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a b s t r a c t

This paper presents an experimental study of frost growth on a fin-and-tube heat

exchanger by natural convection. Experiments are carried out for refrigerant mean tem-

perature of �10 �C, �15 �C and �20 �C, ambient temperatures between 20 �C and 30 �C and

relative humidity varied from 50% to 70%. The results include changes of frost thickness

and its impact on heat transfer rate under different environmental condition. Frost growth

depends on time and location along the fin and tube heat exchanger. Frost thickness varies

due to changes of air velocity, temperature and concentration boundary layers. The heat

transfer rate and frost growth show strong dependence on refrigerant mean temperature,

ambient air temperature and relative humidity. According to the measurements, some

practical empirical correlations of frost growth and heat transfer are presented in terms of

relevant dimensionless parameters.
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1. Introduction

Using extended surfaces or fins is one of the most common

ways to increase convection heat transfer. In refrigeration and

air conditioning industries, to enhance heat transfer

particularly in the evaporators, fin-and-tube heat exchangers

arewidely used. In cryogenic systems, frost formation on such

heat exchangers is generally common. Frost takes place when

moist air comes into contact with a cold surface whose tem-

perature is below freezing temperature.
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Investigation of frost formation is complicated since heat

and mass transfer are unsteady and nonlinear in porous layer

withmoving boundary. For this phemenon, numerous studies

are performed for different geometries and for various ther-

mal and hydrodynamic boundary conditions in forced con-

vection regime. Na and Webb (2003) presented a theoretical

analysis for nucleation process of frost formation on a cold

surface. Na and Webb (2004) also investigated mass transfer

on and within a frost layer. They concluded that some of the

water vapor transferred from the air to the frost layer deposits

on the frost surface andmakes the frost layer thicker. The rest

of water vapor penetrates into the frost layer and results in a

denser frost layer. Yan et al. (2005) experimentally investi-

gated the thermo fluid characteristics of frosted finned tube

heat exchanger. The results of their investigation indicate that

the amount of frost formation increases as air flow rate de-

creases. Lee and Ro (2005) presented a simple model for the

growth of frost layer on a flat plate. They focused on diffusion

and phase change inside the porous media.

Regarding free convection, Cremers and Mehra (1982)

experimentally studied frost growth on a cooled vertical cyl-

inder in free convection flow. Their investigation attempts to

fill some gaps in understanding frost layer growth by pre-

senting their observations of frost growth on a small diameter

vertical cylinder in free convection. Fossa and Tanda (2002)

experimentally investigated frost growth on a vertical plate

in free convection. They reported that the largest values of

frost thickness were generally found at the highest relative

humidity. Tahavvor and Yaghoubi (2008) investigated the

growth of frost and its properties with time by designing an

artificial neural network. They (2009) also presented a math-

ematical model and predicted transition time and frost

properties over a horizontal cylinder in the first stage of frost

growth. They assumed that in the first stage, frost is formed as

a column of ice on the surface and after the transition time,

frost layer becomes a porous media. Tahavvor and Yaghoubi

(2010) also investigated frost formation on a horizontal cyl-

inder under natural convection experimentally and numeri-

cally for different ambient conditions. Fossa and Tanda (2010)

experimentally investigated frost growth on the cooling sur-

face which was placed in narrow vertical channels with

different depth, open at the top and bottom in order to permit

the natural circulation of ambient air. They reported an abrupt

frost growth at the leading edge of the cooling surface that

caused an obstruction to the beyond flow with consequent

interruption of frost growth and sudden reduction in heat flux

from air to the cooling plate. Mahdavi and Yaghoubi (2012)

experimentally investigated frost formation over finned tube

under natural convection. They observed almost no air passes

between fins while there is a small distance between the fins.

So frost forms only on the tip of the fins.

According to the above review, few studies of frost forma-

tion are reported based on free convection and the authors did

not observe frost studies on fin and tube heat exchanger under

natural convection. In industrial gas production units, this type

of heat exchangermay be used as ambient vaporizer. Based on

such applications, frost formation is studied on a fin-and-tube

heat exchanger under natural convection and the influences of

different environmental conditions are examined. In this

investigation, it is tried to develop proper empirical correla-

tions for heat transfer and frost growth as a function of Fourier

number, Rayleigh number, dimensionless distance and rela-

tive humidity on a fin and tube heat exchanger under natural

convection based on the experimental results. These correla-

tions are very useful for engineers, scientists and designers

who work on the control of defrost operations.

2. Experimental apparatus

Experiments are performed in a test room of 4 m � 4 m � 3 m

as shown in Fig. 1. Some part of the roomwas designed for the

Nomenclature

cp specific heat capacity (J kg�1 K�1)

d fin spacing (m)

Fo Fourier number based on ice properties

g gravity acceleration (m s�2)

h convection heat transfer coefficient

(W m�2 K�1)

k thermal conductivity (W m�1 K�1)

l height of test section (m)
_m mass flow rate (kg s�1)

Nud Nusselt number

P pressure (Pa)

Q heat transfer rate (W)

Ra Rayleigh number

RH relative humidity

t time (s)

T temperature (K)

x distance from the top of fin (m)

x* dimensionless distance from the top of fin

Xi the ith variable

Greek letters

a thermal diffusivity (m2 s�1)

b volume expansion coefficient (K�1)

d frost thickness (mm)

d*f dimensionless frost thickness

dXi uncertainty in the variable Xi

dXi,1 first-order uncertainty in Xi

dXi,fixed fixed uncertainty in Xi

dXi,N Nth-order uncertainty in Xi

D difference

n kinematic viscosity (m2 s�1)

r density (kg m�3)

Subscripts

a air

f frost

l lateral

m mean

ref refrigerant

u up

v water vapor

Superscript

* dimensionless
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