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1. Introduction  

 

Minichannel heat exchangers are used extensively these days, especially in refrigeration and 

air conditioning, because of many advantages such as; higher heat flux dissipation and better 

heat transfer coefficient, higher effectiveness, and less size and cost comparing to 

conventional ones. Compactness also reduces the amount of charge of the refrigerant, which 

has a direct positive impact on safety and environment.  

 

When the surface temperature of the minichannel heat exchanger is below the dew point 

temperature of the incoming air (in the case of evaporator) the process of cooling and 

dehumidification is carried out. The fins of the evaporator become partially or totally wet 

depending on the surface temperature and inlet air properties (temperature and humidity 

ratio). Many experimental and numerical studies were implemented by many authors to 

analyze and study the performance and efficiency of the fin under dehumidification. 

Numerically, Liang et al. [1] presented a comparative study to investigate the wet-surface fin 

efficiency of a plate-fin-tube heat exchanger under a variety of fin geometric parameters and 

airflow conditions, especially for a wide range of air relative humidity. Their results 

demonstrated that In the case of partially wet surface, a considerable influence of the relative 

humidity on the fin efficiency is encountered. They also concluded that the 2D numerical 

model takes into account the complex fin geometry and the variation of moist air properties 

over the fin, in contrast of 1D model. Experimentally, Lin et al. [2] performed a detailed 

study concerning the performance of a rectangular fin in both dry and wet conditions. Their 

results showed that the dry fin efficiency is about 15–25 percent higher than that of the 

corresponding wet fin efficiency. 

 

Currently, several minichannel evaporator models are available in the literature; most of them 

use the traditional ε-NTU and the adiabatic wet fin tip efficiency approach depending on the 

enthalpy potential which proposed by Threlkeld [3], such as; [4-6]. Although, the classical ε-

NTU modeling does not account for; longitudinal conduction neither in the fin nor in the 

tube, transverse conduction in the tube, and the heat conduction between different tubes, 

which are a consequence of employing the adiabatic fin tip assumption. Emphasizing on 

those drawbacks, Martínez-Ballester et al. [7] developed a detailed 2D numerical model for 

CO2 minichannel gas cooler to capture heat conduction effects within its structure and a 

detailed representation of air properties. Their study revealed large errors in capacity 

prediction of individual tubes due to the adiabatic fin tip assumption, especially when the 

neighboring tubes are at different temperatures. 
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In the current work, a two-dimensional numerical model for a minichannel evaporator is 

implemented. This model takes into account the variation of wall (fin and tube) temperature 

and moist air properties (temperature and humidity ratio) in both longitudinal and transverse 

directions. The evaporator is subdivided into segments, to which the corresponding system of 

mass and energy-conservation equations is applied. After validation with a well-defined 

analytical case, a comparative study is held between the traditional ε-NTU method and 

current model results under different fin conditions; totally wet, totally dry, and transition 

from wet to dry (partially wet). 

 

2. Fin2D Model Development 

 

2.1. Evaporator discretization 

Fig. (1a), presents a piece of the studied minichannel evaporator. It is discretized along the X-

direction (refrigerant flow) in a number of segments “a”. Each segment (Fig. 1b) consists of: 

two streams of refrigerant (top and bottom flows) that are split into “b” channels in the Z-

direction (air flow); two flat tubes (top and bottom) that are discretized into “c” cells in the Z-

direction; and both air flow and fins, which are discretized in two dimensions: “d” cells in the 

Y-direction and “e” cells in the Z-direction. This is summarized in the text as; grid: 

{a,b,c,d,e}. For illustration of the nomenclature, the numerical example shown in Fig. (1) 

corresponds to a grid: {2,5,3,6,5}. 

 
Fig. 1: (a) a piece of the evaporator under study, (b) schematic of the discretization in a 

segment of the evaporator. 

 

2.2. Governing equations 

The wall cells (tube or fin)  have only one node located in the centroid of the cell, while every 

fluid cell (refrigerant or air) has two nodes, one at the inlet and one at the outlet. The 

governing equations for fluids and wall can be illustrated as following: 

 

2.2.1. Air governing equations 

The two-potential method proposed by McQuiston [8] is adopted in the current work to study 

the total heat transfer from the moist air. The main advantages of this method that it allows 

for the independent evaluation of sensible and latent heat contribution, and continuous 

evaluation of total heat in the transitions from humid to dry conditions. The sensible heat is 

evaluated based on the temperature difference between the moist air and corresponding 

surface wall temperature. On the other hand, the latent heat is evaluated based on the 
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humidity ratio difference between the flowing air and the saturated air near the wall surface. 

The temperature variation within any air cell i in contact with ni wall cells (j=1, ni) is given 

by: 

1

. . ( ). .
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i p i ij i s ij ij
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m C dT T T P ds


    (1) 

where, pC  and T  are the average moist air specific heat, and average air temperature within 

the cell, respectively. Ts is the wall surface temperature in contact with the air cell. 

 

The mass balance within any air cell can be evaluated by the following relation: 
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Chilton–Colburn analogy is used to relate the mass transfer coefficient (αm), between the 

moist air and the wall surface, to the heat transfer coefficient (α) based on Lewis number (Le) 

and moist air specific heat. 

 

2.2.2. Refrigerant governing equations 

The heat balance on each refrigerant cell is evaluated by Eq. (3), which is similar to Eq. (1) 

but the enthalpy difference is used instead of temperature difference. 
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2.2.3. Wall governing equations 
The 2D energy balance within any wall cell j in contact with nj fluid cells (i=1, nj) is 

represented by Eq. (4): 

 ,
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where, Tw is the wall temperature evaluated at the cell centroid, 
,j kwk  is the thermal 

conductivity of the wall cell j in the k direction. The source/sink term (total heat flux) in Eq. 

(4) could be expressed as following: 

a) if the fluid cell (i) is 

air: 
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b) if the fluid cell (i) is 

refrigerant: 
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To linearize the source term in Eq. (5a), Elmahdy and Biggs [9] suggested a linear relation 

between the saturated air humidity ratio and corresponding surface wall temperature: 

, .
j jsat s ij ij sW a b T   (6) 

Where b is the average slope of the saturation line between the wall surface temperature Ts, 

and surrounding air dew point Tdp, as proposed by Sharqawy and Zubair [10]: 
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Substituting by Eq. (6) and (7) into Eq. (5a) for the saturated humidity ratio, rearranging and 

separating the term which depends on the wall temperature, we obtain: 
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αw represents the heat transfer coefficient for wet case which accounts for sensible and latent 

heat transfer, if there is no dehumidification then αw=α. The overall heat transfer coefficient 

for wet case (Uw) accounts for total (sensible and latent) convection resistance, and 

conduction resistance within half thickness of the wall cell. 

 

The LFTV numerical scheme, as explained in Corberan et al. [11] is employed for the 

discretization of the heat and mass transfer in Eq. (5). This numerical scheme is basically 

based on assuming a piecewise distribution of the fluid temperature and humidity ratio (in the 

case of air) along the fluid cell. 

 

The discretization of the Laplacian operator in Eq. (4) can be made by a classical finite 

difference (finite volume) approach. The corresponding boundary conditions are prescribed 

inlet temperature and humidity ratio (in the case of air) beside the velocity distributions for 

both fluids, and that the open edges of the tubes to the air are considered adiabatic. The 

global solution method employed is called SEWTLE (for Semi Explicit method for Wall 

Temperature Linked Equations) and is outlined in [11]. 

 

3. Results and Discussion 

 

3.1. Case study 

In this case study, a minichannel evaporator has been modelled. Its dimensions (Table 1) are 

based on the evaporator tested by Zhao et al. [12], where only the tube length has been 

modified according to the scope of the current work. 

Table 1: Geometry of the minichannel evaporator 

Tube length (cm) 8.6 Fin pitch  (mm) 1.59 
Channel 

diameter 
(mm) 1 

Tube depth (mm) 1.6 Fin thickness  (mm) 0.152 
Channels 

number 
(-) 10 

Tube thickness (mm) 0.5 Fin height  (mm) 8    

 

Table 2: Inlet conditions used in the simulations 

 
Inlet pressure 

(kPa) 

Inlet temp.  

(oC) 

Inlet dew point 

(oC) 

Inlet quality 

(%) 

G 

(kg/m2.s) 

CO2 3600 1.4 - 22 188.76 

Air 100 27 21, 16.2, 7.42, 7 - 3.34 
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Table (2) describes the Inlet conditions which are used in the validation of the model and 

numerical studies. Some data were estimated from the reported experimental data; namely, 

the heat transfer coefficients were estimated to be 8000 (W/m2. oC) for the CO2 side and 48 

(W/m2. oC) for the air side. 

 

3.2. Validation of the model 

Before using the newly developed model to produce detailed solutions of heat transfer in the 

analyzed portion of the minichannel evaporator, it is necessary to validate it. With this 

purpose in mind a series of systematic checks were performed against operational cases for 

which an analytical solution can be obtained. 

 

The detailed discretization of the air flow in the Y-direction adopted in Fin2D makes it 

difficult to compare Fin2D predictions with those of analytical solutions. The validation had 

to consist of two steps: air side validation (V1), and fin temperature profile validation (V2). 

To allow a comparison against analytical solutions the following assumptions were used; the 

longitudinal conduction on both fin and tube walls and the transverse conduction on the tube 

wall were disabled, constant properties and heat transfer coefficients were used. On the other 

hand, conduction along the Y-direction in the fin walls was kept enabled in order to validate 

the calculation of heat transferred to the fins. 

 

V1 validation is divided into two sub-validations; one for sensible heat transfer and the other 

for latent heat transfer. In both sub-validations the numerical solution was compared with 

analytical one based on single stream heat exchanger, ε=1-exp(-NTU), assuming constant 

tube wall temperature. Finally, the total heat transfer from air (summation of sensible and 

latent heat) was compared. 

 

Fig. (2), shows the error of the numerical solution with reference to the analytical one for V1 

case under totally wet and totally dry fin condition, respectively. The figure demonstrates that 

the error tends to diminish very quickly with the number of cells used. The abscissa shows 

that the number of cells in the Z-direction (air flow direction). As it can be observed, the error 

is very small already for N=5.  

  
Fig. 2: V1 results for; (a) totally wet fin condition, (b) totally dry fin condition 

V2 results are depicted in Fig. (3) for totally wet fin as a function of the number of cells in Y-

direction, considering two situations; equal tube temperatures at the bottom and the top, and a 

temperature difference between tubes of 5 K. θ is the difference between the fin temperature 

and the air temperature. The analytical solutions for both cases have been taken from [10]. As 

seen from the figure, there is a very good agreement between the numerical and analytical 

temperature profiles, especially with increasing the number of fin cells in Y-direction. 
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Fig. 3: V2 results for totally wet fin; (a) θ(Hf)= θ(0), (b) θ(Hf)= θ(0)+5K 

3.3. Comparative study between the classical ε-NTU method and Fin2D numerical results 

Once the Fin2D model has been validated it can be used as the reference to check the 

deviations made by the classical segment-by-segment ε-NTU method which is widely used 

for modeling evaporators. The solutions to each operation scenario analyzed below were 

obtained with the Fin2D model using a detailed grid: {3,1,10,30,10}. 

 

As mentioned before, most of simulation models divide each evaporator tube into segments 

along the refrigerant flow with its corresponding fins. Once the evaporator is divided into 

segments the adiabatic fin assumption and classical ε-NTU relationships for heat exchangers 

[13] are employed to solve the heat and mass transfer for each segment. This method simplify 

the solution and the calculation time, but on the other hand, it has many drawbacks, e.g. 

neglecting the longitudinal conduction in the tube and fin, neglecting the transverse 

conduction in the tube, and assuming adiabatic fin tip. These drawbacks were extensively 

discussed in [7]. In addition to those effects, the presence of the dehumidification process 

shows some other drawbacks such as: 

1. Constant air temperature and humidity ratio along the Y-direction: besides what 

discussed in [7] about this topic, now constant temperature within the Y-direction results 

also in a constant humidity ratio in the same direction. 

2. No accounting for partially wet fin condition: actually, depending on the fin-base 

temperature, the fin-tip temperature, and the dew point of the air, the fin surface can be 

fully dry, fully wet, or partially wet. In the ε-NTU approach, the identification of surface 

area below or above the dew point both along the tube and the associated fin appears to 

be difficult. Thus, in that approach the whole segment is usually assumed to be either 

completely dry or wet based on the following condition which proposed by Jiang et al. 

[14] and is used usually by many other authors: 

o If, w dpT T then the whole segment will be assumed totally wet, otherwise it will be 

assumed totally dry. wT is the average wall temperature for tube and fin which 

calculated under dry fin condition assumption: 

 
dryw f b a aT T T T    (9) 

In the current study, the tube (top and bottom) temperature was kept constant at 7 oC, while 

the inlet conditions for the case study in Table (2) were used to define the air status at the 

evaporator inlet. Those different conditions allowed us to capture different scenarios for the 

tube and fin. The resulted cases from the model are discussed in details and compared with 

classical ε-NTU approach as following. 
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3.3.1. Case (I): totally wet tube and fin 

In this case, the dew point temperature of the inlet air was adjusted to 21oC (≈ 70% RH), this 

situation results to a fin temperature profile below the average dew point of the air at any 

point, as seen in Fig. (4a). 

  
Fig. 4: (a) fin temperature profile, (b) mass flow rate of condensed water for case (I) 

Under that condition the mass transfer due to humidity ratio difference occurs simultaneously 

with the heat transfer due to temperature difference, and the whole tube and fin surface 

becomes totally wet as depicted in Fig. (4b). 

 

The results of ε-NTU method and current model, and the deviation in the heat transfer based 

on the numerical results are illustrated in Table (3). As seen in the table the traditional ε-NTU 

method always over estimates the amount of heat transferred. The results show almost a 

similar deviation in the latent and sensible heat transfer, finally the deviation in total heat 

between the two approaches is estimated by 3.43%. 

Table 3: Deviation in the heat transfer based on numerical results, case (I) 

 
Fin 

condition 

Sens. heat analysis Lat. heat analysis Total heat analysis 

Qsens 

(W) 

Δ Qsens 

(%) 

Qlat 

(W) 

Δ Qlat 

(%) 

Qtot 

(W) 

Δ Qtot 

(%) 

Fin2D  
Totally wet 

12.46 
3.53 

14.37 
3.34 

26.83 
3.43 

ε-NTU 12.9 14.85 27.75 

 

3.3.2. Case (II): totally wet tube and partially wet fin 

In this situation the dew point temperature of inlet air was kept at 7.42 oC (≈ 29% RH), which 

is almost close to the tube surface temperature. This scenario leads to a totally wet tube. 

However, the numerical results have shown that there are some areas on the fin surface which 

have a temperature bigger than the average dew point of the corresponding air cells. So only 

the sensible heat is transferred between the surrounding air and those areas, resulting in a 

partially wet fin. Fig. (5) shows the fin temperature profile and the amount of water 

condensed from the air in (mg/hr), it can be noticed that nearly 40% of the fin surface is wet 

and the remaining is totally dry. 

 

It can be seen in Table (4), that ε-NTU method over predicts the latent heat transfer 

comparing with model results, because of totally wet fin assumption. Although, the deviation 

in sensible heat transfer is decreased (comparing to case I), but the over prediction of latent 

heat increases the deviation in total heat. 
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Fig. 5: (a) fin temperature profile, (b) mass flow rate of condensed water for case (II) 

Table 4: Deviation in the heat transfer based on numerical results, case (II) 

 
Fin 

condition 

Sens. heat analysis Lat. heat analysis Total heat analysis 

Qsens 

(W) 

Δ Qsens 

(%) 

Qlat 

(W) 

Δ Qlat 

(%) 

Qtot 

(W) 

Δ Qtot 

(%) 

Fin2D Partially wet 12.67 
2.53 

0.097 
199 

12.77 
3.99 

ε-NTU Totally wet 12.99 0.29 13.28 

 

3.3.3. Case (III): totally dry tube and fin 

7 oC (≈ 28% RH) dew point temperature was selected for the inlet air, which is equal to the 

tube surface temperature. Under this condition the tube and fin surface temperature in any 

location is always equal or higher than the dew point of surrounding air. This results to 

sensible heat transfer only and totally dry tube and fin. Table (5) demonstrates the deviation 

in the results, which is mainly due to the assumption of constant air temperature between 

tubes (drawback 1). 

Table 5: Deviation in the heat transfer based on numerical results, case (III) 

 
Fin 

condition 

Sens. heat analysis Lat. heat analysis Total heat analysis 

Qsens 

(W) 

Δ Qsens 

(%) 

Qlat 

(W) 

Δ Qlat 

(%) 

Qtot 

(W) 

Δ Qtot 

(%) 

Fin2D 
Totally dry 

12.67 
3.95 

- 
- 

12.67 
3.95 

ε-NTU 13.17 - 13.17 

 

4. Conclusions 

 

A numerical model of a minichannel evaporator under dehumidification that accounts for 2D 

heat conduction in any element (fin or tube), and variation of moist air properties 

(temperature and humidity ratio) was developed. After validation, the model was used to 

quantify the deviation in the heat transfer between the traditional ε-NTU approach and its 

numerical results under different fin conditions. The following are the main conclusions of 

the study: 

 

 For totally wet fin (case I), the deviations in the latent and sensible heat between ε-NTU 

method and the model are very similar. The deviation in the total heat is about 3.43% and 

is mainly due to the assumption of constant air temperature and humidity ratio along the 

direction between tubes which is usually adopted in the ε-NTU approach and fin theory. 

 For partially wet fin (case II), ε-NTU method fails to anticipate the fin condition because it 

doesn’t account for partially wet scenario (drawback 2). Due to the assumption of fully 
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wet fin, the ε-NTU method over predicts the amount of latent heat which leads to an 

increase in total heat deviation by 4% comparing to the model results. 

 The fin surface temperature increases (because of the release of latent heat of 

condensation) when there is moisture condensation. The higher the relative humidity, the 

higher the surface temperature becomes. 

 In general, the main responsible for the deviation in results between the two approaches is 

the assumption of no temperature variation of the air along Y-direction which results also 

to a constant humidity ratio within the same direction. In reality, this assumption is not 

true because the temperature and humidity ratio of the air close to the tube wall and fin 

roots are very different than the bulk air temperature and humidity ratio. Also the 

assumption of only fully wet or dry fin which used usually in ε-NTU approach, although in 

reality the fin is partially wet, contributes in this deviation. 

 

Nomenclature 

a parameter defined in Eq. (6) (kgw/kga) Subscripts 

b parameter defined in Eq. (7) (1/ oC) a air 

Cp specific heat (J/kg. oC) b fin base 

Df fin depth (m) dry dry surface condition 

G mass flux (kg/m2.s) dp dew point 

Hf fin height (m) f fin 

h specific enthalpy (J/kg) i fluid cell index 

hfg latent heat of water condensation (J/kg) j wall cell index 

k conductivity (W/m. oC) k direction index 

Le Lewis number (-) lat latent 

m  mass flow rate (kg/s) s wall surface 

NTU number of heat transfer units (-) sat saturated 

P perimeter (m) sens sensible 

Q heat transfer (W) tot total 

q  heat flux (W/m2) w wall centroid 

RH relative humidity (%)   

s length in the direction of a fluid (m)   

T temperature oC   

T* air temp. parameter defined in Eq. (8) oC   

t thickness (m)   

U overall heat transfer coefficient (W/m2. oC)   

Uw overall heat transfer coefficient (wet) (W/m2. oC)   

W humidity ratio (kgw/kga)   

X,Y,Z spatial coordinates (m)   

α heat transfer coefficient for dry case (W/m2. oC)   

αm mass transfer coefficient (kg/m2.s)   

αw heat transfer coefficient for wet case (W/m2. oC)   

β parameter in Eq.(8)=hfg/Le2/3.Cp (W/m2)   

ε thermal effectiveness (-)   

η thermal efficiency (-)   
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θ temperature difference=Ta-Tw (oC) or (K)   
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