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EVALUATION OF EMPIRICAL NUSSELT CORRELATIONS FOR NUMERICAL 

PREDICTION OF FROST THICKNESS GROWTH OVER A COLD CYLINDER 

Abstract. This paper evaluates numerically some of the parameters involved in modeling the 

process of frost formation over a cold cylinder surface subject to the flow of humid air. The model 

employs one-dimensional transient formulation based upon the local volume averaging technique. 

Was utilized for numerical predictions the empirical Nusselt correlation from the literature, 

obtained in experimental studies on frost formation phenomena of frost grow over a cold cylinder 

surface. To predict frosting process a numerical solution was utilized, and a new correlation for 

Nusselt number based on the experimental correlation of Kim was estimated. For the new Nusselt 

correlation an optimization method that adjusts the numerical solution of modeling the frost 

formation process with experimental results of the frost layer thickness was used. The calculation 

procedure allows the estimation of the parameter K of equation. The modeling process was 

validated by comparison with available experimental data. 

Keywords: cylinder; frost; numerical simulation; Nusselt correlations. 

 

1. INTRODUCTION 

When humid air comes into contact with a cold surface whose temperature is below the dew 

point temperature of water vapor in air condensation will occur, if the surface temperature is also 

below freezing frost will form. The deposition of frost is normally accompanied by reduction in the 

heat exchanger efficiency because of an associated reduction in the heat transfer rate as well as an 

eventual blockage of the air passages. At the initial stages of the deposition process, a temporary 

increase in the heat transfer rate is surface acts as finned surfaces, thus enhancing heat transfer. 

Frost formation over cold surfaces may lead to serious operational problems in. e.g., 

compressor blades and wings or may impair the thermal performance as in the case of refrigeration 

equipment. As the frost layer grows thicker, the heat transfer is affected In part because of the 

insulating effect of the frost layer. This can adversely affect the performance of the cooling coils of 

commercial and industrial equipment. To facilitate the design tasks and  the selection of the defrost 

cycles of such cooling equipment, it is necessary to have deep understanding of the frost formation 

process both theatrically and experimentally as well as in real operation conditions Yang and Lee 

[1]. 

The frost formation process is complex due to the fact that the frost properties vary 

continuously during the development of the frost layer and also because of the continuous changes 

of the temporal and spatial air-frost interface temperature. As the interface temperature change, the 

partial pressure of the vapour at the surface also change, leading to a change in the thermal and 

diffusion boundary layers and the frost growth rates. 



Eng Res, v. 4, n. 1, p. 1-20, January / 2013. doi.org/10.32426/engresv4n1-001 6 

Based on experimental observations, frost formation periods have been described by 

Hayashi et.al [2] in forced convection condition. They observed that frost formation consist of two 

periods. During the first period frost can be  simulated as a forest of ice column until a transition 

time, after which the frost may be considered as a homogenous porous medium (Tahavvor & 

Yaghoubi [3]). The characterization of early-stage of frost growth and estimation of transition time 

are essential for any numerical modeling. Tao et al. [4] represented a mathematical model 

subdivided the process of frost formation into two basic stages, the first is the one-dimensional 

growth of ice columns and the second is the multidimensional growth of porous structure. Ismail et 

al. [5] described a two-dimensional model to study frost growth around a cylinder in a wet stream 

and evaluated local properties during the frost formation stages. Tahavvor & Yaghoubi 

[3]investigated the mathematical model to predict the transition time and frost properties in natural 

convection of frost formation. 

The effect of frost formation on a cold surface has been studied for many years, and many 

publications have concentrated on the experimental and numerical investigation of frost growing 

under free and forced convection. Previous researches have shown that the properties of the frost 

are mostly influenced by environmental parameters such as the air temperature, humidity, velocity, 

geometric and cold surface temperature. 

Frost studies for forced convection are  extensive Raju and Sherif [6], Ismail et al. [5], Lee 

and Ro [7] and Sengupta et al. [8] presented numerical and experimental models to predict frosting 

process over a circular cylinder subjected to a humid air cross flow. The temperature distribution, 

the thickness of the frost layer, and the temperature distribution in the cylinder were measured or 

predicted. It was done for varying temperatures, air velocities and humidity. 

Regarding free convection, Cremers and Mehra [9] carried out some experiments about free 

convection frost growth over vertical cylinder. Tokura et al. [10] reported experimental results of 

deposited mass presented dimensionless correlations for frost thickness, conductivity and density. 

Recently [3] presented experimental and numerical study of frost formation by natural convection 

over a cold horizontal circular cylinder. Schydlo and Stephan [11] presented results of experimental 

investigation of frost formation on cold tubes. 

Many models have been published to predict frost growth. These may be divided into 

empirical and theoretical models. All prior theoretical models assume the water vapor is saturated at 

the interface between the air stream and frost layer, (Na and Webb [12])  

Scheneider [13] proposed the correlation of frost thickness on the circular tube, but the 

effect of air velocity is neglected in the correlation. Ostin and Andersson [14] suggested the 

correlations for the thermal conductivity of the frost layer as a single function of frost density on a 

cold plate. Yang and Lee [1] proposed the correlation for the frost layer thickness and the 
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dimensionless frost density on a cold plate. Recently Barzanoni et al. [17] proposed in study, 

dimensionless correlations based on previous experimental data and reported empirical correlations 

of others for frost properties are proposed. The frost conduction coefficient is determined by using 

an analytical equation. 

Sengupta et al. [8] proposed empirical heat transfer and frost thickness correlations during 

frost deposition on a cylinder in humid air cross-flow. Mago and Sherif [18] presented a semi-

empirical model describing heat and mass transfer on a cylinder surface in humid air cross flow 

under a supersaturated frosting condition. Kim el al. [19] proposed dimensionless correlations of 

frost properties on a cold cylinder surface. Frosting experiments were performed while changing 

various frosting parameters such as the air temperature, cold cylinder surface, air velocity, and 

absolute humidity. Dimensionless correlations for the thickness, density and surface temperature of 

the frost layer, and the heat transfer coefficient were obtained as function of the Reynolds number, 

Fourier number, absolute humidity, and dimensionless temperature.  

Some of the empirical correlations for the prediction of frost thickness (ߜ௙ሻ and Nusselt 

number (Nu) that has been presented by previous researches are summarized in Table 1. 

 

Table 1 – Summary of the previous on the correlation of the frost properties 

Researcher Test 

conditions(Tar,V,w,Tp, t) 

Correlations of frost properties 

(Scheneider, 

[13]) 

5 ൑ ௔ܶሾ°ܥሿ ൑ 15; 

1.2 ൑ ܸ ቂ
݉
ݏ
ቃ ൑ 10; 

5.40 ൑ ݓ ൤
݃
݇݃௔	

൨

൑ 10.60; 

െ25 ൑ ௣ܶሾ°ܥሿ ൑ െ5; 

0 ൑ ሾ݉݅݊ሿݐ ൑ 200 

௙ߜ ൌ 0,465 ൤
݇௜௖௘

∆݄௦ߩ௜௖௘
ሺݐ ௙ܶ െ ܶܲ൨

ଵ
ଶ
൬
ݐ
1݄
൰
ି଴.଴ଷ

 

௙ܶ െ ௣ܶ

ܭ1
଴,ଶହߨ ൬1 ൅ 0.0052

ܶ െ ெܶ

ெܶ െ ௪ܶ
൰ 

   

(Sengupta et 

al., [8]) 

௔ܶ ൌ 29ሾ°ܥሿ 

1.5 ൑ ܸ ቂ
݉
ݏ
ቃ ൑ 4.4; 

10.0 ൑ ݓ ൤
݃
݇݃௔

൨ ൑ 20.0; 

௙ߜ ൌ 0,84ܴ݀݁ି଴.ଵହܲݎ଴.଺ହሺ1 ൅  ଴.ଵଵ݋ܨሻ଴.଻ଵݓ

 

ݑܰ ൌ 0.13ܴ݁଴.଻ହܲݎ଴,଺ଶሺ1 ൅ ሻ଴.଻ଵሺ1ݓ ൅  ሻ଴.଴ଷଶ݋ܨ

 

 ௣ܶ ൌ െ15ሾ°ܥሿ, 

0 ൑ ሾ݉݅݊ሿݐ ൑ 120 
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(Kim et al., 

[19]) 

700 ൑ ܴ݁ ൑ 3000 

56,8 ൑ ݋ܨ ൑ 295,7 

0 ൑ ሾ݉݅݊ሿݐ ൑ 120 

0,5 ൑ ܸ ቂ
݉
ݏ
ቃ ൑ 2,0; 

2,8 ൑ ݓ ൤
݃
݇݃௔	

൨ ൑ 5,68; 

௙ߜ ൌ d 3.24Reସ.ସ௫ଵ଴
షమ
Fo଴.ହହwooଵ.ଶ଺ሺ୘୭୭ୈ

୘୲୮ୈ
ሻିଵସ.଼଼ሺ ୘ୡୈ

୘୲୮ୈ
ሻିଵସ.଼଼  

 

Nu ൌ 0,437. Re଴.ସଷଵ. Fo଴.ଶ଻ହ. wooି଴.ଵ଻ଷ ∗ ቀ୘୭୭ୈ
୘୲୮ୈ

ቁ
ିଽ.଺ଵ

. ሺ ୘ୡୈ
୘୲୮ୈ

ሻ଻.ଶଶଵ  

 െ32 ൑ ௖ܶ ൑ െ20°ܥ 

 

 

   

Holman [20] 10ଶ ൑ ܴ݁ ൑ 10଻ 

 
Nu ൌ 0.3 ൅

0.62Re଴.ହPrଵ ଷ⁄

ሺ1 ൅ 0.4
Pr

ଶ ଷ⁄

ሻଷ ସ⁄

ሺ1 ൅ ሺ
Re

282000
ሻହ ଼⁄ ሻସ ହ⁄  

 

Therefore, a numerical study sustained was realized by experimental comparisons for the 

validation of the model. 

 

2. FORMULATION AND THE SOLUTION OF THE FROST FORMATION PROCESS 

Following [4] and [5], model the first phase in the frost formation process is to consider the 

one dimensional crystal growth as in Figure 1 and write the energy and mass balance for the 

element dr  in the form: 

 

௣,௚݀ܿߩ
డ்ഁ
డ௧

ൌ 4݄൫ ఊܶ െ ఉܶ൯ ൅ 2݇ డௗ

డ௥

డ்ഁ
డ௥

൅ ݇݀
డమ்ഁ
డ௥మ

൅ ߣߩ2 డௗ
డ௧

  (1) 

 

When the first terms in right-hand side denoted convection heat transfer with ambient, 

second and third terms denotes conduction heat transfer in the element across r direction, and the 

last term in right-hand denotes the heat transfer due to phase change from vapor to ice. 

 

ρ பୢ
ப୲
ൌ 2h୫ሺWஓ െWஒሻ           (2) 
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The boundary and initial conditions for this stage are: 

r=δ : where the process of mass transfer is taking place and initial crystal diameter is  

d0:              (3) 

 

d= d0:              (4) 

 

ρd
∂δ
∂t

ൌ h୫d଴ሺWஶ െWୱሻ →
∂δ
∂t

ൌ
h୫
ρ
ሺWஶ െWୱሻ െ ଴݀ߣߩ

ߜ߲
ݐ߲

ൌ ݇݀଴
ߜ߲
ݐ߲
ฬ
ఋ
൅ ݄݀଴ሺ ஶܶ െ ௦ܶሻ

→
߲ܶ
ݎ߲
ฬ
ఋ
ൌ 

௛

௞
ሺ ஶܶ െ ௦ܶሻ ൅

ఘఒ

௞

డఋ

డ௧
           (5) 
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ݎ ൌ 0; ܶ ൌ ௦ܶ;	 
డௗ

డ௥
ൌ 0          (6) 

 

The initial conditions are: 

ݐ௙ሺߜ ൌ ௧௥ଵሻݐ ൌ  ௙௢ߜ

݀ሺݎ, ݐ ൌ ௧௥ଵሻݐ ൌ ݀଴ 

ܶሺݎ, ݐ ൌ ௧௥ଵሻݐ ൌ ௖ܶ 

 

During the solution of the first stage many numerical tests were realized to optimize the 

computational grid and also to validate the model comparing the predictions with available 

experimental and numerical results. These comparisons will be presented later during the discussion 

of the results. 

It is important to notice that Tγ is a function depending on α which varies between zero 

when the Reynolds number (Re) is very small and 1.0 when the Reynolds number are very high and 

can be written as:  

 

ఊܶ ൌ ߙ ஶܶ ൅ ሺ1 െ ሻߙ ఉܶ           (7) 

 

In order to continue the solution towards the second stage is necessary to use the results 

from the first stage as coupling conditions for the second stage. 

Considering the subdivision i, we can write: 

 

߳ఉ௟௜ ൌ
గௗమ

ସ௟మ
             (8) 

 

௜ܶ ൌ ߳ఉ௟௜ߩఉ ൅ ൫1 െ ߳ఉ௟௜൯ܶ(9)           ߛ 

 

This procedure is recommended by Tao et al.[4] and Ismail et al.[5]. The values of ߩ௙௟௜ and 

ܿ௣௜ are determined in terms of ߳ఉ௟௜ and ௜ܶ in the second stage. 

In the second stage the frost is fully developed and consequently can be treated as a porous 

layer. In the treatment of second stage we can assume that the transfer of mass and energy is one 

dimensional, the pressure in the porous medium is uniform, thermodynamic equilibrium exists, that 

is, the temperature of the liquid and solid phases are equal, diffusion process in the medium is 

dominant and finally the air within the porous medium is saturated. 

The local volume averaging technique described by Tao et al.[4], Gall and Grillot [21] and 

Ismail et al.[5] will be used. Here, it consists in considering an elementary volume ∆v in the porous 
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frost layer as shown in Fig.2, where both β (ice) and γ (moist air) phases coexist. Therefore we can 

write the energy and mass equation for the γ and β phases as: 

 

.ߩ ܿ௣
డ்

డ௧
൅ .ߣ ሶ݉ ൌ .׏ ൫݇௘௙௙׏T൯ ൌ

డ

డ௥
ቀ݇௘௙௙

డ்

డ௥
ቁ       (10) 

 

డఌఉ

డ௧
൅ ௠ሶ

ఘഁ
ൌ 0             (11) 

 

డ

డ௧
൫ߝఊߩజ൯ െ ሶ݉ ൌ ൧ߥߩ׏௘௙௙ܦൣ׏ ൌ

డ

డ௥
ቀܦ௘௙௙

డ

డ௥
 ቁ        (12)߭ߩ

 

The initial conditions are obtained from the coupling conditions, while the moving interface 

conditions are: 

 

ஶݓ௢௙݄௠ൣߩ െ ݎሺݓ ൌ ,௙ߜ ሻ൧ݐ ൌ జ௘௙௙௦ܦ
డഐೡሺ௧ୀఋ೑,௧ሻ

డ௥
൅ ݄ሾ ஶܶ െ ܶ൫ݎ ൌ ,௙ߜ ൧ݐ ൌ ݇௘௙௙

డ்൫௥ୀఋ೑,௧൯

డ௥
൅ ௙ߜߣ

ௗఋ೑
ௗ௧

 

              (13) 

 

డఌഁሺ௥ୀఋ೑,௧ሻ

డ௥
ൌ 0            (14) 

 

On the surface of cylinder we can assume: 

 

ܶሺݎ ൌ 0, ሻݐ ൌ ௖ܶ            (15) 

 

డఌഁሺ௥ୀ଴,௧ሻ

డ௥
ൌ 0             (16) 

 

Before we can initiate the simulation of frost formation, it is necessary to determine the 

general thermo-physical properties of the different phases and the transfer coefficients using 

experimental and empirical correlations available in the literature. 

The thermal conductivity (Dietenberger [22]): 

 

݇ఉ ൌ
଺ଷ଴

்
 (W/m.K)           (17) 

 

The specific heat, density and thermal properties of the dry air are  cited by [5]: 

ܿ௣ఉ ൌ 2116.56 ൅ 7.2845ܶ   (J/kg°C)        (18) 
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ଵ

ఘഁ
ൌ 0.0010907 ൅ 1.4635 ∗ 10ି଻ܶ (kg/m³)       (19) 

 

The thermal properties of the dry are determined from: 

 

݇௔௥ ൌ 0.001968 ൅ 8.15 ∗ 10ିହܶ (W/m.K)        (20) 

 

ܿ௣ೌೝ ൌ 1004 (J/kg°C)           (21) 

 

௔௥ߩ ൌ
ଷସସ.ଽ

்
   (kg/m³)        (22) 

 

The effective thermal conductivity of the porous frost layer is evaluated as in [5]: 

 

݇௘௙௙ ൌ 0.02422 ൅ 7.214 ∗ 10ିସߩ௙ ൅ 1.1797 ∗ 10ି଺ߩ௙ଶ (W/m.K)     (23) 

 

The effective diffusion coefficient is estimated as in [4]: 

 

௘௙௙ܦ ൌ ሺ1ܦఊߝ ൅  ሻ  (m²/s)          (24)ܨ

 

where: 

 

ܦ ൌ 2.19 ቀ்
బ்
ቁ
ଵ.଼ଵ

∗ 10ିହ (m²/s)         (25) 

 

The effective diffusion coefficient at the surface is: 

 

௘௙௙ܦ ൌ ሺ1ܦఊߝ ൅  ௦ሻ  (m²/s)         (26)ܨ

 

F and Fs are as given by Tao et al.[4]. 

The relative humidity is estimated from: 

 

ݓ ൌ 0.6218
௉ೡ,ೞೌ೟

௉೟೚೟೚೗ି௉ೡ,ೞೌ೟
          (27) 

Where the saturation pressure over ice at any instant and any point is estimated from the 

empirical equation of ASHRAE [24] valid for the range 123.15 K < T < 273.15 K. 
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ln൫݌௩,௦௔௧൯ ൌ
஼భ
்
൅ ଶܥ ൅ ଷܥ ൅ ସܶଶܥ ൅ ହܶଷܥ ൅ ଺ܶସܥ ൅  ଻݈݊ܶ     (28)ܥ

 

where: 

C1 = −5.674 535 9 E+03   C2 = 6.392 524 7 E+00 

C3 = −9.677 843 0 E–03   C4 = 6.221 570 1 E−07  

C5 = 2.074 782 5 E−09   C6 = −9.484 024 0 E−13 

C7 = 4.163 501 9 E+00 

 

The sublimation latent heat is estimated from the equation due to Parish [23]: 

 

݄௦௚ ൌ ሺെ0.04667 ∗ ሺ1.8ሺܶ െ 273ሻ ൅ 32ሻ ൅ 1220.1ሻ ∗ 2322 (J/kg)     (29) 

 

Values of the properties used in the non-dimensional equations are given by Tao et al.[4]: 

 

௘௙௙ߙ ൌ 1.38 ∗ 10ି଺  (m2/s)          (30) 

 

௙௢ߩ ൌ 92.84  (kg/m³)         (31) 

 

݇௢௘௙௙ ൌ 0.245  (W/m.K)         (32) 

 

ܿ௣೑೚ ൌ
௞೚೐೑೑

ఈ೐೑೑ఘ೑೚
ൌ 912.28 (J/kg.K)         (33) 

 

௢ߜ ൌ 0.029   (m)          (34) 

 

2.1 Empirical Nusselt correlation estimation 

To predict frosting process formation in a cylindrical surface a numerical solution based on 

the formulation of the local volume averaging technique it was utilized. Numerical simulation for 

frost grow using the correlation of experimental due to Kim [19], Eq. (35) were realized. 

 

Nu ൌ 0,437. Re଴.ସଷଵ. Fo଴.ଶ଻ହ. wooି଴,ଵ଻ଷ ∗ ቀ୘୭୭ୈ
୘୲୮ୈ

ቁ
ିଽ,଺ଵ

. ሺ ୘ୡୈ
୘୲୮ୈ

ሻ଻.ଶଶଵ	    (35) 

Based on the correlation experimental Eq. (35), a new correlation for Nusselt number was 

estimated.  
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Nu ൌ ݇. 0,437. Re଴.ସଷହ. Foି଴.ଶ଻ହ. wooି଴.ଵ଻ଷ. ሺ ୘୭୭
୘୲୮ୈ

ሻିଽ.଺଺ଵ ∗ ሺ ୘ୡ

୘୲୮ୈ
ሻ଻.ଶଶଵ

    (36)
 

 

For this new correlation an optimization method that adjusts the numerical solution of 

modeling the frost formation process with experimental results of the frost layer thickness was used. 

The calculation procedure allows the estimation of the parameter K of equation. 

The Eq. (36) was used to find the value of  K that approximates the numerical solution to the 

empirical correlation for frost grow due to Kim [35]. The K value is approximate using the 

comparation of k values that super estimate and sub estimate the frost grow using the following 

relation refer to Figure 1. 

 

 

 

݇ ൌ
௞೔
శା௞೔

శ

ଶ
             (37) 

 

3. RESULTS AND DISCUSSION 

The finite difference approximations of Eqs. (1), (2), and (10)–(12) are obtained using the 

implicit approach with the upwind difference scheme for the time derivative, the central difference 

for the internal nodes, and the backward or forward difference for the boundary nodes. The 

numerical study is initiated by optimization of grid size and time increment used in the numerical 

simulations. The numerical results of the first stage are presented in terms of the dimensionless ice 
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diameter for different properties as shown in Figure 4. Various numerical tests were realized to 

optimize the numerical parameters such as the time and the space testes. Figure 5 shows the effect 

of varying the time interval for the cases 1, 2 and 4s. As can be see the results seem to be 

coincident. The spatial grid in a radial direction uses 20 intervals on a frost thickness. 

 

 

 

 

Numerical simulations were realized with the empirical correlations for the Nusselt number 

using Eq. (36) and (37) and it is calculate the K number as equal to 1.6. Figures 6 to 11 show results 

of simulations of frost grow using Eq. (36) for different values of air velocity, air humidity, air and 

surface temperature and it is compared with the empirical correlation due to Kim [35]. Figure 12 
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shows comparison with simulation using a Nu correlation due to Sengupta [8]. The ranges of 

applicability of the Eq. (36) are: 0.5 m/s ≤ air velocity ≤ 2 m/s and 253 K ≤ Tc ≤ 268 K. Figures 

show good agreement with new correlation of experimental and numerical predictions. Realizes that 

the agreement is best for temperatures of 260 K and velocity 0.5 m/s. Figure [13] show the density 

of the frost layer. 
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4. CONCLUSION 
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This study uses a numerical model based in a local volume averaging technique for 

governing equations formulation and empirical correlations for the convective heat and mass 

transfer on frost formation phenomena. The effect on frost thickness grows prediction of the 

utilization of different empirical correlations of the Nusselt number taken from the bibliography 

was investigated. Numerical simulations and comparisons with available experimental data was 

made. Also, the effect of the other parameter as humidity, surface temperature and velocity were 

numerical predicted and compared with experimental data. The correlations used in the study are 

expressed as function of the Reynold number, dimensionless time, humidity and dimensionless 

temperature. The numerical results obtained seem to be coherent and presents a good agreement 

with experimental data. 
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