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Frost growth parameters in a forced air stream
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Abstract—The formation of frost on parallel horizontal plates facing a forced air stream is studied at
varying temperatures, relative humidities and air velocities. Both the surface temperature of the plates and
the relative humidity of the air stream are found to have important effects for the frost thickness. The
density of frost is found to increase with relative humidity and especially air velocity. A dynamic one strip
method is applied to determine the thermal conductivity, which is used in order to study internal changes
in the frost layer. Two categories of frost formation are observed—monotonic and cyclic growth. In the
former it is found that the condensed water vapour contributes in equal amounts to increases in the thickness
and the density while in the latter melting at the frost surface results in abrupt internal densification.

1. INTRODUCTION

WHEN A humid air stream is brought in contact with
a cooled surface at a temperature below the dew and
the freezing temperatures, condensation and frosting
will occur on the surface. This is a well-known fact in
processes where heat is transferred to a refrigerated
surface as in air-to-air heat exchangers.

This paper will report on frost formation in the
plate-type non-storing heat exchanger, which recovers
sensible heat only if frosting does not occur as a result
of the cool air stream. A serious problem in a cold
climate is that frost and furthermore ice will form
on the exhaust channel walls of the exchanger. This
reduces the efficiency and may result in damage by
expansion of the ice.

The long-term aim of our investigation is to study
the possibility of decreasing the frost formation by
applying low adhesive hydrophobic surface coatings.
As a preliminary to this, the present work reports
on an investigation of frost formation on uncoated
surfaces. An experimental apparatus has been built to
simulate the conditions in a counter flow heat ex-
changer. The first part of the work has been to obtain
information on frost formation by observing the
dependence on plate surface temperature, relative
humidity and air velocity. A study of the frost,
developed under different environmental conditions,
was performed by considering density and thermal
conductivity.

2. EXPERIMENTAL APPARATUS

As the aim has been to study frosting in the air-to-
air heat exchanger we attempted to simulate con-
ditions which would arise in practice but a certain
degree of simplification was necessary in order to per-
form the experiment. In the experimental setup there
was only one air stream and that was the warm air
stream. The presence of the cold air was simulated by

a set of cooling coils and heating elements attached to
the plates. The regulation of the heaters was handled
by a computer program based on the assumption that
both the warm and the fictitious cold air flow had an
equal energy content which is a special case in the
theory of counter flow heat exchangers. This simplifies
the temperature distribution to a linear function of
distance from the entrance edge and along the plates.

The experimental apparatus is shown in Fig. 1. The
air was forced to circle in a closed loop of pipes made
from transparent polyvinyl chloride. The loop was
connected to a climate chamber in which flow,
humidity and temperature of the air were controlled.
The moisture content of the air was controlled by a
humidifier which used a plate of quartz vibrating at
high frequency. The relative humidity was recorded by
means of a commercially available probe (VAISALA
HMP 112Y) which used a capacitive principle of
measurement and which had a maximum error of
+5%.

Before the air entered the space between the cold
plates it was forced through a honeycomb to produce
a fully-developed flow. The entrance was made of
plates of aluminium which were glued together using
a flexible silicone adhesive. This construction made
the two cooling plates mobile and different cross-
section areas of the air channel could thereby be
obtained. The actual area of testing (see Fig. 2) was
on the two aluminium plates which were each 10 mm
thick, 800 mm long and 300 mm wide. The sides of
the cooling plates were supported by Plexiglas which
made it possible to visually observe the development
of frost.

In order to achieve a linear surface temperature
distribution electrical surface heaters and cooling coils
were attached 1o the plate on the side opposite to the
surface which faced the air flow. Plate temperatures
were measured by chromel vs alumel thermocouples
mounted in a row of drilled holes evenly spaced along
the centreline of the cooling plates. The depth of the
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t time from onset of frosting [s]
T temperature [°C]
w width of the Pt strip [mm].

Greek symbols

[mols~'m~' K~ '] (Dis the diffusion
coefficient for water vapour in snow, P
the equilibrium pressure of water
vapour over ice at reference temperature
T*, and R the universal gas constant

NOMENCLATURE
A area of weighing {m?] 3 thickness [m)]
c, specific heat capacity at constant pressure K effective thermal conductivity of frost
[Fkg™'°C™ "] Wm 'K
i latent heat of sublimation [J mol~'] i thermal conductivity [Wm ™' K ']
J mass flux of condensed vapour from air p frost density [kg m™7].
stream [kgs™ ' m~7]
m mass [kg]
RH  relative humidity [%]

Bo(T) (ig"D* PIR2: T} expliy/R* T* ~iyg/R" T]

Subscripts

a air

C solid-state thermal conduction

d thermal conduction due to
diffuston

f frost

g water vapour

i inlet

o quasi-steady quantities

p cold plate

5 solid ice.

holes was 9 mm and the thermal resistance between
the thermocouple junctions and the metal was reduced
by filling the holes with a heat conductive silicone
paste.

3. EXPERIMENTAL PROCEDURE

3.1. General
Each test run was preceded by cleaning of the
cooling plates in order to avoid preferred nucleation
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of frost. After the environmental conditions were
reached the flowing air was allowed to circulate in the
closed loop. The starting time for this circulation also
determined the starting time for frost formation. In
order to measure thickness and mass of frost a valve
redirected the air flow from the area of testing to
internal circulation in the climate chamber. The time
of redirection was typically in the range of 3-5 min.
All measurements except thickness and mass of
frost were recorded and processed by a PDP 11/73

!
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FiG. 1. Schematic illustration of the experimental apparatus: 1, climate chamber; 2, humidifier; 3, air
heater; 4, fan; S, relative humidity and temperature probe; 6, valves; 7, pitot tube; 8, cooler;
9, honeycomb: 10, Plexiglas front; 11, weighing machine.
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Fia. 2. Illustration of the actual area of testing: 1, cooling coils; 2, surface heaters; 3, aluminium plates ;

4, insulation ; 5, thermocouples; 6, entrance ; 7, mechanism for changing the cross-sectional area between

the plates ; 8, cavity for the weighing plate; 9, micrometer; 10, lead-through for the micrometer; 11, shaft
attached to the weighing plate.

computer which was serial interfaced to a HP 3497A
data acquisition system.

3.2. Frost thickness

The thickness of frost was measured by a
micrometer with a resolution of 0.005 mm. A reading
was taken when the shaft of the micrometer touched
the frost surface. To ensure reproducibility of
measurement, the end of the micrometer shaft was
observed visually using a fibre optic endoscope with
illumination from the opposite side of the shaft. The
criterion for reading was when there was no light
between the end of the shaft and the frost surface. The
error in the measurement was estimated as +0.1 mm.
A thickness value was determined by taking the aver-
age of four measurements at different locations
around the area of weighing.

3.3. Mass and density

The mass of the frost deposit was recorded by a
digital weighing machine (Mettler PE 3600). A cavity
of area 25x 80 mm? and 5 mm in depth was formed
at a distance of 595 mm from the entrance on the
lower heat exchanger plate. A weighing plate of alu-
minium with a shaft attached to it was machined to
fit this cavity (see Fig. 2). By changing the distance
between the cold plates the shaft was brought in con-
tact with the weighing machine. The advantage of the
method was that weighing could be done repeatedly
in its original environment. A problem to overcome
was the friction between the shaft and the bearing at
the lead-through of the cold plate. The friction was
decreased by using bearings of lapped bakelite and a
clearance of 0.1 mm in the bearing. The error in the
weighing was estimated as 0.07 g (7 x 107° kg). The
mass and thickness measurements gave an average

density without any information about gradients in
the frost layer.

3.4. Velocity

The flow rate was measured by a pitot tube con-
nected to a differential pressure transducer. The pitot
tube was placed in a straight tube between conical
sections. The error given by the manufacturer was
+ 1% for the pitot tube and the error for the actual
setup was estimated as +5%. The wind velocity in
the area was calculated by the continuity equation for
incompressible steady flow.

3.5. Thermal conductivity

Previous workers [1, 2] have analysed energy trans-
port in frost layers under conditions similar to those of
our experiments. Following these workers, we assume
that energy transport is due mainly to solid-state con-
duction in the frost structure and to diffusion of water
vapour. An cffective thermal conductivity K, includ-
ing conduction and mass diffusion, is defined by

Kzlc'{")“d (])

where A, is the solid-state conduction contribution
and A; the conduction due to diffusion of water
vapour.

According to ref. [3] the energy equation is given
by

oT
pey 5, = V- (KVT) @
where
K = 4.+ i, B, (T). 3

Equation (2) was derived by assuming that the frost
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was Isotropic and homogeneous, that the water vap-
our diffusion was caused by pressure gradients and
that Clapcyron’s equation could be applied.

In order to measure the thermal properties. K and
pc, (heat capacity per unit volume), of the growing
frost layer, we decided to apply the transient one-strip
method [4]. Advantages of the method are that neither
the frost surface temperature nor the heat transferred
through the frost layer need to be measured. Based
on equation (2) wc used as an approximation the
solution to the casc of pure conduction in isotropic
and homogeneous media with the thermal properties
independent of temperature and position.

3.6. Method of measurement

In the transient one-strip method a constant heating
power is supplied to the specimen during a finite time
by means of a heater strip which is in good thermal
contact with the specimen. Using the heater strip as a
resistance thermometer the temperature rise due to
the supplied heating power is recorded vs time. By
fitting the appropriate theoretical expression to the
measured temperature rise of the strip, typically 2-3
K. the thermal properties 2 and pc, of the specimen
may be cxtracted.

In the thermal measurements a thin strip of Pt foil,
0.013 x 48 x 0.45 mm, was glued to the surface of a
plate, 2 x 60 x 18 mm, of poly(methyl methacrylate),
PMMA. The PMMA with the attached Pt strip, which
will hereafter be referred to as the probe, was then
positioned in a cavity in the weighing plate described
in Section 3.3. The measurements were then per-
formed on the frost layer growing on the probe sur-
(ace.

With knowledge of 4 and pc, of one medium, i.e.
the probe material, the corresponding properties of
the frost may be obtained by fitting equation (A1)
{sec Appendix) to experimental data. In our case the
thermal properties of the probe material were deter-
mined separately as a function of temperature by
measurements in vacuum. For the PMMA probes
which were used we obtained A =020 Wm™ ' K’
and pe, = 1.49 MIm~7? K~ ' at 273 K. The values of
¢, which were calculated from pe, were within 2%
from the ¢, values obtained with a differential scan-
ning calorimeter. In the analysis of the measured tem-
perature risc of the strip the effect of the heat capacity
of the Pt strip was taken into account in terms of a
time lag at the onset of the heater power [5].

With the present two-media technique, uncertainty
in the input data of 4 and pc, of the probe affects the
accuracy of the measured values of 2 and pc, of the
specimen. To minimize this influence the ratio of
4*pe, {specimen) to 4 pc, {probe) would ideally be
very high and thereby give a high value of ¢ (see
Appendix). A high valuc of ¢ means that most of the
heat supplied to the strip goes into the specimen.
However, when using a probe material (Styrophoam
HI30-E) with a very low thermal conductivity
/o= 0.03, compared to =020 W m ' K ' for
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Table 1. Temperature, relative humidity and calculated

values of mass flux of condensed vapour for the different test

runs. The air velocity was the same (3 m s ™) for all the runs.

Figures within parentheses are the variation in the variable
during the test

RH, Jix 1073

Run Ta 7,

No. (RS RS [%]  [kgm *s7']
I 20.5(0.6) ~7.000.2)  32.2(1.6) 3.67
2 20.6(0.7) —-6.9(0.2)y 52.02.3) 8.14
3 2060(0.7) —6.5(0.2)  75.1(3.9) 15.10
4 2L114)  —10.8(0.2) 31.1(6.6) 4.21
5 206007y —10.7(0.2) S14(4.5) 10.60
6 20.5(0.6) —~10.7¢0.2) T2.0(6.4) 14.40
7 209(1.2)  —19.9(0.2) 33.3(4.9) 5.82
8 208(1.1) —19.6(0.2) 54.5(5.8) 12.60
9 203(06) —19.7(0.2)  73.6(6.3) 19.00

PMMA., we found that a practical problem arose in
that frost formation was very limited. An additional
consideration is that the probe material must also not
absorb water vapour, which did occur for WACKER
WDS (Si0; 65.4%, FeO 14.8%, TiO, 16.3%, AlLO,
2.3%, B,0O,; 0.5% and 0.7% sulphate and chloride).
In our experiments we found that PMMA was a good
compromise as probe material.

4. RESULTS AND DISCUSSION

This experimental study was performed at the
different environmental conditions compiled in Table
1. The results which were obtained could be classified
into two categories.

(1) Test runs where the frost thickness increases as
shown by Fig. 3 with a best fit according to

d=ay+a,t 4

which is in agreement with what others [3, 6-8] have
found.

(2) Test runs with a cyclic increase in frost thickness,
as deseribed by Fig. 4, with a significant increase in
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F1G. 3. Typical result showing monotonic growth of frost;
variation of frost thickness with time.
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FiG. 4. Typical result showing cyclic growth of frost;
variation of frost thickness with time.

the density. This category will be discussed further in
Section 4.4 below.

4.1. Frost mass, thickness and density

The frost mass was found to increase linearly with
time for different plate temperatures and air humid-
ities. The rate of increase of frost mass with time (mass
rate) was found to be almost independent of the cold
plate temperature (Fig. S5), whereas the inlet air
humidity had a more pronounced effect (Fig. 6). The
mass rate increased by a factor of 2.3 and 3.6 at 5t
and 72% humidity, respectively, compared with the
31% test run. The small dependence of the mass rate
on the cold plate temperature shows an insulating
effect from the frost layer. Once frost has developed
on the plate and the frost surface temperature has
risen to a constant value, after the initial transient
period of frost formation [9], further frost deposition
is mainly dependent on the air humidity.

Both the cold plate temperature and the air
humidity were found to have a large effect on the frost
thickness. From Fig. 7 one notices that a decrease of
the cold plate temperature from —7 to —20°C almost
doubled (99%) the frost thickness for an inlet air
humidity of 30%. When increasing the inlet air
humidity from 31 to 72% (Fig. 8) at a cold plate
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FiG. 5. Frost mass vs time at different cold plate tempera-
tures: [, run No. 1; x, run No. 4, A, run No. 7.

{013

0.004
0.003

0.002

Frost mass (kg)

0.001

130 200 230 300 3¢
Time (mirutes)

D- L e Y
0 S 100

F1G. 6. Frost mass vs time at different RH of inlet air: x,
run No. 4; X, run No. 5; A, run No. 6.

temperature of —10°C the frost thickness increased
by 86%. The same tendency has been reported in refs.
[6, 10] over a smaller range of humidity. These results
combined with the results on the deposited frost mass
shows that low surface temperatures result in a frost
layer of low density while increase of the humidity
results in frost layers with high density. The highest
density values in this study were obtained in test runs
No. 2 and No. 3 (Table 1) and were in the range 400—
680 kg m—3.

During the time of frost formation, both thickness
and density of frost were found to increase. In order
to study the partitioning of the condensed vapour
between these two variables, the conservation of mass
concept was used. Starting with the mass of frost
expressed as

m; = Apd &)

and taking the partial derivatives with respect to time
we obtain

d-dp p-d5 1 om;

a T a aa T ©)
which may be written as
m,+m; = J; (7

Frost thickness (m)

4] PRI 1

150 200

s L
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FiG. 7. Frost thickness vs time at different cold plate
temperatures: A, run No. 1; ], run No. 7.
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[, run No. 4; A, run No. 6.

where J; is the mass flux of condensed vapour from
the air stream to the frost, and m, and m, are the parts
of J; which add to the frost density and thickness,
respectively. The ratio m;/J;, calculated from our
experimental values of m, and p, was found to vary
between 0.41 and 0.65 with an average value of 0.49.
Values close to the average were obtained at times
greater than 60 min, compared with the first recorded
values which were typically obtained at 25 min. Our
results for m;/J; indicate that half of the condensed
water vapour increased the thickness and the other
half increased the density of the frost layer, which is
in agreement with the hypothesis of ref. [3].

The effect of air velocity on the thickness was found
to be negligible which is in agreement with the results
of other investigators [6, 8, 10]. Our study of the effect
of air velocity was for a Reynolds number in the
range 6.130-13.440. We did not detect a thickness
dependence at Reynolds numbers lower than 15.900
as was reported in ref. [11]. The effect of velocity
on the mass rate was considerable. The mass rate
increased by a factor of 2.4 for a test run with a
velocity of 5.7 m s~' compared to 2.6 m s~'. The
effect on the frost density is shown in Fig. 9. It can be
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F1G. 9. Frost density vs time at differen: air velocities: x,
26ms ' A,5.7ms™ . RHand T, wer. 32% and —15.3°C,
respectively, during the test runs.
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seen that the density increases both in absolute values
and in rate with the higher air velocity. Compiling our
experimental results from the study of the effects from
cold plate temperature, relative humidity and air vel-
ocity on frost we conclude that changing the plate
temperature mainly affects the frost thickness, chang-
ing the relative humidity affects both frost thickness
and mass rate, changing the air velocity mainly affects
the mass rate of frost.

4.2. Comparison with models

Since our experimental results were mainly for times
greater than 1 h a quasi-stationary model was chosen
for comparison with the experimental values. Qur
results were in agreement, within experimental accu-
racy, with the simple model of ref. [3], in which frost
thickness and density are related by

Lo g
pU a 60 - \/( ‘E)
where
mo(t_to)
i ®

P.» 0, and m, are the frost density, thickness and
mass at time ¢,. The time ¢, is when quasi-stationary
conditions have been reached, i.e. when the heat flux
through the frost layer and the frost surface tem-
perature have become constant.

Independent verification that the quasi-stationary
condition has been established would require con-
tinuous measurements of heat flux through the layer
and the surface temperature but this would have been
impractical. What we did, as a test for the estab-
lishment of the quasi-stationary condition, was to
deduce an average value of ¢, from: (a) the time at
which a linear increase of thermal conductivity values
with thickness of the frost was detected, and (b) the
time from which m;/J; was approximately equal to
1/2 (cf. equation (7)). When this value of ¢, and the
corresponding values of p,, 8, and m, were substituted
in equation (8) we found that agreement with exper-
iment was within +10%.

A number of more or less complex models have
been reported in the literature [8, 12, 13] but use of
these typically requires knowledge or estimation of a
substantial number of physical parameters. In view of
the good agreement we have found with the simple
model of ref. [3], we conclude that use of these more
complex models would not be justified.

4.3. Thermal conductivity of frost

The values of the measured effective thermal con-
ductivity from all the test runs in Table 1 are shown in
Fig. 10. Our experimental data were described within
experimental inaccuracy by the polynomial

A= —871x107*+439x 107 *p+1.05x 10~ °p>.
&)
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FiG. 10. Effective thermal conductivity of frost vs frost

density.

Our experimental results for the effective thermal con-
ductivity are somewhat lower than the results of other
workers [6, 14-17]. Compared to the average values
of those investigations our values are within a factor
of 1.31 lower in the density range 100-550 kg m~2. A
good agreement of our values for the effective thermal
conductivity was found with the values of ref. [17]. In
the density range 100-550 kg m 3 the agreement was
within a factor of 1.04. Compiling the results from
the previous investigations one finds a rather broad
scatter in the relation between thermal conductivity
and density. This scatter could be explained by errors
in the methods of measurement, especially in the tech-
nique to determine the density, and by differences in
the experimental conditions.

After the initial period of the early stages of frost
formation has passed the thermal conductivity should
depend linearly on thickness according to Fourier’s
law. This has been used as the criterion that a quasi-
stationary condition was reached in order to deter-
mine ¢, in Section 4.1. Typical results from test runs
No. I and No. 7 are shown in Fig. 11. From the figure
the result of run No. | indicated that the condition
was reached after 150 min while the results of run No.
7 indicated the condition to be reached after 50 min.
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Fig. 11. Typical results showing effective thermal con-

ductivity of frost vs frost thickness: X, run No. 1; A, run
No. 7.
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Fi1G. 12. Typical frost density vs time for cyclic frost growth.

Our results for the heat capacity per unit volume,
pc,, were about ten times higher than what was
expected from taking ¢, of frost equal to c, of ice. A
test of the one-strip method, when the specimen was
solid ice, showed a discrepancy of 10% in both 4 and
pc, compared with literature values [18]. The values of
pc, were found to decrease somewhat with increasing
frost density. The temperature rise of the strip and the
heating time were varied but no effect on the values
of pc, was noticed. When the frost on the probe was
compressed manually the measured values of pc,
decreased to less than twice that of ice. The reason for
our high measured values of pc, of frost is unclear.
One explanation could be that sublimation or evap-
oration takes place in the porous frost structure at the
interface of the frost and the strip. If so, then the
experimental values of pc, would be expected to
decrease with increasing density when manually com-
pressing the frost on the probe.

4.4, Abrupt densification of the frost layer

The category two results (cyclic increase in frost
thickness) were characterized by a frost thickness vs
time plot like that shown in Figs. 12 and 13, respec-
tively. The density can be seen to increase by a factor
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FiG. 13. Typical effective thermal conductivity of frost vs
frost thickness in the cyclic frost growth case.
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of 3. From the thermal conductivity vs thickness (Fig.
13) one can observe a linear increase in the con-
ductivity and a stepwise increase by a factor of 2 at
the thickness value corresponding to the plateau in
Fig. 4. Thereafter the conductivity again increascs
as observed initially. The same abrupt densification
process has been observed in other test runs under
conditions that the air stream humidity was = 50%
and the plate surface temperature was <-—10"C.
Whatever the detailed nature of the densification pro-
cess, we conclude that it must affect the frost layer
down to close to the substrate since otherwise the
measured thermal conductivity would be relatively
unchanged. Although we did not visually observe
water droplets on the frost surface there is a further
piece of evidence which suggests that melting at the
frost surfacc was the reason for the cyclic increase of
the thickness and the abrupt increase of the density.
This is that it was noticed that the frost surface was
rough and uneven after the first hour of testing while
at the end of these tests the frost surface looked
smooth. Melting at the frost surface has been reported
by other workers. In refs. [19, 20] meliing was
described as a cyclic process of water film formation,
water permeation, freezing and further frosting,
The melting process was found to be triggered by the
frost surface temperature reaching 0°C as a result of
increasing frost thermal resistance with increasing
frost thickness.

5. SUMMARY

Frost formation was studied in an experimental
apparatus simulating the conditions in a counter flow
air heat exchanger. Two categories of formation were
observed, monotonic growth and cyclic growth. The
latter was interpreted as due to melting at the frost
surface. For the monotonic growth, thickness and
density were found to increase in agreement with the
model of ref. [3], with the condensed water vapour
from the forced air stream contributing in equal
amounts to increases in the thickness and the density.
This indicates that the frost formation process takes
place both on the surface and inside the frost layer.

A dynamic one strip method was used in order to
measure the frost thermal conductivity, K. Our results
for the variation of conductivity with density agreed
with previous investigations. We found somewhat
high values for pc, (heat capacity per unit volume),
which could be due to sublimation or evaporation of
water. However, we consider our experimental values
of thermal conductivity to give a good description of
K{p, 8).

In cases where melting at the frost surface was sug-
gested to have occurred the thermal conductivity
values indicated that water drained through the whole
frost layer. At the same time, there was a large and
abrupt increase in density and a slight decrease in
thickness of the frost layer. We conclude that when
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abrupt internal densification takes place it is duc to
melting at the frost surface.

The cold plate temperature and the relative
humidity were found to have important effects for the
enhancement of frost thickness while thickness was
found to be negligible of air velocity. However, the
velocity influenced the frost layer internally as the
density was found to increase with higher velocities.
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APPENDIX

The electronics used to measure the thermal properties of
the frost are described in ref. {21]. In general terms a constant
heating power was established by supplying d.c. current to
the Pt strip. The temperature rise due to this heating was
determined with a bridge circuit using a weak superimposed
a.c. current and locking technique.

The theoretical expression for ti.c temperature rise in the
case of heating and temperature sensing at the interface
between two media [21] was derived from the solution to
an instantaneous point source of unit strength [22]. The
temperature rise at a point (x, y,0), due to an infinite strip,
—w < x < w {strip width)} and length —c0 <y < oc witha
negligible heat capacity continuously supplied with a con-
stant heating power ¢ per unit length, is then given by
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4, and p,c,, denote thermal properties for the probe.

Equation (A1) is an alternative expression of equation (6)
in ref. [21]. For purposes of fitting the experimental data,
equation (A1) was averaged over the strip width by numeri-
cal integration.

PARAMETRES DE CROISSANCE DU GIVRE DANS UN ECOULEMENT D'AIR FORCE

Reésume—On étudie la formation du givre sur des plaques paralléles horizontales faisant face a un courant
d’air, pour des températures, des humidités relatives et des vitesses d'air différentes. La température de la
surface ainsi que 'humidité relative de Uair ont des effets importants sur Pépaisseur du givre. La densité
du givre augmente avec Phumidité relative et spécialement avec la vitesse de I’air. Une méthode dynamique
a une bande est appliquée pour déterminer la conductivité thermique qui est utilisée de fagon a étudier les
changements internes dans la couche de givre. On observe deux catégories de formation de givre. la
croissance monotone et celle cyclique. Dans la premiére la vapeur d’eau condensée contribue de fagon
égale 4 'accroissement d'épaisseur et de densité tandis que dans Uautre la fusion 4 la surface du givre cause
une densification interne abrupte.

PARAMETER FUR DIE REIFBILDUNG IN EINEM LUFTSTROM

Zusammenfassung—Die Bildung von Reif auf parallelen, horizontalen Platten, die einem Luftstrom aus-
gesetzt sind, wird fiir verschiedene Temperaturen, relative Luftfeuchtigkeiten und -geschwindigkeiten
untersucht. Sowohl die Oberflichentemperatur der Platten als auch die relative Feuchtigkeit des Luftstroms
iiben einen wichtigen EinfluB auf die Dicke der Reifschicht aus. Die Dichte des Reifs nimmt mit der relativen
Feuchtigkeit und insbesondere mit der Luftgeschwindigkeit zu. Eine dynamische Einstreifenmethode wird
angewandt, um die Wirmeleitfahigkeit zu bestimmen, mit deren Hilfe innere Veriinderungen in der
Reifschicht untersucht werden. Zwei verschiedene Arten der Reifbildung werden beobachtet: Monotones
und zyklisches Wachstum. Im ersten Fall zeigt sich, daB der kondensierte Wasserdampf gleichmiéBig zum
Wachsen der Schichtdicke und der Dichte beitrigt, wahrend im zweiten Fall cin Schmelzen an der
Reifoberfliche zu einer abrupten inneren Verdichtung fithrt.

MAPAMETPBI CJ108 MHEA, OBPA3VIOHMEIOCA NMPH BbIHYXXJAEHHOM TEYEHWUH
BO3VXA

Amorammws—Hccnenyercs o6pa3oBaHue UHES HA NapajUielbHBIX FTOPH3OHTANBHBIX [IACTHHAX, CTOSILMX
Ha TMYyTH BEIHYXASHHOTO NOTOKA BO3AYXA, NPH M3MEHMIOMHMXCS TEMNEPATYpe, OTHOCHTCALHOH BIaX-
HOCTH M CKOpOCTH Bo3Ayxa. HalizeHo, 4T0 Kak TemrniepaTypa MOBEPXHOCTH IUIACTHHBL, TAK M OTHOCHTE-
JMBHAS BJAKHOCTD TOTOKA BO3AYXa OKA3bIBAIOT 3HAYHTENHHOE BIMAHHE Ha TONUMHY CJIOX HHed.
O6uapyXeHo, ¥TO MAOTHOCTH WHEA YBEIMUMBAETCH C POCTOM OTHOCHTE/ILHOR BAAXHOCTH H B ocoben-
HOCTH CKOPOCTH BO3&yxa. Jlis onpemesieHust TENNONPOBOMHOCTH CIIOR MHes MPHMEHSETCH AuHaMHYec-
kuii onsonosocHol Metoa. Habmomarorcs apa TMma nponecca ofpasoBaHHA MHES—MOHOTOHHBIA H
uMKAnYeckuii pocT. B meppoM ciyvae HaliieHo, YTO KOHACHCHPOBAHHbLIH BOAAHON Map B OXMHAKOBOH
CTENEHN BJMAET Ha YBEJIMYEHHE TOJUIMHBL ¥ TUIOTHOCTH, B TO BPEMS Kak BO BTOPOM Cliyvyae TasHHE HHesl
HA NOBEPXHOCTH NPHBOIUT K BHE3ANHOMY BHYTDPEHHEMY YIUIOTHEHHIO.



