat long (around 10
data points obviously indicate the stepwise increase of theminutes or longer) and the confirmation of such kind of ten-
frost layer thickness both for natural and forced airflows. dency became risky.

However, the researchers tried to fit the points with a smooth

sight in the previous studies may be attributed to that the

Cheng [12] considered the stepwise increase of the frost

curve and hence smeared such kind of tendency. This overayer thickness was caused by melting of frost crystals at

Thickness (mm)

P |

T T T 1
4000 6000 8000 10000

Time (s)

T
2000

the frost layer surface. However, no water was observed on
the frost layer surface in present experiments while the frost
layer thickness increased stepwise. Present observation on
the morphology of the frost layer surface suggested the step-
wise increase of the frost layer thickness was mainly caused
by ice crystals on the surface growing in its length and radius
alternatively.

The growth of ice crystals has been studied extensively
with the background to study the snowing process. Gen-
erally, hexagonal prism shaped ice crystals tend to grow
merely in its length or radius under certain ambient condi-
tions and finally form long and thin or short and flat shapes
[20], as seen in Fig. 8. That conclusion may explain present
results quantitatively. In the frost formation process, the frost

Fig. 6. Correspondence between the images shown in Fig. 5 and the varia-layer keeps varying in its height or thermal resistance. As a
tion of the frost layer thickness during the frost formation process of case 3. consequent, its surface conditions, including temperature of
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