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Abstract: Formation of frost in a heat exchanger reduces air passage area and lowers the performance of the heat
exchanger due to the insulation effects it possesses. In this study, the performance of finned tube evaporator at
transient regime was investigated both experimentally and numerically. When the experimentally obtained values of
the evaporator’s the total conductivity (UA) are compared with those obtained from the numerical model, it is found
that they are very close to one another. On the numerical model, the effects of inlet air temperature, relative humidity
and air velocity on evaporator’s total conductivity (UA), air side pressure drop (ap,) and frost thickness (s ), were

respectively, studied. The results obtained from the numerical model show that AP, and &g, values increase with

increasing air temperature and relative humidity while decreasing UA values.
Keywords: Finned tube, evaporator, heat transfer, frosting, transient state

KARLANMA KOSULLARI ALTINDA KANATLI BORU EVAPORATORUNUN ISIL
PERFORMANSININ DENEYSEL iNCELENMESI VE SAYISAL MODELLENMESI

Ozet: Sogutma sistemlerinin evaporatérlerinde kar olusumu, kanatlar arasindaki hava gecis alamini azaltir ve yiizey
tizerindeki yalitim etkisi nedeniyle, evaporatoriin performansi diigser. Bu ¢alismada bir kanatli borulu evaporatdriin
gecici (transient) rejimdeki performansi deneysel ve sayisal olarak incelendi. Evaporatoriin toplam 1s1l gecirgenligi,
deneysel veriler ve sayisal modelden elde edilen sonuglarla karsilastirildiginda; degerlerin birbirine cok yakin oldugu
gorildi. Sayisal modelde hava giris sicakliginin, bagil nemin ve hava hizlarinin; evaporatoriin toplam 1sil
gegirgenligine (UA), hava tarafi basing diisiimiine (ap, ) Ve Kar kalinligina (5, ) etkisi incelendi. Sayisal modelden

elde edilen sonuglardan, goriildiigii gibi, hava sicaklifi ve bagil nem arttikca UA degeri azalmakta, AP, ve &,

degerleri ise artmaktadir.
Anahtar kelimeler: kanatl boru, evaparator, 1s1 transferi, karlanma, gegici rejim

NOMENCLATURE k thermal conductivity (Wm™K™)
Lsn  length of the fin (m)

A area (md)

A coefficient in linearised relationship between
saturation enthalpy of air and temperature

(he7=a. T+b=1.4204+10.205) (J kg™* K™)

Bo boiling number

¢,  specific heat (J kg™ K™)

D diffusivity of water vapor in air (m®s™)

Dy,  hydraulic diameter (m)

F constant fanning factor

H  convection heat transfer coefficient (Wm?2K™)
hiyy  enthalpy of evaporation (J kg™)

he,  enthalpy of sublimation (J kg™)

h, liquid to liquid convection heat transfer
coefficient (Wm?K™)

hrp  two phase heat transfer coefficient (Wm?K™)
h, local evaporation heat transfer coefficient (Wm2K™)

L equivalent height of the fin (m)

Le Lewis number

M,  mass per meter of air (kg m™)

M,  mass per meter of refrigerant (kg m™)
M mass (kg)

m  mass flow rate (kg s™)

m,,  mass flow from tube wall ( kg)

m;  amount of water vapor increasing frost thickness
(kg s™'m?)

m; amount of water vapor increasing frost density
(kg s'm?)

Nu  Nusselt number

Q heat transfer (W)

q°  heatflux (Wm?)



P pressure (N m?)

Pr Prandtl number

R radius (m)

Re  Reynolds number

Wi fin width (m)

t time (s)

T temperature (°C)

U  The overall heat transfer coefficient (W m?K™)
U.s total heat transfer coefficient from air to fin (W
m2K?

U,; total heat transfer coefficient from air to tube (W
m2K?

Un  mass transfer coefficient of outside air (kg s m?)
U,, coefficient of total heat transfer from air to

refrigerator (W m2K™)

UA  The overall heat transfer coefficient of
evaporator (W K™)

X degree of dryness (kg kg™

X, Y, z coordinate (m)

Greek letters

O  thickness (m)

st absorption coefficient
efficiency

density (kg m?)

absolute humidity (kg kg™)
relative humidity (%)

value in the bubble suppression regime
value in pure convection boiling regime
value in pure nucleus boiling regime

bs
cb

£ €088 =

nb

Subscripts

a air

fin fin
frost
inside
outside
refrigerant
surface
total
tube

b tab
vapor
wall

s<g--dv3mo—g

INTRODUCTION

Evaporators are devices that enable heat to be drawn
from an area to be cooled through evaporation of a
refrigerating fluid. In the no-frost refrigerators that work
on the principle of air circulation cooling, finned tube
evaporators are used. In such types of evaporators
problems encountered as a result of low coefficient of
heat convection on the air side are overcome by
incorporating plate-shaped wings into the evaporators.
This leads to an increase in the total heat transfer and
the evaporator performance is improved too. In the
domestic type refrigerators, there is usually formation of
frost films on evaporator surfaces during the start up
when the water vapor temperature is lower than the
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freezing temperature. If the frost surface temperature
continues to remain under the freezing temperature, the
frost will keep accumulating over the surface and acting
as an insulating agent. This increases thermal resistance,
lowers the heat amount the refrigerating fluid absorbs
and increases energy consumption as a result of frost
formation in between the fins. That’s why it is quite
important to consider frost formation during evaluation
of performance of the energy efficient systems in the
no-frost refrigerators.

In the existing literature, there are many numerical and
experimental studies on performance of finned tube heat
exchangers operating under frosting conditions. Some
are briefly mentioned below. Kondepudi and O’Neal
(1993) studied performance of finned-tube heat
exchangers under frosting conditions: 1. Simulation
model. They reported that the results include frost
accumulation and its effect on energy transfer in relation
to varying humidities, fin densities and ambient
conditions. Kondepudi and O’Neal (1993) investigated
performance of finned-tube heat exchangers under
frosting conditions: 1. Comparison of experimental data
with model. They noted that the data obtained from
experiments were found to be within 15 20% of values
predicted by the model.

Kondepudi and O’Neal (1989) presented effect of frost
growth on the performance of louvered finned tube heat
exchangers. They showed that higher air humidity, air
face velocities and smaller fin spacing all led to
increased frost growth, higher pressure drops and higher
energy transfer coefficients. As frost accumulated on the
heat exchanger, the overall energy transfer coefficient
eventually dropped.

Yan et al. (2003) studied performance of finned tube
heat exchangers operating under frosting conditions.
They showed that the rate of pressure drop increases
rapidly as the relative humidity increases. Tso et al.
(2006) examined an improved model for predicting
performance of finned tube heat exchanger under
frosting condition, with frost thickness variation along
fin. They noted that comparisons were made based on
the frost mass accumulation, pressure drop across coil
and energy transfer coefficient, and results were found
to agree well with reported experimental results. Seker
et al. (2004) provided frost formation on fin-and-tube
heat exchangers. Part 1-Modeling of frost formation on
fin-and-tube heat exchangers. They reported that the
model was partially based on utilizing empirical
correlations for predicting frost thermal conductivity
and the amount of water vapor increasing the frost
density. Model results were compared with
experimental results taken from literature and found to
agree well in the applicable geometries. Hermes et al.
(2009) advanced a theoretical and experimental
investigation of the frost growth and densification on
flat surfaces. They investigated experimentally in order
to provide a physical basis for the development of a
theoretical model to predict the variation of the frost
layer thickness and mass with time. When they



compared with experimental data, the model predictions
of the frost thickness as a function of time agreed to
within £10% error bands. Seker et al. (2004) presented
some comparisons of the experimental data obtained
with the analytical model presented in Part | of this
paper. The comparisons were made in terms of airside
pressure drop and the overall heat transfer coefficient.
Lenic et al. (2009) made an analysis of heat and mass
transfer during frost formation on a fin-and-tube heat
exchanger has been presented. For calculation of an
exchanged heat flux, a transient two-dimensional
mathematical model of frost formation has been
developed and numerically solved. The mathematical
model and numerical procedure have been
experimentally validated. They noted that the
effectively exchanged heat flux significantly depends on
operating conditions, such as air humidity and
temperature, as well as the cooling cycle duration.

Getu and Bansal (2011) studied the fundamentals of
experimental techniques for frost measurements and
presents unique frost property correlations that are
developed from experiments on a lab-scale flat-finned-
tube heat exchanger. They reported that the newly
developed correlations will be wuseful for better
prediction and control of defrost periods and duration
for medium-temperature (—10 °C) air coils.

Moallem et al. (2012) experimentally investigated the
frost growth on louvered folded fins in microchannel
heat exchangers when used in outdoor air-source heat
pump systems. The effects of surface temperature, fin
geometries, and air environmental conditions were
studied. They showed that the frosting time and the frost
growth rates depended mainly on the local fin surface
temperature. Lower fin density was beneficial because it
delayed the blockage of the air flow. The fin length and
fin depth had minor effects on frosting performance.
The air humidity had a fairly significant effect on rate of
frost formation while air velocity seemed to have a
small effect on the frost growth rate.

Wang et al. (2013) theoreticalyl study investigated the
critical heat and mass transfer characteristics on a
frosting tube. The parameters, Critical Frost Thickness
(CFT) and Neutral Frost Thickness (NFT) were
presented for the first time. They noted that the CFT and
NFT were found to be more sensitive to the parameters
of humidity , velocity and tube outside diameter.

In this study, performance of finned tube heat exchanger
was investigated both experimentally and numerically.
The experimental and numerical results were found to
be compatible to one another (Situation 1). The UA,

AP, and frost thickness at different air conditions that

were not conducted experimentally, were modeled
numerically and presented in Situation 2.

There are a number of frost models in the literature. The
distinctive feature of this study as opposed to the others
in the literature is the formation of a frost model based
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on total heat transfer coefficient with the energy balance
equations. The energy balance equations have been
derived from the total heat transfer coefficients from air
to tube surface, from air to fin surface and from air to
the refrigerant. Comparisons between the results of this
study and those of the other studies in the literature are
given in Tables 3-5.

FORMULATION OF THE MODEL

Heat transfer at the frost surface consists of the sensible
heat transfer and the latent heat transfer. The latter
comes from the phase change of the water-vapor
molecule. Because these phenomena are coupled, mass
balance equation and energy equation should be solved
in order to describe the frost growth (2005).

Frost formation is a complex process; and in order to
simplify this process, the following assumptions were
made.

1. Surface temperatures of the heat exchanger are
under 0 °C.

2. The model is at a quasi-steady state. The numerical
model was studied within a finite time interval. This
situation provides possibility to a steady state system.

3. Due to the fact that heat transfer is dominant along
the fin, axial heat transfer on the pipe surface is
negligible.

4. The surface temperature on the tubing arrangement
is regarded as variable.

5. The thermal conductivity of frost has only changed
with its density.

Following the above assumptions, the governing
equations for tube wall, fin, refrigerant, air and frost can
be formulated.

For the solutions of the governing equations, the coil
was divided into 583 control volumes as shown in
Figure 1. Partial differential equations for the numerical
model were solved by using the finite difference
method. The Gauss-Seidel iteration method was used in
solving the equations. Yang, Lee and Song in their
experimental study on finned tube evaporators, obtained
the following empirical formulas.

In this study, the coefficients of convection on fin side
and tube side were respectively given with Egs. (1-2) and
by taking into account the coefficients of convection heat
transfer on the air side (Yan et al.,2003).

Nug, = E —0.204 Retl)_.657 prlss4 1)

a

where, hg, and k, are the convection heat transfer
coefficient and thermal conductivity for the fin and air
sides respectively.

_ htubeDh

tube T

Nu =0.146 Re>¥ pr2®* @)

a



where, hype and Dy respectively, indicate the
coefficients of convection heat transfer on the tube side
and the hydraulic diameter.

The Shah principle that has four dimensionless
parameters and that can be applied to the nucleus,
convectional and split areas has been defined as given
below (Kakac, 1998).

. é . 1 ' ' ' ' ' ' ' ' ' ' ' ' ‘ '
Refrigerant outlet - o pop oo o oo 1o erororore

Tube

®)

where y is a dimensionless parameter that indicates
Shah Relationship, htpand h,_are two phase heat transfer
coefficient and liquid to liquid convection heat transfer
coefficient respectively. N;is a dimensionless parameter

value based on ‘¥ as seen in Egs. (4-7) (Kakac, 1998).

Figure 1. Division of coil for numerical solution

For Ns>1,;
18
o = NO'S (4)
¥ =230B7° B, > 0.3x10™*
Y, =1+46B.° B, < 0.3x10°* )

where By is boiling number. ¥ s the highest value of
¥, and'¥, .

For0.1 <Ns<1;

¥, = FB °exp(2.74N ") (6)
V' ; is the highest value of ‘¥, and ¥ .

For Ng £ 0.1;

¥, = FBo exp(2.74N_*%) 7)

V' isthe largest of W, and 'V, .
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According to Eqs.(6 and 7) of this study, as Bo<11x10™,
then F = 15.43 (Kakac, 1998).

The thermal conductivity of frost layer depends only on
the density of frost layer and is calculated with Eq. (8)
(Lee rtal., 2003).

Ky =0.132+3.13x10* p, +1.6x107" p2,  (8)
where K¢ and pg; respectively, indicate the thermal
conductivity and density of frost layer. The energy
equation on the tube side can be expressed as:

oT,

Cp,w-mw'#ZQt"'qfin _Ua,rAi(Ta _Tr) (9)
where Cpw , My, Orin @nd U, are, respectively specific
heat of tube, mass of the tube, heat transferred from fin
to tube and the total heat transfer coefficient from air to
the refrigerant. Here g is the heat transfer rate from air
to tube and is given by:
g, = Ua,tAO (Ta _Ttube) (10)
where U, shows the total heat transfer coefficient from
air to tube and can be determined from

()
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htube k fst

The energy balance on fin side is as seen in Eq. (12)

U (11)

at =
fst

Tfin 2Tfin 2 fin
Min Cp, fin o Kiin Prab Wwfin +Kin Atab?'—fin
+2Ag U, (T, = T0) (12)

+U m 2 Afin (Wa - Wfst)hsb

where mg, and Cpfin are fin mass and specific heat
respectively. Uy, is coefficient of mass transfer and
together with the coefficient of heat transfer were both
calculated by using the Lewis Equation (Tso et al.,
2006).

h

a

Le.cp

m

(13)

where the Lewis number, Le, is taken to be 1 and 0.905
for condition without frost and frosting condition,
respectively (Tso et al., 2006). U,; is the total heat
transfer coefficient from air to fin and is calculated by:

1
U, = (14)
"l b
hfin kfst
boundary conditions for fin are set to be
dT. (X =w;
T (X=0) =Ty . Ty (X =Wen) _ 0 (15)
dx
Tin (V=0) = Type, MoV =Lw) _g (16)

dy

By taking the inner cross section of the tube into
consideration, coefficient of total heat transfer from air
htube(ro +6fst) k

to refrigerant (U,,), can be written as
r 1
Inf = [+—
r, h,

1
U ar r r r+o6
i i |n oifst
r0
The energy equation on the air side based on fin surface
can be expressed as,

(17)

fst

r

L
K

fin

oT

A.
C 7a+ aTa _h . fine
ot

m..C,, 2a=h,
P2 ox L

M

(Ta _Tfst) (18)

a‘~pa
fine

a

+hy.Mma

where M,, Cp.and hg, are the air mass per unit length,
specific heat of air and sublimation enthalpy of water

53

vapor respectively. Temperature of the refrigerant is
given as follows

oT,

I

P ot

where M,, ¢, and he; are respectively, mass of the
refrigerant per unit length, specific heat and latent heat
of evaporation. Development of frost layer depends on
the amount of water vapor transferred from the air to the
frost layer.

oX

: U
Mr.C +Mr hfg‘&ZAi'%(Ta_Tr) (19)

A certain portion of the amount of water vapor
transferred dissolves into frost layer and increases the
frost thickness whereas another portion disperses over
the porous frost layer and increases the density of the
frost layer. Eq. (20) shows the total mass flow from
transferred from the air to the frost layer.
m, =U_ (W, —W,) (20)
where w, and wi are absolute humidity of the
atmospheric air and the air at the frost layer surface
respectively. wi as seen in Eq. (21).

 0622P,,

fst =
P=Py (21)

where P, is saturation pressure on the frost layer and is
given by (ASHRAE, 1997).

InP,, =C,/(Ty, +273.15) + C, + C,.(T,, +273.15)
+C, (T, +273.15)% + C, (T, +273.15)°

+C, (T, +273.15)" +C,.In(T,, +273.15) (22)

where

C,=-5674.5359
C,=6.3925247
C3=-0.9677843x10"
C,=0.62215701x10°
C5=0.20747825x10®
Ce=-0.9484024x10"?
C,=4.1635019;

Summation of the amount of water vapor (m;) that

increases the frost layer thickness and the amount of
water vapor that increases the density of the frost layer

(m p) gives the total mass flow rate (m,) transferred

from humid air to the frost layer. These mass flow rates
were respectively found in Egs. (23-25).

. P () do, d
m,=m;+m, = ( ‘a‘fﬁ‘)zpﬁt dtm +0 ’;‘S‘ (23)
= p, 3 24

5 = Pt dt (24)



dog
dt

where O fst 1S frost thickness. The mass that increases

m,=

Oy (25)

frost density is given by (Tso et al., 2006)

} dPW 2=
m,=D ks Z'LngtdeZ (26)

where g is absorption coefficient and is defined as
follow Eq. (27) (Tso et al., 2006).

2
1 T
gfst — D _Cosh—l pv,sat( fst,s)
5fst pv,sat (Ttube)
is coefficient of diffusion and can be expressed as below

(Yao et al., 2004)
D = 2.302(0.98x10° / P (T / 256)"%'x107° (28)

(@7)

py IS the density of water vapor and is given by the
following expression (Tso et al., 2006):

£,(2) = Py s (Tiuse) COSH 9 Z (29)
where ¢ s calculated by (Tso et al., 2006)
Eht
— |&mt 30
=\ (30)

The boundary conditions for frost layer are given with
Eqg. (31).
atz=0,
d
pV =0
dz
pV :pv,sat (TW)

andat z = 5fst1 Py = Pysat (Tfst,s)

(31)

Current frost density and thickness were found by
adding the increase in every step to the calculated
values from the previous time interval. (Eqs.32-33)

m,
Prstteat = Pt +5_At (32)

fst

m..
— S
6fst,t+At - 5fst,t + At

- (33)

The heat amount transferred into the frost layer can be
given as below:

q'al = m” hsb + ha(Ta _Tfst)

\"

(34)

Eqg. (35) is obtained by revising Eq.(34).
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g, =h.(T, (35)
where hy, is the convection heat transfer coefficient that
represents sensible and latent heat on the air side and is

written as,

- Tfst )AT

m. h
a+ v''sh
(T, —Te)

. (36)

If Eq. (23) is taken into consideration Eq. (34) can then
be written as below:

do,
dththsb:| + 0y

dpfst h X

37
it @37

q; =|:ha(Ta = Te) + Py

The term in the brackets in Eq. (37) shows the amount
of energy passed over the frost layer and can be written
as follows:

dT do,
kfst(Ejs = ha (Ta _Tfst) *+ Pt Tﬁthsb (38)

Temperature distribution on frost layer is calculated by
applying the energy equation Eq. (39) to the control
volume (Figure 1).

Kt 472 ==& PN (39)
The boundary conditions for Eq. (39) are given by:
at z=0, T=Twbe
dT .
and at z=5;, Kl — | =0, (40)
dz ),

If Eq. (39) is rearranged based on boundary conditions
of EqQ. (40), the temperature distribution within the frost
layer is given as Eq. (41).

T _ € st
(Z) = k—zhsbpv,sat (rtube)
fst (41)
9.2
fst

Fin efficiency is as in Eq. (42) (Lenic and Frankovic,
2009).

__tanh(dL)
fin dL
d is written as in Eq.(43) (Lenic and Frankovic, 2009).

+T

tube

(zgsinh s, —cosh pz +1) +

(42)

(43)

d:



L is an equivalent fin length and has been defined as
(Lenic and Frankovic, 2009)

re re
L= r{—q— ]£1+o.35.|n—“j
r0 rO

r

The radius ratio — depends on tube row. For straight
0

tube row, the ratio is calculated with Eq.(45) (Lenic and

Frankovic, 2009).

.
T _g28l [ g2
rO rO IV

As for staggered tube row, this ratio is calculated with
Eq.(46) (Lenic and Frankovic, 2009).

(44)

(45)

r I, I
=127 |03 (46)
r.O r.0 Iv
Total surface efficiency is given as
A
7y =1= 2 (L=, (47)

T

The overall heat transfer coefficient of the evaporator is
written as

U=—q 11 5 (48)
+ st
ntht h i Kgst
r
At

Pressure drop on air side AP, is defined as (Seker et al.,
AP

2004),
2
) _ O {(l+ az{pi—lJ+
2pi pe

where f, is friction factor and can be calculated from
Eq.(50) (Seker et al., 2004) as recommended by Karatasg
who conducted an experimental study on evaporators
having same geometries.

£, A pi}

Amin Pm (49)

f, =0.152Re 1% g 70331 (50)

where ¢ is a scalar that shows evaporator’s cooling
capacity and is defined as follows (Seker et al., 2004),

— Tai _Tao
Tai _Tr

&
(51)

EXPERIMENTAL STUDY

Schematic view of the experimental set consisting of an
air tunnel, cooling system and a data logger is shown in
Figure 2. Whereas diagram of the experimental set is
given in Figure 3. The outer and inner diameters of the
test evaporator tube placed into the air tunnel are 8 mm
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and 6, 72 mm respectively. The number of tubes used
perpendicular to the air flow was thirteen, while that of
tubes parallel to the air flow was two. In this study, an
air tunnel was designed and installed in order to achieve
the air conditions of the no-frost type refrigerators.
Ambient air was mixed with the return air in the mixing
chamber. With the help of a circulation fan, the mixture
was then passed over the evaporator in the air tunnel
thereby cooling it and achieving formation of frost.
When the return air passes over the test evaporator the
humidity decreases but it when it is mixed with the
ambient air the humidity increases. In order to keep the
air inlet relative humidity at a required level, a humidity
absorber and a humidifier were used. With a flow
straightener, the air from humidifier was sent over the
evaporator. To keep the temperature at the entrance of
the test evaporator at a required level a cooler and a
heater were used. An interim evaporator was run until
the system entered a steady state. When the system had
reached steady state the refrigerant in the test evaporator
was circulated. The control of the refrigerant was
activated by using a solenoid valve. The refrigerant used
in this study was R22 (chlorodifluoromethane).

In the experimental study, input and output air
temperatures, humidity and speeds were recorded. In the
measurements of refrigerant temperatures, K type thermal
couples were used. A temperature-humidity meter was
used to measure air temperatures and its humidity. Air
velocity was recorded with an anemometer.
Specifications of the measuring devices are given in
Table 1. The experimental data recorded were used to
calculate UA values. The experimental results obtained
were compared with those of the numerical model to
determine their accuracy (Holman, 1996).

RESULTS AND DISCUSSION

In this experimental study, the effects of air temperature
and relative humidity on fin-tube evaporator’s UA were
investigated  under  frosting  conditions.  The
compatibility  between  numerical model and
experimental study is presented in Situation 1. Whereas
in Situation 2, variations of UA, frost thickness and
air-side pressure drop with respect to time were
numerically investigated under different air conditions;
and the results received from the numerical model are
given too (Holman, 1996).

Situation 1:

In both the experimental study and numerical model,
variations of UA versus time were investigated at
different air inlet temperatures and different relative
humidity. Egs. (1-51) were used in the solution of the
developed numerical model in order to determine the
UA, frost thickness and pressure drop on air side. Finite
Difference Method was used in solving the partial
differential equations for the model. Gauss-Seidel was
chosen as the iteration method in solving the equations.
The Ty Tn, Ta T and Tgy temperatures in the
numerical model were found from Eqgs. 9, 12, 18, 19 and



41 respectively. Numerical algorithm for the model is
given in Figure 4. MATLAB R 2010 is the
programming language used for the numerical model.
The data for the experimental and numerical model are
respectively shown in Figures 5 and 6.

— |

Figure 2. Schematic presentation of experimental system
Item No. Device Name: 1. Vent, 2. Fan, 3. Humidity absorber,
4. Evaporator, 5. Heater, 6. Moisturizer, 7. Fan, 8. Vent,
9. Damper, 10. Flow straightener, 11. Temperature-humidity
meter, 12. Pressure different meter, 13. Test evaporator,
14. Thermocouple, 15. Manometer, 16. Solenoid valve,
17. Compressor, 18. Condenser, 19. Gas Tank, 20. Drier,
21. Flow meter, 22. Valve regulator, 23. Expansion valve,
24. Temporary evaporator, 25. Anemometer.

Data Logger

Temperature
and humidity

'
Test evaporator ‘ l

Figure 3. Picture of the experimental system

It was found that at T,;=9° C the UA value is higher
than at T,;=11°C. Because the absolute humidity value
at T,;=11°C is higher than that at T,;=9°C, the UA value
at T,;=11°C was found to be lower. Similar results were
also obtained for the numerical model (Figure 5). The
time leads to an enlargement of the frost thickness and
hence causing the decrease in the total conductivity.
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Figure 4. Algorithm of the numerical model
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Figure 5. Variation of total conductivity with time for T,;=9°C,
D=65%, u,=1.4 ms™; T,=11°C, ®=65%, u,;=1.4 ms™

In Figure 6 the UA values are studied for T,;=7°C at
relative humidity rates of 55% and 75%. It was found
that the UA tends to decrease as the relative humidity
increases. The increase in relative humidity causes an
increase in the amount of humidity in the air. The
increase in humidity leads to a corresponding increase
in frost thickness and this drops the UA value. It was
found that the experimental results are compatible with
the results obtained on the numerical model (Figure 6).

Uncertainty analysis for UA values was made with the
help of Egs. 52 and 53.

R =R(X, X, Xg0uer0X,,)

(52)
oR oR oR
W, =[(5—W,)? + (=—W,)® + (=—W,)?
R K6X1 ) (aXZ 2) (axs 3)
oR
+m§;fwmyrm (33)
Xn

where R is the value on which uncertainty analysis will
be carried out, x, represents independent variables, W, is
the uncertainty of the required value and W,, shows the



uncertainties of independent variables (Ozen, 2011). For
UA value, Wr was found to be 1.87-2.16% (Table 2).
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Figure 6. Variation of total conductivity with time for T,=7°C,
D=55%, u,=1.3 ms™; T, =7°C, ®=75%, u,;=1.3 ms™
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The uncertainty range using measurement accuracy for
UA was estimated to be = 2.03 %. The characteristics
and uncertainties of the measurement instruments are
given in Table 1.

Table 1.Characteristics and accuracies of the measurement
instruments.

Instrument Range Accuracy
Temperature -20to 80 (°C); 0- +1%;
humidity meter ~ 100( %R.H.) +3.0%
K type -40 to 1200 (°C) 1%
thermocouple
Anemometer 0-15(ms™) +2%
Flow-meter 0.005t0 0.05(kgs™®)  +1.2%
Pressure sensor 0 - 3000 kPa +1.6 %
Table 2. Accuracy values for the UA
T,°C @, % Uy, MST Wy, %
Exp-1 7 55 1.3 2.14
Exp-2 7 75 1.3 2.16
Exp-3 9 65 14 1.95
Exp-4 11 65 14 1.87
Situation 2:

In Situation 2, the time-based variations of UA values,
frost thickness and pressure drop on the air side at different
air conditions were investigated numerically and the results
obtained from the numerical model are given. The effects
of relative humidity, air temperature and air velocity on the
total conductivity of a fin-tube evaporator, air-side pressure
drop and frost thickness were numerically investigated
under frosting conditions. (Figs. 7-15).

Effects of air inlet temperature on UA, frost
thickness and pressure drop on air side

In order to see the effects of air temperature on the
numerical model, variation of total conductivity,
pressure drop and frost thickness versus time are
presented in Figs. 7-9.Total conductivity increased with
the drop in inlet air temperatures (Figure 7). At the same
relative humidity, the humidity in the air increases with
the air temperatures. The increase in the air humidity
leads to an enlargement of the frost thickness and hence
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causing the decrease in the total conductivity. These
results consistent with those obtained by Yan (4). It was
observed that the total conductivity decreases with time;
and this is also supported by the results obtained in the
study conducted by Lenic (9). Frost thickness and
pressure drop on the air side increases with temperature.
The increase in pressure drop on the air side as a result of
enlargement of frost thickness is an expected outcome.
This outcome complies with Yan (4) (Figs. 8-9)
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Figure 7. Variation total conductivity at different

temperatures versus time under the conditions that ®=70%
and u, =1.5 ms*
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Figure 8. Variation of frost thickness with time under variable
temperatures for ®=70%, and u, =1.5 ms™
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Figure 9. Variation of air side pressure drop with time under
variable temperatures for ®=70%, and u, =1.5 ms™

Effects of relative humidity on UA, frost thickness
and pressure drop on air side

Time-based variations of UA, frost thickness and
pressure drop on the air side for relative humidity rates
of 60%, 70% and 80% are given in the numerical model
are presented on Figs. 10-12. As seen in Figure 10, as



the relative humidity increases, the total conductivity
decreases. This result resembles those obtained by Yan
(4), Kondepudi and O’Neal (1). The increase in relative
humidity leads to an increase in the air humidity and
consequently resulting in the thickening of the frost
layer (Figure 11). The enlarged frost layer narrows the
cross section area through which the air passes. The
decrease in cross section area leads to a corresponding
increase in the pressure drop on the air side (Figure 12).
These results are similar to those obtained by Seker (6),
Yan (4) and Kondepudi et al (1).
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Figure 10. Variation of total conductivity —with time at

Ta;,=8°C,u,;=1.5 ms™ for different relative humidity
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Figure 11. Variation of frost thickness with time at
T,i=8°C,u,=1.5 ms™* for different relative humidity values
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Figure 12. Variation of air side pressure drop with time at
T.=8°C and u,;=1.5 ms™ for different relative humidity

Effects of air velocity on UA, frost thickness and
pressure drop on air side

In order to observe the effects of air velocity on UA, frost
thickness and pressure drop on the air side, three different
air velocities (u,;=0.7, 1, 1.3 m s™) were numerically
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investigated ( Figs.13-15). It was found in this study that,
as the air velocity increases, total conductivity and
pressure drop increase too (Figs.13-15). These are also
the results obtained by Seker (6) and Yan (4). It was
concluded that the effects of changes of air velocity on
frost thickness can be neglected (Figure 14). These
results consistent with those obtained by Hermes (7).

Comparisons of the results obtained from this study with
those from the other studies in the literature are given in
Tables 3-5. The (+) and (-) in Tables 3-5 respectively
indicate increase and decrease in UA, 8r;and AP, values,
whereas (0) shows that no change, whatsoever, exists in
UA, 8 and AP, Meanwhile (...) indicates that the
authors have no referenced studies on the topic.

Table3. Effects of increasing air temperature on UA, 8 and APa

Authors UA, W K! Sty M
Seker et al.(6) + +
Yanetal. (4) +
Present study + 0

Table 4. Effects of increasing relative humidity on UA, 8¢y
and APa

Authors UA, WK™ sty M
Seker et al.(6) + +
Yan et al. (4) -
Present study - +

Table 5. Effects of increasing air velocity on UA, ¢ and APa

Authors UA, W K! Sty M

Seker et al.(6) + +
Yan et al. (4) -
Present study - +
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Figure 13. Variation of total conductivity with time at T,;
=8°C, ®=70% for different air velocities
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Figure 14. Variation of frost thickness with time at T,;=8 °C,

®=70% for different air velocities



t, min
Figure 15. Variation of air side pressure drop with time at
T,i=8 °C, ®=70% for different air velocities

CONCLUSION

In this study, performance of a fin-tube evaporator
under frosting conditions was investigated both
experimentally and numerically, and the results
presented as follows:

e As the air temperature increases, frost layer and
pressure drop on the air side increase also while total
conductivity decreases. (Figs.7-9).

e Total conductivity decreases with an increase in
relative humidity. The frost layer and the air-side
pressure drop increase (Figs.10-12).

e With this study, it was found that air velocity has
negligible effects on frost thickness (Figure 14).

The experimental results are compatible with the results
obtained on the numerical model. When the
experimental results are compared with those obtained
from the numerical model, it is found that they both
give almost the same overall conductivity (%3.08-
%7.24) of the evaporator. Consequently, with this study
it has been shown that the frost model presented in this
study can be applied in other similar studies as well.
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