
Frost growth parameters in a forced air stream 
R. &TIN and S. ANDERSSON 

Department of Applied Physics, University of Umel, Sweden 

(Received 10 January 1989 and in ,jinal form 16 June 1990) 

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. 

I. 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 llow 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-deveio~d 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 to the plate on the side opposite to the 
surface which faced the air flow. Plate temperatures 
were measured by chrome1 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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Nomenclature 

A area of weighing Em’] 6 thickness [m] 

CP specific heat capacity at constant pressure lc effective thermal conductivity of frost 
[J kg- ’ “C- ‘1 [Wm-‘K’] 

; 
latent heat of sublimation [J mol- ‘1 I thermal conductivity [W m ’ K ‘1 
mass flux of condensed vapour from air P frost density [kg m- ‘1. 
stream [kg s‘~ ’ rn- ‘1 

m mass [kg] 
RH relative humidity [%] 
t time from onset of frosting [s] Subscripts 
T temperature f”C] a air 
W width of the Pt strip [mm]. 

“d 
solid-state thermal conduction 
thermal conduction due to 

Greek symbols diffusion 
PO(T) (i,;D.P{R2.T’).exp[i,,/R,T*-i~,fR.T] f frost 

[mol s--’ m-’ K ‘1 (D is the diffusion g water vapour 
coefficient for water vapour in snow, P i inlet 
the equilibrium pressure of water 0 quasi-steady quantities 
vapour over ice at reference temperature P cold plate 
T+, and R the universal gas constant S 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 

Each test run was preceded by cleaning of the 
cooling plates in order to avoid preferred nucleation 

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. 

AI1 measurements except thickness and mass of 
frost were recorded and processed by a PDP 1 l/73 

FIG. 1, Schematic illustration of the experimental apparatus: 1, climate chamber; 2, humidifier; 3, air 
heater; 4, fan; 5, relative humidity and temperature probe; 6, valves ; 7, pitot tube; 8, cooler ; 

9, honeycomb: 10, Plexiglas front ; I 1, weighing machine. 
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RG. 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 f 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 demity 
The mass of the frost deposit was recorded by a 

digital weighing machine (Mettler PE 3600). A cavity 
of area 25 x 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 cotd 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 10m5 kg). The 
mass and thickness measurements gave an average 

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 mainfy to solid-state con- 
duction in the frost structure and to diffusion of water 
vapour. An effective thermal conductivity K, includ- 
ing conduction and mass diffusion, is defined by 

K = &i-L, (1) 

where AC is the solid-state conduction contribution 
and & the conduction due to diffusion of water 
vapour. 

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

by 

where 

pc,g= v-(KVT) 

Equation (2) was derived by assuming that the frost 

density without any information about gradients in 
the frost layer. 

3.4. Velocity 
The ilow 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 
k 1% for the pitot tube and the error for the actual 
setup was estimated as fS%. The wind velocity in 
the area was calculated by the continuity equation for 
incompressible steady flow. 

3.5. Thermal conductivity 



was isotropic and homogeneous. that the water vap- 
our diffusion was caused by prcssurc gradients and 
that Clapcyron’s equation could be applied. 

In order to measure the thermal properties. K and 

I_)(;* (heat capacity per unit volume). of the growing 
frost layer, WC 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 

sol&on lo the cast of pure conduction in isotropic 
and homogeneous media with the thermal prop&es 
independent of temperature and position. 

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 hcatcr 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 i and PC;, of the specimen 
may be extracted. 

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(methy1 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- 
I-XC. 

With knowledge of L and p(z of one medium. i.e. 
the probe material, the corresponding properties of 
the frost may be obtained by fitting equation (Al) 

(set 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 i, = 0.20 W m ’ IS ’ 
and ,I(z = 1.49 MJ me-’ Km ’ at 273 K. The values of 
c;> which were calculated from pep were within 2% 
from the c,, values obtained with a diff‘erential scan- 
ning calorimeter. In the analysis of the measured tcm- 
pcrature rise 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 iL and [~c,~ of the probe affects the 
accuracy of the measured values of i and /)L;, of the 
specimen. To minimize this influcnco the ratio of 
/L*pi;, (specimen) to i: pc,, (probe) would ideally be 
very high and thereby give a high value of (r (see 
Appendix). A high value ofo means that most of the 
heat supplied to the strip goes into the specimen. 
However. when using a probe material (Styrophoam 
H130-E) with a very low thermal conductivity 
i. = 0.03, compared to ii = 0.20 W m ’ K ’ for 
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Table 1. Temperature, relative humrdity 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 cariablc 

during the test 

Run RN&!, J,xlO i 
No. ,?, rTE1 

_._____~_ W1 
[kgm ‘s-‘1 

I 20.5(0.6) -7.0(0.2) 32.2(1.6) 3.67 
2 20.6(0.7) -6.9(0.2) 52.0(2.3) 8.13 
3 20.6{0.7) -6.5(0.2) 75. I(3.9) 15.10 

4 ‘I.l(i.4) - 10.8(0.2) 31.1(M) 4.21 
5 20.6(0.7) - 10.7(0.2) 51.4(4.5) 10.60 
6 20.5(0.6) - 10.7(0.2) 72.0(6.4) 14.40 

7 2O.Y( 1.2) - 1Y.Y(O.2) 33.3(4.9) 5.82 
8 20.8(1.1) - 19,6(0.2) 54.5(5.8) 12.60 
9 20.3(0.6) - 19.7(0.2) 73x$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 (SiO, 65.4%, Fe0 14.89/o, TiO, 16.3%, Al,O, 

2.3%, B,O1 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 
I. The results which were obtained could be classified 
into two categories. 

(I) Test runs where the frost thickness increases as 

shown by Fig. 3 with a best fit according to 

ci = a,,+a,Jt (4) 

which is in agreement with what others [3, 6-81 have 
found. 

(2) Test runs with a cyclic increase in frost thickness, 
as described by Fig. 4, with a signi~cant increase in 

Time Cmirutes> 

Flc;. 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 muss, 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. 5), 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 51 
and 72% humidity, respectively, compared with the 
3 1% 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 : q , run No. 1; x , run No. 4, A, run No. 7. 

Time hirues> 

3 

FIG. 6. Frost mass vs time at different RH of inlet air : x , 
run No. 4 ; q , 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, lo] 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 40& 
680 kgmP3. 

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, = Ap6 (5) 

and taking the partial derivatives with respect to time 
we obtain 

c!! ; pmac I am, 
_J 

at at Aat ’ (6) 

which may be written as 

m,+m, = Jr (7) 
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” 
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$ o.mi5 
t 0.001 

0 90 100 150 am a0 3~3 

Time Cmlrutms) 

FIG. 7. Frost thickness vs time at different cold plate 
temperatures : A, run No. 1 ; 0, run No. 7. 
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Time Cmiruted 

FIG. 8. Frost thickness vs time at different RH of inlet air : 
0, run No. 4; A, run No. 6. 

where Jf is the mass flux of condensed vapour from 
the air stream to the frost, and mp and md are the parts 

of Jf which add to the frost density and thickness, 
respectively. The ratio m,/Jf, calculated from our 
experimental values of mf 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 ms/Jf 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, lo]. 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. [ 111. 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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FIG. 9. Frost density vs time at differen: air velocities: x1 
2.6ms~‘;n,5.7ms-‘.RHandT,wer, 32%and -15.3”C, 

respectively, during the ti’>t runs. 

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. Our 
results were in agreement, within experimental accu- 
racy, with the simple model of ref. [3], in which frost 
thickness and density are related by 

where 

m,(t-L) z = ..-pos,~~ (8) 

po, 6, and m, are the frost density, thickness and 

mass at time t,. The time t, 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 t, 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 ma/J, was approximately equal to 
l/2 (cf. equation (7)). When this value of t, and the 
corresponding values of pO, 6, 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, 131 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 offrost 
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 

3. = -8.71 ~10-~+4.39x 10-4~+1.05x 10m6p’. 

(9) 
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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, 14-171. Compared to the average values 
of those investigations our values are within a factor 
of 1.3 1 lower in the density range lo&550 kg m- 3. A 
good agreement of our values for the effective thermal 
conductivity was found with the values of ref. [ 171. In 
the density range lo&550 kg mm3 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 t, in Section 4.1. Typical results from test runs 
No. 1 and No. 7 are shown in Fig. 11. From the figure 
the result of run No. 1 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. 

Time Cmirutes) 

FIG. 11. Typical results showing effective thermal con- 
ductivity of frost vs frost thickness : q , run No. 1 ; a, run 

No. 7. 
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FIG. 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 cP 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 1 and 
pcP compared with literature values [ 181. The values of 
pcP 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 pcP was noticed. When the frost on the probe was 
compressed manually the measured values of pcP 
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 pcP would be expected to 
decrease with increasing density when manually com- 
pressing the frost on the probe. 

4.4. Abrupt densljication 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 

P 

0 0.031 0.a o.m3 o.al4 o.ms 0.w 

Frost thicbwss Cm> 

FIG. 13. Typical effective thermal conductivity of frost vs 
frost thickness in the cyclic frost growth case. 



of3. 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 incrcascs 
as observed initially. The same abrupt densification 

process has been observed in other test runs under 
conditions that the air stream humidity was 250% 
and the plate surface temperature was < - IO C. 

Whatever the detailed nature of the densification pro- 
cessl 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 surface 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. 201 melting 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 

Kt P, (5). 
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 

abrupt internal densification takes place it is ~LIC SC) 

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. [2 I]. 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 tl.,: 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 i u’ (strip width) and length -cc i y i cc with a 
negligible heat capacity continuously supplied with a con- 
stant heating power 4 per unit length. is then given by 

AT= 
VlU t l,Z 

( >r wd,(oZ-1) 47-m, 
&-;-+(I+-I ) 

1 
(Al) 

where 

F,=erfz,+-erf=~_+~~!.-i,,+tE,(~~+)-=,~ -E,($..)] 
:n 

(A2) 

(A3) 

where 

K = ;,> ; pcDr = pzcp, 

2, and p,cp, denote thermal properties for the probe. 
Equation (Al) is an alternative expression of equation (6) 

in ref. 1211. For purposes of fitting the experimental data, 
equation (Al) was averaged over the strip width by numeri- 
cal integration. 

PARAMETRES DE CROISSANCE DU CIVRE DANS UN ECOULEMENT D’AIR FORCE 

R&arm&---On etudie la formation du givre sur des plaques paralleles horizontales faisant face a un courant 
d’air, pour des temperatures. des humidites relatives et des vitesses d’air differentes. La temperature de la 
surface ainsi que l’humidite relative de I’air ont des effets importants sur I’tpaisseur du givre. La densite 
du givre augmente avec l’humidite relative et specialement avec la vitesse de l’air. Une rnbthode dynamique 
a une bande est appliquee pour determiner la conductivite thermique qui est utilisee de facon i etudicr lcs 
changements internes dans la couche de givre. On observe deux categories de formation de givre. la 
croissancc monotone et celle cyclique. Dam la premiere la vapeur d’eau condensee contribue de facon 
egale ri l’accroissement d’epaisseur et de densite tandis que dans l’autre la fusion $ la surface du givre cause 

une densi~cation interne abrupte. 

PARAMETER FUR DIE REIFBILDUNG IN EINEM LUFTSTROM 

Zusammenfassung~Die Bildung von Reif auf parallelcn, horizontalen Platten, die einem Luftstrom aus- 
gesetzt sind, wird fur verschiedene Temperaturen, relative tuftfeuchtigkeiten und -geschwindigkeiten 
untersucht. Sowohl die Oberfl~chentemperatur der Platten als such die relative Feuchtigkeit des Luftstroms 
iiben einen wichtigen EinfluR aufdie Dicke der Reifschicht aus. Die Dichte des Reifs nimtnt mit der relativcn 
Feuchtigkeit und insbesondere mit der Luftgeschwindigkeit zu. Eine dynamische Einstreifenmethode wird 
angewandt, urn die Warmeleitfahigkeit zu bestinnnen. mit deren Hilfe innere Verdndcrungen 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 gleichmal3ig zum 
Wachsen dcr Schichtdicke und der Dichtc hcitragt, wahrend im zweiten Fall tin Schmelzen an dcr 

Reifoberflkhe zu einer abrupten inneren Verdichtung fiihrt. 

I-IAPAMETPbI CJIOX MHEII, OEPA3YFOIIJEI-OCII I-IPM BbIHYX(fiEHHOM TE9EHMM 
B03aYXA 

Antrorar#Hr--&&nenyercr o6pa3onarme aHeR Ha napannenbnbxx ropri3orrranbHbrx nnacrmiax, CTOIIIWX 
Ha nyrw sbmy~emioro noroRa *03nyxa, npe rr3hieHnromnxcn rekineparype, o-rnocurenbnoii nnax- 
Hocrn H crropocr~ no3nyxa. HagueHo, STO xax TeMneparypa noeepxrrocrsi rmacrriHbr, Tax B orHocnre- 
nbuali nnaxurocrb rroroKa nosnyxa olta3brnaror 3Haq~TenbH~ wmxmfe Ha Ton~nny cnox sines. 
06HapyxeH0, YTO nno-mmb mes yHenwrHHaercn c POCTOM oT3iocxsTenbHoii Bnaxufocrzi R B oCo6eH- 

HOCTN CKOPOCTU BO3AyXa. ,&I!i OIl&WteJleHWl TeIlJfOllPOBOLIHOCTH CnOIl HHeP ITpHMeIWeTCS AHHaMHyeC- 

K&iii O~OlIOnOCHOii MeTOLl. Ha6nronarorcn LJBa THna IIpOWCCa 06pa30BaHHx HHCR-MOHOTOHHbi U 

UHKJIHYW~K~ pock. B nepHoM cnyvae Haiinerio, YTO tcoHneHcHpoHaHHbrA BOA~HO~~~ nap 6 0nuHarcosoii 
ffenerrn mwm Ha yeenmeeeae TO~UWH~I II ~JIOTH~CT~ B TO B~MI rcaz Ho BTO~OM wryvae TanHHe HHen 

Ha IIOBepXHOCTK npHBOnHT K HHe3anHOMy BHyTpf?HHeMy ynnOTHeHHto. 


