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ABSTRACT

This paper deals with an experimental study on the frosting phenomena using a fin bundle, which is an expanded
model for the fins of the heat exchanger. The overall characteristics such as total frost mass, mass flux, pressure
drop, sensible and latent heat fluxes and the local characteristics such as local temperature, local heat flux and local
frost thickness were investigated under several experimental conditions composed of cooling block temperature,
humidity and velocity of air. It was found that the cooling block temperature and air humidity affect considerably
the total frost mass. The mass flux in all of conditions decreased gradually with time, while the pressure drop
increased with frost deposition. The sensible heat flux was nearly constant due to the same airflow rate, but the
latent heat flux decreased gradually with time. The local heat and mass transfer characteristics were also clarified by
developing an approximation equation for the fin temperature and considering the energy and mass balances to the
control volume.

1. INTRODUCTION

The heat exchanger for the refrigerator and the air-conditioner has been developed for its high performance, and
attained to the acceptable grade. However, there is a problem to be solved for the heat exchanger; that is about
‘Frosting phenomena’. The frosting phenomena occur when humid air flows in the heat exchanger, the surface of
which is below freezing point temperature. As known well, the frost layer deposited on the surface of heat exchanger
deteriorates the thermal performance of heat exchanger owing to thermal resistance and blockage of airflow passage
between fins. Therefore, the researches related to the determination both of adequate heat transfer capacity for
compensating the performance deterioration of heat exchanger and appropriate defrosting period in the economical
point of view is seriously demanded to develop the high efficient heat exchanger under dry and frosting conditions.
The previous researches on the frosting phenomena in the heat exchanger are mainly classified into three fields; 1)
frost properties such as heat conductivity and density of frost, 2) frost formation and growth, and 3) heat exchanger
performance under frosting conditions.

As the studies belonging to the first classification mentioned above, Yonko and Sepsy (1967) measured the heat
conductivity of frost and proposed its correlation as a function of frost density. Hayashi et al. (1977) also proposed a
correlation of frost density based on the experiment for investigating frost formation. Yang and Lee (2005) also
proposed a mathematical model to predict frost properties and heat and mass transfer within the frost layer formed
on a cold plate.

Relevant to frost formation and growth, Hayashi et al. (1977) observed the process of frost formation and growth
and assorted these into three processes according to the elapsed time. The processes divided are crystal growth
period, frost layer growth period and frost layer full growth period. O’Neal (1982) proposed the correlations for frost
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layer thickness in the range of the Reynolds humber both from 4400 to 15900 and above 15900. Sherif et al. (1993)
simulated the frost formation process employing a semi-empirical transient model for a flat plate under forced
convection condition.

In the studies on the heat exchanger performance under frosting conditions, Yanagida (1969) investigated the heat
transfer and pressure drop characteristics of close-finned coils operating under frosting conditions. Senshu et al.
(1990) carried out theoretical and experimental studies using the cross finned tube heat exchanger and proposed the
method to predict frosting air condition and averaged frosting mass flux.

O’Neal (1982) reviewed the previous researches on frosting phenomena and pointed out that the detailed data to
design air-conditioner in heating mode in winter season are insufficient. Namely, in the case of microscopic study,
the conditions are limited to the surface with quite simple geometry at constant temperature. Therefore, he
emphasized that the research applicable to the evaporator of air-conditioner is of importance. It means that the
research on the frosting from moist air flowing in the small rectangular duct is needed, because the test data in the
case of airflow cooled locally through the airflow passage between fins of heat exchanger are insufficient.

By above reason, Koyama et al. (2004, 2005a, 2005b) conducted the experimental study for the frosting on an Al
flat plate locally cooled in the rectangular duct, and there, investigated the overall geometry of frost layer deposited
and the characteristics of heat and mass transfer from humid air. In the present study, the frosting test using an
expanded model of the slit fin bundle of heat exchanger has been performed, which is more practical research to
develop the high efficient heat exchanger under dry and frosting conditions.

2. EXPERIMENTAL APPARATUS AND METHOD

Fig.1 shows the schematic of the experimental apparatus. The experimental apparatus installed in an air-controlling
chamber mainly consists of test section A, orifice B, blower C and suction fan D. The flow rate of humid air flowing

Brine Copper block Output
(Cooling source)

“

Alr

H ::;1> Test Section| =—=>
L

Fin

Inlet A Outlet

B

Figure 1: Schematic of the test apparatus Figure 2: Schematic of the test section

Table 1: Experimental conditions

Test Condition Air Temperature [°C] Air Velocity Cooling BIoc(I)<
Dry Bulb Wet Bulb [m/s] Temperature [°C]
STD 1.99 1.01 15 -7.40
HCT 1.98 0.98 15 -5.45
LH 1.97 0.49 15 -7.81
HH 2.06 1.54 1.5 -7.52
LAV 2.00 1.02 1.0 -8.52
HAV 1.96 1.07 2.0 724
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in test section A is measured by orifice B, and blower C is used to flow humid air into test section A. The flow rate
of humid air is kept constant by controlling the electric power input of blower C with the inverter. The dry and wet
bulb temperature of humid air at the inlet of test section is measured with two sheathed thermocouples (type-K,
resolution of £0.03 K) by sucking humid air with suction fan D, and controlled by an electric heater, a humidifier
and a refrigerator attached to the air-controlling chamber. If the temperature condition of humid air supplied into the
test section is stabilized as test conditions, and the experiment is started by flowing brine from the constant
temperature bath, which is installed outside the air-controlling chamber, into the test section.

Fig. 2 shows the schematic of the test section. The test section consists of a cooling block, a fin bundle and a
rectangular duct made of transparent acrylic resin. The fin bundle is composed of 11 rows by 40 fins inserted into
the copper cooling block, and installed inside the rectangular duct. The fin bundle is cooled by flowing brine
(ethylene glycol) into the cooling block; where brine is supplied from a constant temperature bath. The width,
thickness and length of 8 fins in the 1st and 11th rows are 16.08 mm, 1 mm and 79.25 mm, respectively, and those of
the rest 32 fins in the 2nd to 10th rows are 7.5 mm, 1 mm and 79.25 mm, respectively. In order to measure fin
temperature distribution, 11 fins in the central part of each row are selected, and five thermocouples with diameter of
0.1 mm (type-T, resolution of %0.05 K) in each fin selected are setup. The thermocouples installed to each fin are
located at the points of 3, 12, 25, 40 and 70 mm from the base of each fin.

Table 1 lists the experimental conditions. The experimental parameters are cooling block temperature, air humidity
and air velocity. In Table 1, STD, HCT, LH, HH, LAV and HAV denote standard, high cooling temperature, low
humidity, high humidity, low air velocity and high air velocity conditions, respectively.

Total frost mass, pressure drop between inlet and outlet of the test section, temperature distribution of 11 fins
selected and cooling block temperature are measured at each elapsed time of 30, 60, 90 and 120 minutes. Especially
in the case of inlet and outlet temperature of the test section, at the inlet of the test section, dry and wet bulb
temperature of humid air is measured, and at outlet of the test section, only dry bulb temperature is measured. Also,
in order to obtain the humidity ratio at the outlet of the test section, two sheathed thermocouples (type-K, resolution
of £0.03 K) are installed behind blower C. Total frost mass is determined by measuring total mass of test section
before and after each test using a chemical balance (maximum resolution of 0.01 g), and pressure drop between inlet
and outlet of the test section is measured using a micro differential manometer (maximum resolution of 0.02 mmAq
and maximum range of 50 mmAQ).

3. DATA REDUCTION METHOD

Averaged mass flow rate, ¥, avg, is obtained from total frost mass, my, and the difference of the operation time,
Az . Also, averaged mass flux, Gy, iS determined from both averaged mass flow rate, rir avg, and total heat
transfer area, A.

n.F]f,avg :(mf|HM_mf|T)/AT 1)
Gw,avg = rﬁf ,avg IA (2)
Total heat flux, g, is the sum both of sensible heat flux, Qens, and latent heat flux, g4
Otot = Usens + Uiat = {pa Ay Uy Cp '(Tdb,in _Tdb,out)/ A}"' Gw : hsg 3)
Latent heat of sublimation, hg, is obtained by a correlation used by Ismail-Salinas (1997).
hgy =[-0.04667 x {L.8x (T — 273.15) + 32}+1220.1] x 2322 4)

The approximation equation for fin temperature distribution, which was developed for calculating the local heat flux
of fin, is represented as follows:

T,()=a-e’'"+b+c-e*", (5)
where constants a, b and c are determined by the least square method for fin temperature data measured.
The heat flux in the fin longitudinal direction, gy, is obtained using Eg. (5) as follows:

dT, k _
qw,x:_kw'd_XW:_TW(a'GXIL_C'e X/L)' (6)

The heat flux from the ambient air to the fin surface, o, is also calculated using Eg. (5) as follows:

d kA
qw,y:i' Qw,x __w f (a.ex/L_i_C_efx/L). (7)
f

Fig. 3 shows the control volume in the frosted fin. The energy conservation equation of the airside in the control
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Figure 3: Control volume in the frosted fin Figure 4: Energy balance both on the frost surface
and in the frost layer
volume is described as follows:
ATb 2 .
(Gacpa + GWCp\N)E = _ﬁ(hH - mNpr)Ub _Ts) : (8)

Fig. 4 represents the energy balance both on the frost surface and in the frost layer. The total heat flux transferred
from the moist air to the frost surface includes the sensible heat flux by convection of dry air as well as the latent heat
flux by sublimation of water vapor from humid air.

Ghot = Osens + Glat = Py (Tp = T5) + rhwhsg ©)
Osens = Gconv = My (To = Ts) (10)
LY (Zb_ls)'hsg :rh\N'hsg (11)

Mass transfer coefficient, hy, can be determined from heat transfer coefficient, hy, by the Chilton-Colburn Analogy
(or modified Lewis Relation) as

D
by =22 Le3n, =202 g3l gars (12)
k k Cp Cp
The heat flux transferred from the surface of frost to the fin plate means the heat transfer by conduction through
frost layer with certain heat conductivity.
T, -T,
Oot = qw,y = kf [ S W} (13)
Oy
Lee’s correlation (1994) is used for the heat conductivity of frost, k.
K =0.132+ (3.13x10™* x p; ) + (1.6 107 x p; %) (14)
where the density of frost is estimated using the correlation developed by Hayashi et al. (1977).
p; =650exp(0.227T) (15)

The mass flow rate per unit area of water vapor from humid air, m,,, is the sum of mass flux for increasing the frost
density, m, ,,and mass flux for increasing the frost thickness, m, s .

m, =m, , +My,s (16)
The mass flux for increasing the frost density, m, ,, used by O’Neal (1982) and the mass flux for increasing the
frost thickness, m,, & , are shown as follows:
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3 1-(ps I ) 1 9 hy ~ Ry [ Gwy
e = DWL*’ (pi 1 p)*° ]( RTs] {Ts(uw -u) T }[ K J 47
m/v,éf :rn/v_rn/v,p' (18)

The density of frost is determined from mass flux for increasing the frost density, the elapsed time and the frost
thickness. The frost thickness is also obtained from the mass flux for increasing the thickness of frost, the elapsed
time and the density of frost.

B fm,p AT
pf|t+At B pf|t + 5 (19)
Mys. - AT
5| = o] +—2— (20)
t+At t P2

4. EXPERIMENTAL RESULTS

Fig. 5 shows the effect of cooling block temperature on total frost mass, averaged mass flux and pressure drop. It is
found that the total frost mass and mass flux are affected considerably by cooling block temperature. It is because
water vapor pressure difference between fin surface and ambient humid air is reduced as cooling block temperature
becomes higher. It is also found that pressure drop is affected seriously by cooling block temperature due to the
blockage of the airflow passage by frost deposited.

Fig. 6 illustrates the effect of air humidity on total frost mass, averaged mass flux and pressure drop. As air humidity
becomes higher, total frost mass and averaged mass flux increase due to more abundant supply of water vapor from
humid air. It is also found that pressure drop is affected considerably by air humidity owing to the blockage of
airflow passage by frost deposited.

Fig. 7 shows the effect of air velocity on frost mass, mass flux and pressure drop. In this experiment, though air
velocity affects pressure drop largely, its effect on total frost mass and mass flux is not so large compared with in the
cases of conditions for cooling block temperature and air humidity. As air velocity increases, the mass transfer of
water vapor to the frost surface is enhanced. On the other hand, temperature difference between ambient humid air
and frost surface decreases due to the increase of heat transfer coefficient. This trade-off relation between heat and
mass transfer leads to small effect of air velocity on frost mass and mass flux. It is noted that pressure drop is also
affected by the blockage of airflow passage due to deposition of frost.

120 : : : 200 ‘ ‘ ‘
—_ —O— Pressure drop_STD —&— Pressure drop_STD
@ 90 [ -5 Pressuredrop_HCT Q' 150 [~ Pressuredrop_LH
[a R —7— Pressure drop_HH
= 60| & 100
& 30! & sof
'('\I;' OC ‘% l\‘llass flu‘x STD‘ ? O ‘% r;/| fl‘ STIZ;
L & L ass flux_!
E 0.06 —5— Mass flux_HCT E 0.06 —H— Mass flux_LH
£ Ly —A— Mass flux_HH
D 0.04 ?.:‘\;/%/;@ D 0.04
o o
= 0.02 %— 0.02
3 =
(_r)g 0.00 + + + (O 0.00 ! ! ! ! } } }
20 [—©— Frostmass_STD 20 | —©— Frostmass_STD
—H&— Frost mass_HCT —H&— Frost mass_LH
E 15 '8 15 |—A— Frost mass_HH
[t —_
- 10 r - 10 ¢
£ 5l % g 5l
0 0

0 15 30 45 60 75 90 105 120 135 0 15 30 45 60 75 90 105 120 135

Operation time, z[min] Operation time, z[min]
Figure 5: Effect of cooling block temperature on Figure 6: Effect of air humidity on total frost mass,
total frost mass, averaged mass flux and pressure averaged mass flux and pressure drop

drop
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Fig. 8 represents the variation of total, sensible and latent heat fluxes with the operation time under standard
condition. Sensible heat flux is kept almost constant due to the same airflow rate, while latent heat flux decreases
gradually owing to the reduction of water vapor pressure difference between ambient humid air and frost surface. As
a result, total heat flux decreases with the operation time.

Fig. 9 shows the temperature variation at each position of 11 fins. As shown, the temperature of fins in upper stream
side, fins No. 1-6, is relatively higher than that in down stream side, fins No. 7-11. It is because the fins in upper
stream side is in contact with humid air at relatively high temperature compared to down stream side, namely, the
fins in down stream side contact with humid air cooled by heat exchange with the fins in upper stream side. Also, the
temperatures between fins No. 2 and 3, between fins No. 6 and 7 and also between fins No. 10 and 11, where the
airflow direction is abruptly changed by the fin arrangement feature, are higher than those of other positions.

Fig. 10 represents the y-directional heat flux, which denotes the heat flux from ambient air to fin surface, at each
position at elapsed time of 30 minutes in standard condition. The y-directional heat flux profile may be controlled by
air flow in fin bundle, which is determined by the fin arrangement.

Fig. 11 shows the frost thickness at each position of 11 fins at elapsed time of 30 minutes in standard condition. The
small graph inside the big graph denotes the frost thickness configuration in the fin longitudinal direction. The frost
thickness in this study is the averaged value in airflow direction to control volume in Fig. 3. It is found that the frost
thickness of fins in down stream side is relatively thicker than that of fins in upper stream side. It means that mass

120 — ——— 400 ‘ ‘ ‘ ‘ ‘ ‘ ‘
—&— Pressure drop_STD —5— qtot
90 - Pressure drop_LAV 1 —B— gsens
—E&— Pressure drop_HAV —A— glat

60
301
0

300

—O— Mass flux_STD
0.04 + —H&— Mass flux_LAV

t ¥ t f y N|—| 9\@\9/6

—A— Mass flux_HAV E
SM S 20
e 5
0.02 1 =
O

m; [g] Gw,avg [9/m2s] 6P [Pa]

15 F t ; ; ; t t ; ; +—
O  Frost _STD
12+ Fzzt ::Z_LAV 8 1 100 r
9t O Frost mass_HAV g ] A\A\A/A
i 8 ,
3| o
0 R 0 : : : : : : :
0 15 30 45 60 75 90 105 120 135 0 15 30 45 60 75 90 105 120
Operation time, z[min] Operation time, z[min]
Figure 7: Effect of air velocity on frost mass, Figure 8: Variation of total, sensible and latent
mass flux and pressure drop heat fluxes with time under standard condition
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Figure 9: Fin temperature distribution (STD Figure 10: y-directional heat flux at elapsed time
30min.) of 30 minutes in standard condition.
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Figure 11: Frost thickness on each fin at elapsed Figure 12: Variation of frost thickness on the fin
time of 30 minutes in standard condition. No.1 with time in standard condition.

transfer occurs more actively in down stream side compared to that in upper stream side. It is also found that the fin
No. 1 has thicker frost thickness than other fins in upper stream side due to the leading edge effect.

Fig. 12 shows the variation of frost thickness distribution on the fin No. 1 with the operation time in standard
condition. It is found that the frost thickness decreases in X -direction. It is also found that the growth rate of frost
gradually decreases with the operation time owing to the decrease of water vapor pressure difference between
ambient humid air and frost surface.

5. CONCLUSIONS

The frosting test using an expanded fin bundle in rectangular duct was carried out to obtain the detailed data with
respect to the frosting phenomena in the heat exchanger of the heat pump under frosting conditions in the winter
season. The results are summarized as follows:

e In the experimental parameters for this test, both cooling block temperature and air humidity considerably
affected total frost mass and mass flux.

e Mass transfer had the largest value in the period of 0-30 min., and decreased with time owing to the
reduction of the water vapor pressure difference between humid air and frost surface.

e The temperature both of the frost surface and the fin in the upper stream side was higher than that in the
down stream side. Also, the fin temperature had the high value in the places where the airflow direction is
changed by the fin arrangement.

e The y-directional heat flux profile could be controlled by air flow in fin bundle, which was determined by
the fin arrangement.

e The frost thickness in down stream side was relatively thicker than that in upper stream side. In upper
stream side, the fin No. 1 has the largest frost thickness due to the leading edge effect. Also, the growth rate
of frost decreased gradually with the operation time.

NOMENCLATURE
A total heat transfer area (m?) Subscripts
A cross sectional area of duct (m?) a air
A cross sectional area of fin (m?) b bulk air
Cp isobaric specific heat capacity (J kg™ K™) S frost thickness
D diffusion coefficient (m?s™) f frost
A difference ) i ice
G, mass flux of water vapor (gm?s? lat latent
Gu,avg averaged mass flux (gm?s™) P frost density
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hy latent heat of sublimation (I kg™ S frost surface
hy, heat transfer coefficient (Wm?2K?) sens sensible
P mass transfer coefficient (kg m?s™?) tot total

H height between two fins (m) w water vapor, wall
k heat conductivity (WmtK? X x-direction
L fin length (m) y y-direction
Le Lewis number, D/« ) z z-direction
m; frost mass (9)

Mt avg averaged mass flow rate (gs™

i mass flux of water vapor (gm?s?
P density (kg m*®)

R gas constant for water vapor  (J kg™ K™?)
T operation time (s and min)

P pressure

P perimeter of fin (m)

q heat flux (Wm?)
Q heat transfer rate (W)
T temperature (°C or K)

Un, mean air velocity (ms?

) specific volume (m*kg™)

X distance from the fin base (m)
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