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ABSTRACT 

A quasi-steady finite-volume model was developed for modeling a plain-fin-

round-tube heat exchanger under frosted conditions. In this study, the heat and mass 

transfer characteristics of heat exchangers during frost formation process are analyzed 

numerically. Unsteady heat and mass transfer coefficients of the air side, heat transfer 

coefficient of the refrigerant side, frost layer thickness, the surface efficiency of the 

heat exchanger and the mass flow rate of the frost accumulated on the heat exchanger 

surface are calculated. The total conductivity (UA) and pressure drop of the heat 

exchanger are reported for different air inlet and refrigerant temperature. Results have 

shown that frost layer growth is faster with lower inlet air temperature. Using the 

developed mathematical model, the algorithm and the computer code, which have 

been experimentally validated, it is possible to predict a decrease of exchanged heat 

flux in the heat exchanger under frost growth conditions. The model could be further 

extended to simulate direct expansion evaporators with varying operating conditions 

and variable heat exchanger geometry. 
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 نمذجة تصزف نمو الصقيع على مبادل حزاري ذو سعانف

 
 الخلاصة

تم استخدام طريقة الحجوم الثابتةة لمذججةة ذبةادر حةرار  جو ف ةامو ذسةتوية تحةن وةروو مذةو 
في هةج  الدراسةةت تةم تحليةر خصةاتق امتقةار الاتلةة والحةرارل للذبةادر الحةرار  خة ر  الصقيع  ليه.
اب ذعاذ ن امتقار الحرارل والاتلة الغير ذسةتقرل لجامةب الاةوا ت اذا تم حس الصقيع  ليه  ذلية تاون

وذعاذةةر امتقةةار الحةةرارل لجامةةب ذةةاتع التبريةةدت وابةةا ل سةةطي الذبةةادر الحةةرار ت وذعةةدر تةةدف  الاتلةةة 
 وهبةوط الغةغط (UA)للصقيع الذتراام  لى سطي الذبادر الحرار . واجلك الذعاذر الالةي للتوصةير

درجةةان حةةرارل ذختلبةةة للاةةوا  الةةداخر واةةجلك لذةةاتع التبريةةد. و ةةد  باا  مةةدللذبةةادر الحةةرار  تةةم حسةةا
اواةرن المتةةاتن ان طبقةةة الةثلن تمذةةو اسةةرة  مةةد فيةادل درجةةة حةةرارل الاةةوا  الةداخر. تةةم بمةةا  برمةةاذن 

والج  اثبن فعاليته  مد ذقارمته ذع المتاتن العذليةت و د وجد ذن خ له  حاسوبي لتذثير الذسألة رياغيا
ذن الذذان التمبؤ بالمقصان في ذعدر امتقار الحرارل للذبادر الحرار  تحةن وةروو مذةو الصةقيع. امه 

 تسةةع ليلةةذر حسةةاب ذبخةةران التذةةدد الذبالةةرل ذةةع تغيةةر وةةروو التلةةغيروالمذةةوجا الحةةالي يذاةةن ان ي
 واجلك تغير اللار الامدسي للذبادر الحرار .
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NOMENCLATURE 

 

Af   fin surface area [m
2
] 

Ai  inner surface area of evaporator [m
2
] 

Amin minimum air flow area [m
2
] 

Ao total heat transfer area [m
2
] 

cp specific heat of air at constant pressure [kJkg
-1

K
-1

] 

D diameter[m]  

f friction factor [-] 

Gmax Maximum mass flux [kg m
-2

 s
-1

] 

ha Air side heat transfer coefficient [W m_2 K_1] 

hr refrigerant  heat transfer coefficient [W m
-2

 K
-1

] 

j    Colburn’s dimensionless heat transfer coefficient 

kfr  thermal conductivity of frost [(kW m
-1

 K
-1

] 

ka Thermal conductivity of air [W m
-1

 K
-1

] 

Le   Lewis number[-]  

mfr  frost deposition rate [kg s
-1

] 

mair air mass flow rate [kg s
-1

] 

mk   fin parameter[-] 

Nfin number of fins [-] 

Pr    Prandtl number [-] 

Q    load [kW] 

Re Reynolds number [-] 

SL longitudinal tube spacing [m] 

ST transverse tube spacing [m] 

t time [s] 

T temperature [°C]  

UA the overall heat transfer coefficient of heat exchanger [W m
-2

 K
-1

] 

w   air absolute humidity [kgwater/kgair] 

W   width of heat exchanger [m] 

Greek symbols 

δfr frost thickness [m] 

ΔP Air side pressure drop [Pa]  

Δhsg enthalpy of formation of ice 

ρi density of ice [kg m
-3

] 

ρfr density of frost [kg m
-3

] 

ρe density of air at air flow outlet [kgm
-3

] 

ρi density of air at air flow inlet [kg m
-3

] 

ρm density of air calculated at average 

   Temperature of air inlet and outlet [kg m
-3

] 

ρice ice density [kg m
-3

] 

ηf fin efficiency 

ηs surface efficiency 

σ minimum flow area/face area  

Subscripts 

a, air  

amb, evaluated at ambient air temperature 
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av, evaluated at average inlet and outlet conditions 

average averaged over the entire heat exchanger 

dry, corresponding to unfrosted conditions 

fr , frost 

in,  inlet 

max, maximum 

o,  overall (fin and tube) 

out, outlet 

r,  refrigerant 

sens, sensible 

si ,  base of the fin (i.e. tube outer surface) 

so , frost surface (fin or tube) 

th ,thickness 

 

 

INTRODUCTION 

oist air passes over a surface at temperatures below the dew temperature of 

the air, some of its vapor content will be condensed on the surface. If the 

surface temperature is below the 0°C, vapor will be deposited first as water 

droplets which subsequently freeze and, if the temperature is less than about -50C, a 

porous structure of ice crystals forms. This layer of ice crystals is known as frost. 

Frost growth on heat exchanger surfaces reduces the airflow through the heat 

exchangers and increases the air pressure drop through heat exchangers. Eventually, 

after many hours of frost growth, the airflow path can become nearly or completely 

blocked. 

As a result of the frost accumulation, refrigeration systems currently used in the 

industry are often oversized by about 50% compared to the case where no frost is 

grown, while the average energy input is 25% greater than the same system with no 

frost accumulation [1] . 

The design and thermal selection of the heat exchangers have been extensively 

studied by Kakac et al. [2,3]. 

Sahin1 [4] and many other researchers noticed a linear relationship between frost 

height and time for the crystal growth stage. As a result, many linear growth models 

have been developed to explain early growth. One such model predicts the thermal 

conductivity of developing frost Sahin2 [5]. The frost is modeled as individual ice 

crystals that grow as columns. Thermal conductivity is given as a function of cold 

plate temperature, air temperature, Reynolds number, and absolute humidity. 

Chen et al. [6,7] developed a more detailed numerical model to simulate frost 

growth on plate-fin heat exchangers for typical freezer conditions. Recently there 

have been more studies on ways to improve the performance of plate-fin - round-tube 

heat exchangers typically used for refrigerators and heat pump air conditioners under 

frosted conditions Ogawa et al.[8]. Recently, Seker et al.[9] presented a semi-

empirical model to simulate frosting in commercial refrigerators. Although their 

numerical model simulates heat and mass transfer equations similar to those used by 

Verma et al.[10], it was semi-empirical and developed for refrigerators. 

The model in this paper employs a finite volume and quasi-steady approach. The 

finite-volume approach helps overcome the scarcity of heat transfer and pressure drop 

correlations for fin-and-tube heat exchangers used in domestic refrigerators working 

under forced convection. The mass and heat transfer laws were used to predict the 

M 
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frost growth characteristics.  It is possible to extend available correlations and apply 

them to finite volumes without making too many assumptions. Also use of the finite 

volume technique makes it possible to model local frost deposition within the heat 

exchanger. 

 

MODEL STRUCTURE AND ASSUMPTIONS 

Figure (1) shows a schematic of a plain-fin-tube heat with aluminum fins and 

copper tubes. The dimensions of the heat exchanger are 500mm width, 100 mm 

height and 50mm depth, while the other specifications are listed in Table (1). It has 

six tube rows along the airflow direction and seven cross counter flow refrigerant 

circuits perpendicular to the airflow direction. The frost formation process involves 

simultaneous heat and mass transfer during varying thermophysical properties. This 

process is very complex. Some assumptions were made, to simplify the analysis: 

1. Frost distribution is homogeneous over the heat exchanger. 

2. Problem is assumed to be quasi-steady-state. 

3. Only one dimensional heat and mass transfer over the heat exchanger is assumed. 

4. Frost thermal conductivity varies only with frost density. 

         5. Radiation heat transfer between moist air and frost layer is negligible.  

This assumption eliminates the need to model the complex early crystal growth 

period. The effect of frost surface roughness effect on the surface area is also 

neglected because it is significant only in the early stage. Also to speed convergence 

of the numerical solution, only the leading edge finite volume is assumed to contain a 

superheated segment. 

 

 

Table (1) Geometric specifications of heat exchanger. 

 

Fin thickness, m 0.001 

Space between fins, m 0.010 

Fin width, m 0.048 

Number of circuits 7 

Numb Number of rows 6 

Inner diameter of tube, m 0.008 

Outer diameter of tube, m 0.01 

Longitudinal tube spacing, m 0.016 

Transverse tube spacing, m 0.014 

 

 NUMERICAL MODEL  

Figure (2) shows a fin and tube surface covered with frost. The heat transfer 

modeling of the conduction through the frost is done by considering a lumped model 

(Verma et al. [10]). For each tube and fin segment, the one-dimensional sensible heat 

transfer rate equation was solved simultaneously with the air-side energy equation 

using the local properties of the moist air. The total (sensible plus latent) heat transfer 

was determined by solving simultaneously the equations for conduction through the 

frost layer, heat transfer from the tube to refrigerant and refrigerant-side energy 

equation. 

Time-dependent performance was approximated by a quasi-steady process where 

calculations at one time step served as inputs for the next as shown in Figure (3). The 

http://www.sciencedirect.com.tiger.sempertool.dk/science/article/pii/S0140700705002069#bib3
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results from each 2-min time step (i.e. frost thickness) were used to update the heat 

exchanger geometry (fin thickness, tube diameter) for the next. Experiments by 

Carlson et al. [11] showed that the choice of 1 or 3 min had less than a 1% effect on 

the simulation results. Details of the solution algorithm outlined in Figure (3) are 

described below. 

 

 

 
Figure (1) Schematic representation of heat exchanger. 

 
 

Figure (2) Frost formation on fin and tube. 

 

 

 

 

 

 

http://www.sciencedirect.com.tiger.sempertool.dk/science/article/pii/S0140700705002069#bib2
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Figure (3) Structure of the model. 

 

 
 

SEQUENCE OF CALCULATION 

Air-side heat transfer coefficient  

Kim correlation [12] is used to calculate the heat transfer coefficient, due to the 

range of geometric and operating parameters involved   in this study. 

 

ha= j.Gmax.cp,a.Pr
-2/3 

                                                                               … (1) 

Where, 
13.00138.0106.0

369.0Re16.0 
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Air- side pressure drop 

Air side pressure drop is calculated by a correlation suggested by Kays and 

London [13], 
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The friction factor contributions due to the fins and tube bank of the heat 

exchangers are used following Kim et al. [12]as, 

122.0131.0
365.0

526.0Re4356.1 
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S
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S
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L
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D

                         … (4) 

 

Refrigerant side heat transfer coefficient 

Gnielinski's [14] correlation for fully developed turbulent flow in a circular tube 

was used, 

)1(Pr)8/(7.121

Pr)1000)(Re8/(
3/22/1 




f

f
Nu                                                … (5) 
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h

r
r

D

Nuk
h                                                                                             … (6) 

 

Fin surface efficiency and the overall heat transfer coefficient 

The fin surface efficiency is calculated using the Incropera and Dewitt [15],  

 
f

o

f

s
A

A
  1.1                                                                               … (7) 

Karatas [16] used the finite element method to solve this problem and correlated the 

fin efficiency as, 

ηf = -3.429.m
4
+6.457m

3
-4.308m

2
+0.736.m+0.949                                     …(8) 

 

Where m, dimensionless fin factor is defined as, 

 

thfin

a

Fink

h
m

.

2
                                                                                … (9) 

 

 

The overall heat transfer coefficient of the evaporator can be calculated as, 
1

.

1

..

1

















ofr

fr

iioas

o
AkAhAh

UA



                                             … (10) 

 

Heat and mass transfer 

Within each finite volume a set of simultaneous equations as follows quantify the 

energy and mass transfer rates from moist air to the refrigerant through the frosted 

fins and tubes. The cross-counter flow configuration links all these non-linear 

equations into a larger simultaneous set. 

  Qsens,fin=haAo(Ta,av−Tso,f)                                                                    … (11) 

  Qsens,tube=haAo(Ta,av−Tso,tb)                                                                  … (12) 

  Qsens=Qsens,fin+Qsens,tube                                                                        …(13) 

  Qsens=mair cp,a(Ta,in−Ta,out)                   … (14) 

  Qlat,fin=mfr,fin Δhsg                                                                               … (15) 

  Qlat,tube=mfr,tubeΔhsg                                                                             … (16)              

  Qlat=Qlat,fin+Qlat,tube                                                                               …(17) 

  Qfin=Qsens,fin+Qlat,fin                                                                             … (18) 

  Qtube=Qsens,tube+Qlat,tube                                                                         … (19) 

  Qfr,fin=Qfin,si                                                                                         …(20) 

  Qfin=Qfr,si+Qf,si                                                                                    … (21) 

 

 
































os

c

istubeso

thfintubetubefrtube

D

D

TT
FinNWNkQ

ln

)(
)(2

,

, 
             … (22) 

Qtotal=Qfin+Qtube                                                                                     … (23) 

Qtotal=hrefAr(Tsi−Tr,av)                                                                             … (24) 

Qtotal=Qsens+Qlat=mrefcp,r(Tr,in−Tr,out)                                                        … (25) 

http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml9&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=930dac65d9087325d160db5a87e62e4b
http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml10&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=afaa0f65fadb32adacc7c3d767e09747
http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml11&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=4c5c7fc7898d3addbc79655d08465c4c
http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml15&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=650952fce5415c9768d2af92b13171b2
http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml16&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=7947b9c43135d3c7b760e7b9175e3191
http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml17&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=45a7b5dfa958f567755d50665b84212c
http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml18&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=2ec41966d125c116ab6c351f8da7a29f
http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml19&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=3b268d90108aeb4f487c42dec7988a19
http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml21&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=aa3ee567896d67a887cb27a0f62f32b1
http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml22&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=86dfc311f90b98e2207ac4c029939a79
http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml22&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=86dfc311f90b98e2207ac4c029939a79
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      The mass transfer rate is calculated by solving simultaneously the continuity and 

the one-dimensional mass transfer equations for fins and tubes separately for each of 

the finite volumes. 

mfr = mair (win – wout)                                                                           … (26) 

mfr = (ha × Le
-2/3

 /cp,a )× Ao ×( wav – wso)                                             … (27) 

Frost density 
Hayashi [17] empirical correlation is used to determine frost density when the 

 frost surface temperature is below freezing. 

 

 

ρfr=650e
0.277T

                                                                                       …(28) 

 

The lower limit of −10 °C is not encountered when in modeling medium 

temperature display case evaporators for reasonable run times. However, to ensure 

robustness of the Newton–Raphson solution algorithm, a constant frost density is 

assumed below −10 °C. The more serious limitation of this correlation arises when 

the frost surface temperature rises to freezing temperature (0 °C), for a particular 

finite volume. This leads to repeated cycles of melting and refreezing, (Raju and 

Sherif [18]). The complexity of the structural changes of the frost along with the lack 

of definitive literature forces a simplifying assumption. For any finite volume where 

the frost surface temperature reaches the freezing point, Hayashi's correlation predicts 

a value of 650 kg/m
3
, which is lower than the density of ice at 0 °C (920 kg/m

3
). In 

this model the frost density is assumed to increase as water seeps continuously into 

the porous frost layer, continuously increasing its density to that of ice while the frost 

thickness remains constant. 

Frost conductivity 

The thermal conductivity of frost was determined as a function of density by 

employing the Yonko and Sepsy [19] correlation: 

 

kfr= (0.02422+7.214*10
-4

ρfr+1.1797*10
-6

ρfr
2
 )/1000                              …(29) 

 

The correlation is limited to ρfr<576 kg/m
3
. However, their correlation when 

extrapolated to the density of ice predicts the actual thermal conductivity of ice within 

10%, so it is used for entire range of frost densities encountered. 

Frost thickness 

The thickness of the frost layer was computed by dividing the accumulated frost 

mass by the product of average frost density and surface area and neglecting any 

variation of frost density normal to the frost layer. 

 

δfr =mfr /( ρfr × Ao,dry)                                                                        … (30) 

 

Using the frost thickness, the heat exchanger geometry was updated and 

simulations proceeded to the next time step as shown in Figure (3). 

 

RESULT AND DISCUSSION  

The present study proposes a mathematical model using correlations for the heat 

transfer coefficients of the air-flow and a diffusion equation for the water–vapor in 

order to predict the frosting behavior on a fin–tube heat exchanger. To establish the 

http://www.sciencedirect.com.tiger.sempertool.dk/science?_ob=MathURL&_method=retrieve&_udi=B6V4R-4JB9MYP-1&_mathId=mml6&_pii=S0140700705002069&_rdoc=1&_issn=01407007&_acct=C000062882&_version=1&_userid=10386884&md5=179e638dfa04d680a984ef6476fe8e3a
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mathematical model, Table (2).shows the operating conditions that used in this study. 

The frost deposition pattern depends on the geometry of the heat exchanger and 

operating conditions. 

  

Table (2) Parameters and their typical values 

 for running conditions. 

 

Operating conditions Typical values 

Air inlet temperature (°C): 

 

-5, -10,-15 

Refrigerant inlet temperature (°C) -20,-25,-30 

Air inlet RH 60% 

Air velocity (m/s) 0.9 

Refrigerant mass flow rate(kg/s) 0.5 

 

Effect of inlet air temperature on frost thickness, pressure drop and total heat 

transfer coefficient 

Three different air inlet temperature conditions were performed  (-5,-10,-15) °C 

to see the effects of the air inlet temperature on frost thickness ,pressure drop and 

total heat transfer coefficient respectively as shown in Figures (4, 5, and 6). It can be 

seen from these figures that increase in inlet air temperatures increases the total heat 

transfer coefficient, air side pressure drop and frost thickness. 

 

Effect of refrigerant temperature on frost thickness, pressure drop and total 

heat transfer coefficient 

Three different surface temperatures (-20,-25,-30) °C were investigated 

numerically. As can be seen from these Figures (7, 8, and 9), the frost thickness, air 

side pressure drop and total heat transfer coefficient increase for 

Lower refrigerant temperatures.  

 

Effect of inlet air temperature and refrigerant temperature on total heat 

transfer load 
The effect of inlet air temperature (-5,-10,-15) °C and refrigerant temperature     

(-20,-25,-30) °C on total heat transfer (sensible and latent) from moist air to the 

surface of fins and tubes heat exchanger were indicated in Figures (10&11). It can be 

noticed from these Figures that the decrease in the capacity of the heat exchanger 

with time for both cases.  
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Figure (4) Structure of the model. 

 
 

 
 

Figure( 5) The change of frost thickness of heat exchanger  for different inlet air 

temperatures. 
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Figure(6) The change of total heat transfer coefficient of  heat exchanger for 

different inlet air temperatures. 

 

 
Figure(7) The change of air side pressure drop of heat exchanger for different 

inlet air temperatures. 
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Figure(8) The change of frost thickness of heat exchanger  for different inlet air 

temperatures. 

 

 
Figure(9) The change of total heat transfer coefficient of heat exchanger  for 

different refrigerant temperatures. 
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Figure(10) The change of air side pressure drop of heat exchanger for different 

refrigerant temperatures. 

 

 
Figure(11) The change of total heat transfer load of heat exchanger for different 

refrigerant temperatures. 
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Figure(12) The change of total heat transfer load of heat  exchanger  for 

different air inlet temperatures.  Model validation of frost mass and thickness 

 

 

The present simulation model is developed for heat exchanger that is commonly 

used in supermarket refrigeration systems. Hence, the present quasi-steady state 

model of the frost is validated against the experimental data taken by C.W.Bullard et 

al. [20] for the case when the air inlet temperature (-10ºC), the refrigerant temperature 

(-25ºC), and the air velocity (0.9m/s). Figure (12) compares the predicted frost mass 

to that obtained from the experiment, the present model found to be agree well with 

frost mass from literature in the applicable geometries. The validation of frost 

thickness is illustrated in Figure (13) for the same literature [20] and for the same 

operating conditions. The model predicted frost thickness has an error of 15% at the 

beginning of frost growth as compared to that of the measured frost thickness.  

 

CONCLUSIONS 

This paper presented a mathematical model for fin and tube heat exchanger under 

frosted condition based on various empirical correlations of heat transfer coefficients 

and frost properties in order to predict the frost thermal conductivity and the amount 

of frost mass accumulation. The model was capable of predicting frost thickness, 

overall heat transfer coefficient and air side presser drop of heat exchangers. The 

results of the proposed model accurately predicted the frost growth and heat transfer 

rate and agreed well with the experimental data. This implies that the model can be 

used to predict the thermal performance of a fin–tube heat exchanger with multiple 

columns and rows. 
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