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Abstract: The object of this work is to determine the correlation on the Nusselt number on the indi-

vidual rows of a four-row tubular finned heat exchanger with continuous fins with a staggered tube 

arrangement using CFD modelling. Correlations for calculating Darcy-Weisbach friction factors on 

individual tube rows were also determined. Relationships for the Nusselt number and friction factor 

derived for the entire exchanger based on CFD modelling were compared with those available in 

the literature determined using experimental data. The maximum relative differences between the 

Nusselt number for a four-row exchanger determined experimentally and by CFD modelling are in 

the range from 22% for a Reynolds number based on a tube's outside diameter of 1,000 to 30% for a 

Reynolds number of 13,000. The maximum relative differences between the friction factor for a four-

row exchanger determined experimentally and by CFD modelling are in the range of 50% for a 

Reynolds number based on a tube outer diameter of 1,000 to 10% for a Reynolds number of 13,000. 

The CFD modeling performed shows that in the range of Reynolds numbers based on hydraulic 

diameters from 150 to 1,400, the Nusselt number for the first row in a four-row finned heat ex-

changer is about 22% to 15% higher than the average Nusselt number for the entire exchanger. In 

the range of Reynolds number changes based on hydraulic diameter from 2,800 to 6,000, the Nusselt 

numbers on the first and second rows of tubes are close to each other. Correlations on Nusselt num-

bers and friction factors derived for individual tube rows can be used in the design of plate-fin and 

tube heat exchangers used in equipment such as air-source heat pumps, automotive radiators, air-

conditioning systems and in air hot-liquid coolers. In particular, the correlations can be used to se-

lect the optimum number of tube rows in the exchanger. 

Keywords: plate-fin and tube heat exchanger; air-side Nusselt number; different heat transfer coef-

ficient in particular tube row; mathematical simulation; numerical simulation; CFD simulation, air 

heat pump 

 

1. Introduction 

Finned heat exchangers (FHE) are widely used in applications for renewable energy 

sources or zero-emission processes like air heat pumps or exchangers for waste energy 

recovery [1]. The market for that equipment is growing significantly and will be and there 

is continued potential for growth due to the zero-emission policy, decarbonization, degas-

ification and geopolitical issues [2][3]. There are more and more research which discuss 

also about increase heat transfer rate to limit the construction materials of any type of heat 

exchanger [4]. The minimizing equipment has a positive effect on reducing the noise gen-

erated by the unit and the total pressure drop on the gas side [1]. 

So, is it also possible to minimize finned heat exchanger? Can local values of air-side 

heat transfer coefficient (HTC) be applied for air heat pump. Can you do the same for all 

finned heat exchangers? 

Even though, science does not have fully understanding of FHE with their compli-

cated phenomena on the air- and water-side [5]. Individual rows function differently. It 

depends on the FHE geometry and more newly developed geometries are described. 
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Bošnjaković and Muhič [6] presented star fin shape of FHE. Variability are due to the dif-

ferent air and water temperatures and airflow vortexes and velocity. This result in differ-

ent heat transfer coefficient in each row [7]. 

Still, there is a lot of research for experimentally or numerically determining the av-

erage HTC of FHE. Those HTCs are used in the standard designing process of FHE. 

Sadeghianjahromi and Wang [8] collected several dozen average HTC of FHE for different 

fin geometries: plain, louvre, wavy, and plain with vortex generation. This research pre-

sented a detailed review of experimental considers heat transfer and pressure drop char-

acteristics of enhancements. Zhang et al. [9] presented experimentally determine charac-

teristics of airfoil fin heat exchanger. The research showed that the pressure drop in the 

airfoil fin heat exchanger is only about 1/6 of that in the zigzag channel FHE with a com-

parative heat transfer rate. Average HTCs are also widely used during evaporation or 

condensation heat transfer. Jige et al. [10] researched the two-phase evaporation flow of 

FHE using thermodynamic fluids: R32 and R1234ze(E). The authors noticed that in some 

region of the FHE, the HTC are significantly smaller than in the rest of the FHE regions, 

due to the formed dry area, which decrease HTC. Vaisi et al. [11] presented heat transfer 

characteristics during condensation flow in FHE with two types of fins. The authors spot-

ted also, that higher wave amplitude to wavelength ratios, lower pitch to height ratio of 

the fins, lower wavelength to the fin length ratios, and lower fin pitch to wave amplitude 

ratios are obtained a higher thermal performance factor. Xie et al. [12] presented average 

heat transfer correlations of FHE. They have been designated numerically, although for 

the large tube diameter from 16 mm to 20 mm. Currently in technique of air heat pump 

evaporators or generally finned heat exchangers, there is a trend to minimize tube diam-

eter to 12 mm or even to 10 mm and 8 mm. This research showed that HTC is dropped 

down as the tube diameter increases. Kim et al. [13] experimentally researched Colburn 

factors of FTE for large fin pitch from 7.5 mm to 15 mm. It turn out that j-factor is higher 

for fin pitch 15 mm that for fin pitch 7.5 and surprisingly this experiment showed that 

average j-factor for four row FHE is higher than for eight row FHE.  

Studies are appearing that involve local HTC of FHE. These studies usually describe 

the local heat exchange and often compare it to the average HTC. Che and Elbel [14] 

showed the experimental and numerical determination of heat transfer coefficients 

(HTCs) using the absorption-based mass transfer method. This study showed that the 

HTC value in the first row of FHE compared to the second row of FHE can be 30% higher. 

Węglarz et al. [15] presented a new analytical method for the thermal calculation of FHE. 

This method can use individual or average correlation of HTC, Nusselt number or Col-

burn factor. Marcinkowski et al. [16] compared individual rows of tube air-side Nusselt 

numbers to average HTC in the entire FHE. This investigation showed that the heat flow 

rate transferred in the first rows of tubes can reach up to 65% of the heat output of the 

entire exchanger. 

The aims of the current study is to numerically investigate local HTC and local pres-

sure drops though Nusselt number and Darcy-Weisbach (D-W) friction factor determina-

tion. The geometry of the FHE was selected currently the most common dimensions in 

engineering for tube diameters, fin pitch, fin thicknesses and longitudinal and transverse 

tube pitch (Tab. 1). Similar geometries and air speed ranges were analyzed by Wang et al. 

[17] and Wang et al. [18]. The limitations of the compared study are presented in Table 3. 

Both studies investigated experimentally average j and f factors. First study [17] compare 

correlations for dry and wet conditions. The authors conclude that the sensible j factors 

under dehumidifying conditions are not dependent on inlet air parameters. Furthermore, 

they showed that in the case of a completely wet surface, the f factors do not change as a 

function of the inlet air parameters and, moreover, change slightly as a function of the fin 

pitch and the number of tube rows. Second study [18] presented semi universal correla-

tion which considers not only Reynolds number, but also the fin pitch, fin thickness, the 

outer tube diameter and the number of tube rows. 

Although the above mentioned researches has been studied in detail, insufficient at-

tention has been paid to local air flow behavior as Nusselt number and Darcy Weisbach 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 July 2022                   doi:10.20944/preprints202207.0089.v1

https://doi.org/10.20944/preprints202207.0089.v1


 

friction factor correlations. Especially, for the FHE which are currently used in engineer-

ing. The paper present not only the correlations, but also simple, easily repetitive method 

to determine those correlations (Fig. 4). 

2. Problem Statement and Data Reduction 

This research shows a steady-state and three-dimensional (3D) computational fluid 

dynamics (CFD) simulation. The main assumptions are: 

• Fixed inlet air temperature: 20 °C. 

• Air outlet opening condition - control of medium mass air temperature in the outlet 

section. 

• Fixed air-side fins and tubes temperature: 70 °C. 

• Air parameters variable as a function of temperature. 

• Reynolds-Averaged Navier-Stokes equations of the mass, momentum, and energy 

conservation were used 

• Shear Stress Transport turbulence model. 

• The residuals were set to less than 10−3 for the continuity equations and 10−5 for 

the energy equations, respectively, to ensure that the calculations converge. 

• The simulations were done by ANSYS-CFX 2020 R2 software. 

 

The mathematical model is based on the hydraulic diameter 𝑑ℎ, which is calculated 

using the definition proposed by Kays and London [19] and maximum air velocity 𝑣𝑚𝑎𝑥 

in the minimum cross-section area 𝐴𝑚𝑖𝑛. The hydraulic diameter (Equation (1)) has been 

calculated by assumption dividing the volume through which air flows in one row (Equa-

tion (2)) by the surface area in contact with the air (Equation (3)). 

𝑑ℎ =
4𝑉𝑜

𝐴
 (1) 

𝑉𝑜 = 𝑉𝑎 − 𝑉𝑡 (2) 

𝐴 = 𝐴𝑓 + 𝐴𝑡 (3) 

The symbol 𝑉𝑜 designates the volume through which air flows in one row. The sym-

bol 𝐴 denotes total area in one row. Other symbols represent: 𝑉𝑎 the total volume of one 

row, 𝑉𝑡 the volume of tube in one row, 𝐴𝑓 the fin area in one fin pitch, 𝐴𝑡 the bare tube 

area in one row between two next fins. 

 

𝑉𝑎 = 𝑝𝑙𝑝𝑡(𝑠 − 𝛿𝑓) (4) 

𝑉𝑡 = 𝜋 (
𝑑𝑜

2
)

2

(𝑠 − 𝛿𝑓) (5) 

𝐴𝑓 = 2(𝑝𝑙𝑝𝑡 − (𝜋
𝑑𝑜

2
)

2

) (6) 

𝐴𝑡 = 𝜋𝑑𝑜(𝑠 − 𝛿𝑓) (7) 

 

The symbol 𝑝𝑙  denotes the longitudinal fin pitch, the symbol 𝑝𝑡  designates the 

transverse fin pitch. Ither symbol represent: 𝑠 the fin pitch, 𝛿𝑓 the fin thickness, 𝑑𝑜 the 

outer tube diameter. 

Equation (8) shows the full form of Equation (1) including Equation (4)(5)(6)(7).  The 

most often, the hydraulic diameter in the case of FTHE is a slightly smaller than double 

fin pitch, and using geometry from Figure 1, equals 5.35 mm. 
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𝑑ℎ =
4(𝑠 − 𝛿𝑓)(𝑝𝑙𝑝𝑡 − 𝜋 (

𝑑𝑜

2
)

2

)

2 (𝑝𝑙𝑝𝑡 − (𝜋
𝑑𝑜

2
)

2

) + 𝜋𝑑𝑜(𝑠 − 𝛿𝑓)

 (8) 

 

The symbol 𝑤max is given by Equation (6). Parameter 𝑤max has been calculated for 

the minimum airflow cross-section between tubes and it can exist in a different place in 

case of different PFTHE construction (Figure 1).  

𝑤max =
(𝑠 ⋅ 𝑝𝑙)

(𝑠 − 𝛿𝑓) ⋅ (𝑝𝑙 − 𝑑𝑜,𝑚𝑖𝑛)
⋅

(𝑇𝑎

𝑖
)

(𝑇𝑎,𝑜)
⋅ 𝑤𝑜 (9) 

The symbol 𝑤max denotes the air velocity in the minimum cross-section of the air 

flow. The symbol 𝑑𝑜,𝑚𝑖𝑛 the minimum dimension between tubes, 𝑇𝑎

𝑖
 the mass average 

air temperature in i-th row of FTHE, 𝑇𝑎,𝑜 the inlet mass average air temperature and 𝑤o 

the air velocity in front of the FTHE. 

 

Reynolds numbers (Re𝑑ℎ,a
) (Equation (10) calculated using the hydraulic diameter 

(𝑑ℎ) (Equation (8)) and the maximum air velocities (𝑤max) (Equation (9)) for each row sep-

arately. Separate calculations were done due to the different maximum air velocities in 

each row of tubes caused by the higher air temperature. As a consequence the higher air 

temperatures is increasing air volumes in each row of tubes. 

Rea =
𝑤max ⋅ 𝑑ℎ

𝜈𝑎

 (10) 

The symbols in Equation (10) are as follows: 𝑅𝑒𝑎 is the Reynolds number based on 

the air hydraulic diameter; 𝑑ℎ is the air hydraulic diameter; 𝜈𝑎 is the air kinematic vis-

cosity. 

3. Mathematical Modelling and CFD Domain 

Table 1 shows data set of the materials and dimensions of the modelled FHE. The fin 

pitch 𝑠 of FHE equals 3 mm. However, a width of the modelled air volume contains only 

a half of them 1.5 mm and it is reduced by the thickness of half a fin 0.07 mm. Where fin 

thickness 𝛿𝑓 equals 0.14 mm. So the modelled width is 1.43 mm. The following simplifi-

cations are allowed due to the air symmetry from third directions: top, bottom and side. 

The tube outer diameter 𝑑𝑜 equals 12 mm. The transversal tube pitch is 32 mm. However, 

height of the modelled volume equals 0.5 𝑝𝑡 = 16  𝑚𝑚, also due to the air symmetry. The 

longitudinal tube pitch is 27.71 mm, also the length of the each row equals 27.71 mm Fig. 

1). 

Table 1. Dimensions of the modelled FHE.  

Description Designation Value 

Rows          - 4 

Transversal tube pitch 𝑝𝑡 32 mm 

Longitudinal tube pitch 𝑝𝑙 27.71 mm 

Tube outer diameter 𝑑𝑜 12 mm 

Fin pitch 𝑠 3 mm 

Fin thickness 𝛿𝑓 0.14 mm 

Fin length of single row 𝐿𝑟 27.71 mm 

Figure 1 presents a repetitive segment of the air between one fin pitch in analysed 

FHE. Figure 1 shows also extended inlet and outlet zone, which is necessary for correct 

model for upstream and downstream pressure fields [20]. Multiple researches that show 
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the results of CFD modelling also include extended inlet and outlet zones. However, re-

lating them to the different parameters such as: tube outer dimension 𝑑𝑜 [20], fin spacing 

𝑠 and longitudal tube pitch 𝑝𝑙  [21], channel height (0.5 𝑝𝑡) [22], length of the tube bank 

(flow length) [23][24]. This paper adopted the following values, the inlet zone equals 

0.5 𝑝𝑡  = 16 mm and the outlet zone is 1.5 𝑝𝑡 = 48 mm. Where the tube bank of four rows 

equals 110.84 mm. 

 

Figure 1. Repetitive fragment of the FHE: modelled channel, boundary conditions and geometry, 

mm. 

The boundary conditions of the CFX software are shown in Figure 1. Air Inlet is set 

as a constant temperature: 20 °C. Air outlet is set as an opening condition with verification 

mass average temperature in the outlet cross section of the air. The modelled air zone have 

symmetry conditions from the top, bottom and side. Wall boundary conditions is set on 

the opposite surface (fin surface) from the air symmetry side. This boundary conditions is 

marked by constant temperature: 70 °C. The same conditions with the same constant tem-

perature are set on the tube surfaces. The different constant temperature of the fin and 

tubes surface in range from 60 °C to 80 °C cause a slight discrepancies, less than 1.6% 

compare to the constant temperature in current study: 70 °C [16]. The proposed conditions 

are universal and they can be used in water to air finned heat exchange where we have 

changing fluid and gas temperature, and also in evaporator or condenser, where we have 

constant temperature of phase transition and on the other side changing temperature of 

fluid or gas, what is most commonly used in air heat pumps or air conditioning. 
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Figure 2. Repetitive fragment of the FHE with finite element mesh. 

 Figure 2 presents finite element mesh of the repetitive fragment of the modelled FHE. 

The mesh has been divided into couple of volumes for better arrangement into equal parts. 

Particular colours in the figure 2 present this division. Additionally, the compaction of the 

mesh has done at the fin and tubes surfaces. The compaction is shown in zoom windows 

in figure 2. The regularity of the volumes are disturbed in the compaction zone, because 

elements are extended and inclined. However, deformation of the volumes is within ac-

ceptable limits. The minimum orthogonal angle is 35.6°. The mesh expansion factor equals 

14 and the maximum aspect ratio is 22. 

4. Mesh Parameters and Mesh Independent Study 

Table 1 presents a calculation mesh data. The calculation mesh consist of the cuboid 

elements only. Additionally, in order to increase accuracy of the simulations, it has densi-

ties at the boundary between the air and the fins and tubes (Figure 2b). Densities are as a 

first layer thickness with 1.1 growth rate and 12 number of the layers. 

Table 2. Mesh data for the modelled part of the heat exchanger (Figure 2b). 

Finite Elements Number 3,104,268 

Number of nodes 3,277,429 

Dimension of the element, mm 0.15 

Maximum dimension of the element, mm 0.20 

Boundary layer 

First layer thickness: 0.023mm (𝑦+ = 1) 

Growth rate: 1.1 

Number of layers: 12 

Minimum orthogonal angle Air: 35.6° 

Mesh expansion factor Air: 14 

Maximum aspect ratio Air: 22 
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The mesh independent study was done for all CFD simulations for the entire range 

of air velocity, separately for all air velocities. Designation of Nusselt number stabilization 

has been done by calculation of relative differences (𝑒𝑁𝑢) between different Nusselt num-

ber in the fourth row of FHE for mesh with particular element numbers (𝑁𝑢𝑛𝑖
) and the 

reference Nusselt number in the fourth row of PFTHE for mesh with 3,104,268 mesh ele-

ments (𝑁𝑢3,104,268 ) are as follows 𝑒𝑁𝑢 =
(𝑁𝑢𝑛𝑖−𝑁𝑢3,104,268 )

𝑁𝑢3,104,268 
.  

Nusselt number stabilisation for air velocity—10 m/s in front of the heat exchanger 

for the fourth row of FHE is shown in Figure 3. Acceptable Nusselt number stabilization 

has been reached for mesh with 3,104,268 elements. Continuing to increase mesh elements 

does not provide significantly stable results and the relative differences for the mesh with 

the highest number elements is differ less than 1.6 %. The discrepancies for other rows of 

FHE and the lower air velocities are even close to 0. This shows that, in the considered 

scenario, the greatest irregularity of flow and turbulence exists in the last row of FHE.  

The calculation time has been also shown in Figure 3. It can be observed that chosen 

mesh has more than double the calculation time compare to the mesh with the highest 

number of elements. The above reference mesh has been selected for further calculations 

as the best ratio of calculation accuracy to calculation time. 

 

Figure 3. Nusselt number stabilisation for mesh independent study from the fourth row of FHE 

for 10 m/s air velocity in front of the heat exchanger. 

A mesh with 3,104,268 elements was selected. Mesh elements’ size belongs to the fol-

lowing mesh sizes: mesh element size: 0.15 mm; mesh max size: 0.20 mm (Table 2). The 

whole mesh contains cuboidal elements only (Figure 2).  

5. CFD Model Validation 

The results of the Nusselt number and D-W friction factor of the investigated CFD 

model are compared with recent correlations such as Wang et al. [18] and Wang et al. [17]. 

Fig. 4 shows the air-side Nusselt and the air-side D-W friction factor as a function of Reyn-

olds number. 
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(a) (b) 

Figure 4. The relative differences calculated using different correlations of (a) Nusselt number for the entire FHE; (b) Darcy-

Weisbach friction factor for the entire FHE. 

Figure 4a compares the correlations determined by the current study with Wang et 

al. [18], Wang et al. [17] and Marcinkowski et al. [16] in case of Nusselt number compari-

son. Table 3 presents geometry dimensions of the compared studies. It can be noticed that 

all presented research have similar geometries. 

Table 3. Dimensions of the FHE geometry from different research.  

Description Designation Current study Wang et al. [18] Wang et al. [17] 

Rows - 4 2-6 2-6 

Transversal tube pitch [mm] 𝑝𝑡 32.00 25.40 25.40 

Longitudinal tube pitch [mm] 𝑝𝑙 27.71 22.00 22.00 

Tube outer diameter [mm] 𝑑𝑜 12.00 10.23 10.23 

Fin pitch [mm] 𝑠 3.00 1.75-3.21 1.82-3.20 

Fin thickness [mm] 𝛿𝑓 0.14 0.13-0.2 0.13 

Fin length of single row [mm] 𝐿𝑓 27.71 22.00 22.00 

The relative differences between the current study and the other correlations were 

defined as: 𝑒𝑝𝑎𝑟𝑎𝑚
𝑑𝑖𝑓𝑓𝐶𝑜𝑟𝑟

= 100(𝑝𝑎𝑟𝑎𝑚
𝑑𝑖𝑓𝑓𝐶𝑜𝑟𝑟

− 𝑝𝑎𝑟𝑎𝑚𝑃𝑟𝑒𝑠𝑒𝑛𝑡)/𝑝𝑎𝑟𝑎𝑚
𝑑𝑖𝑓𝑓𝐶𝑜𝑟𝑟 , where super-

script diffCorr indicates that it is the value of a given study: Wang et al. [18], Wang et al. 

[17] and Marcinkowski et al. [16]. The subscript param means the following parameters: 

Nu number and j-factor.  

The relative difference between the Nusselt number presented in this study and the 

Nusselt number correlation for Wang et al. [18], is 21.87 % for 𝑅𝑒𝑑𝑜
 = 1000 and 27.51 % 

for 𝑅𝑒𝑑𝑜
 = 13,000 (Figure 4a). The relative difference between the Nusselt number pre-

sented in this study and the Nusselt number correlation for Wang et al. [17], is 19.42 % for 

𝑅𝑒𝑑𝑜
 = 1000 and 30.42 % for 𝑅𝑒𝑑𝑜

 = 13,000 (Figure 4a). The relative difference between 

the Nusselt number presented in this study and the Nusselt number correlation for 

Marcinkowski et al. [16] is -3.6 % for 𝑅𝑒𝑑𝑜
  = 3,000, 0.33 % for 𝑅𝑒𝑑𝑜

 = 1,000 and -1.58 % 

for 𝑅𝑒𝑑𝑜
 = 13,000 (Fig. 4a). The results of Marcinkowski et al. [16] were performed by 

CFD modelling using Ansys CFX software. The current study was performed for the same 

mathematical model. The only difference for the range of the Nusselt number test is due 

to the use of Ansys Fluent.  

Figure 4b compares the correlations determined by the current study with Wang et 

al. [18], Wang et al. [17] in case of D-W friction factor comparison.  

The relative difference between the friction factor correlation presented in this study 

and the friction factor correlation for Wang et al. [18], is 17.8 % for 𝑅𝑒𝑑𝑜
 = 1000 and 9.13 
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% for 𝑅𝑒𝑑𝑜
 = 13,000 (Figure 4b). The relative difference between the friction factor corre-

lation presented in this study and the friction factor correlation for Wang et al. [17], is 

51.62 % for 𝑅𝑒𝑑𝑜
 = 1000 and -1.29 % for 𝑅𝑒𝑑𝑜

 = 13,000 (Figure 4b). 

The above results in Figure 4a and Figure 4b show that the developed model and 

calculations performed in Ansys Fluent fairly accurately reproduce the heat transfer as-

sumptions in the heat exchangers discussed. The slight differences may be due to the fact 

that the correlation presented in this work was determined using CFD modelling, while 

the other correlations were determined using experimental tests. The differences between 

the correlations obtained experimentally and the correlation determined by Ansys Fluent 

calculations are acceptable (Figure 4), given that the geometries of the exchangers ana-

lysed differ both in tube diameter and in the spacing of tubes and fin fins. Also, different 

experimental test conditions and the conditions adopted in the CFD modelling can cause 

differences in the values of the Nusselt number and the friction coefficient. 

6. Method of Determining HTC on the Individual FHE Row 

Determination of the HTCs, Nusselt numbers, Colburn factors for the individual 

rows is illustrated in Figure 4. The method uses constant fin and tube temperatures (70 

°C). Previous paper of Marcinkowski et al. [16] shows also simulations for constant fin 

and tube temperatures: 60 °C and 80 °C. The determined HTCs do not differ more than 

1.5% for different constant surface temperatures of the tubes and fins. The simplicity of 

this method means that it can be used in practice. 

Determining HTC, Nusselt number and Colburn factor: 

• Extract the average mass flow temperature 𝑇̅ia from the Fluent Post-Processor of the 

air velocity for every row separately. Areas to extract the average mass flow temper-

atures are in a half distance between the next two tubes in rows. 

• Compute the difference of the average logarithmic temperature (𝛥𝑇̅𝑚,𝑎) between the 

fin and the tube surface temperature (Tw) and the average mass flow temperature (𝑇̅𝑎
𝑖) 

(Eq. (3)). 

𝛥𝑇̅𝑚,𝑎 =
(𝑇𝑤 − 𝑇𝑎

𝑖+1
)(𝑇𝑤 − 𝑇𝑎

𝑖
)

ln(
𝑇𝑤 − 𝑇𝑎

𝑖+1

𝑇𝑤 − 𝑇𝑎

𝑖 )

 
(11) 

The symbol 𝑇𝑤 means the constant fin and tube surface temperature. The symbols 

𝑇̅𝑎
𝑖  and 𝑇̅𝑎

𝑖+1 denotes the inlet and outlet mass average air temperature for the i-th row of 

FTHE. 

• Extract the total heat flow transferred from the fin and the tube wall surface to the air 

for the i-th row of the FTHE (Figure 4). 

• Compute the individual HTC for each row separately (Eq. (4)). 

𝛼𝑎
𝑖 = 𝑄𝑖/(𝐴𝑤ΔTm,a

𝑖 ) (12) 

The symbol 𝑄 𝑖 means the total heat flow for the individual row for the i-th row of 

the FTHE; 𝛼𝑎
𝑖  denotes the air-side HTC for the i-th row of the FTHE. 

• Compute the Nusselt number (Eq. (5)) and the Colburn factor (Eq. (6)). 

𝑁𝑢𝑎
𝑖 = (𝛼𝑎

𝑖  𝑑ℎ)/𝜆𝑎  (13) 

Determining friction factor: 

• Extract the average value of static pressure 𝛥𝑝̅𝑎
 𝑖 from the Fluent CFD-Post of the air 

velocity for every row separately. Areas to extract the average value of the static pres-

sure are in a half distance between the next two tubes in rows. 

• Compute the individual Darcy-Weisbach friction factor for each row separately (Eq. 

(14)). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 July 2022                   doi:10.20944/preprints202207.0089.v1

https://doi.org/10.20944/preprints202207.0089.v1


 

𝑓𝑎
 𝑖 = (

𝑑ℎ𝜌̅𝑎
𝑖

𝐿𝑟𝜌𝑎
𝑖

) [
2𝜌𝑎

𝑖 𝛥𝑝̅𝑎
 𝑖

𝜌̅𝑎
𝑖 𝑤𝑚𝑎𝑥

𝑖
− (1 + 𝜎2) (

𝜌𝑎
𝑖

𝜌𝑎
𝑖+1

− 1)] (14) 

The symbol 𝑑ℎ means hydraulic diameter (Eq. (8)), 𝜌̅𝑎
𝑖  denotes the arithmetic aver-

age of the air density for the i-th row of the FHE; 𝜌𝑎
𝑖  means the inlet air density, 𝜌𝑎

𝑖+1 

means the inlet air density, 𝐿𝑟  designated the length of the considered volume, 𝑤𝑚𝑎𝑥
𝑖  

designated the maximum air velocity (Eq. (9) for the i-th row of the FHE. The other sym-

bols mean: 𝛥𝑝̅𝑎
 𝑖 denotes the average air pressure drop for the i-th row of FHE, 𝜎 desig-

nated ratio of the fin pitch cross section and two next fins distance cross section area. 

 

 

Figure 4. Graphical representation of determining HTC on the individual row based on a CFD 

simulation. 

7. Results and Discussions 

Figure 5 and Figure 6 presents results of Nusselt number and D-W friction factor for 

both individual correlation on each row and average correlations for entire FHE. Param-

eter 𝑤max in Equation (7) and (8) is almost double the air velocity in front of the FHE. 

Reynolds numbers are related to the maximum velocity, that’s why Reynolds number for 

the same air velocity in front of the FHE has different value for the maximum air velocity 

of the i-th tube rows of FHE.  

The Nusselt number function which was approximate to the modelled CFD data is 

presented in the Equation (7). This function contains two parameters: 𝑥1 and 𝑥2, which 

was presented in Table 4 and Table 5. The function depends on the Reynolds number and 

Prandl number. Equation (7) presents also range of Reynolds number and Prandtl number 

range. 
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𝑁𝑢𝑎 = 𝑥1 ⋅ 𝑅𝑒𝑎
𝑥2⋅ 𝑃𝑟𝑎

1
3 Re𝑎 =

𝑤max  𝑑ℎ

𝜈𝑎

 
150 ≤ 𝑅𝑒𝑎 ≤ 5,900 

𝑃𝑟𝑎 = 0.7 
(7) 

The air-side Nusselt number (Nu𝑎) correlation (Eq. (7)) follows the Colburn relation 

𝑁𝑢/(𝑅𝑒𝑃𝑟1/3) = 𝑓(𝑅𝑒) where the function f(Re) is determined using experimental data. 

Having determined the coefficients x1 and x2 for the air-side Nusselt number function 

(Eq. (9)) by means of CFD modelling, it can be expected that the function (Eq. (7)) will also 

be valid for other gases. The Nusselt numbers functions for the first, second, third, fourth 

rows of tubes and the average Nusselt numbers function for the entire FTHE are illus-

trated in Figure 5. Table 4 and Table 5 shows the corresponding correlation’s parameters 

for all function presented in Figure 5.  

  

(a) (b) 

Figure 5. (a) Nusselt number as a function of the Reynolds number for the individual tube rows for Reynolds number range from: 

(a) 150 to 1,400; (b) 1,400 to 6,000 

The D-W friction factor function which was approximate to the modelled CFD data 

is presented in the Equation (8). The friction factor function contains two parameters: 𝑥1 

and 𝑥2, which was presented in Table 4 and Table 5. The function depends on the Reyn-

olds number and Prandl number. Equation (8) presents also range of Reynolds number. 

𝑓𝑎 = 𝑥1 ⋅ 𝑅𝑒𝑎
𝑥2⋅ Re𝑎 =

𝑤max  𝑑ℎ

𝜈𝑎

 150 ≤ 𝑅𝑒𝑎 ≤ 5,900 (8) 

The friction factor functions for the first, second, third, fourth rows of tubes and the 

average friction factor function for the entire FTHE are illustrated in Figure 6. Table 7 and 

Table 8 shows the corresponding correlation’s parameters for all function presented in 

Figure 6.  
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(a) (b) 

Figure 6. (a) Friction factor as a function of the Reynolds number for the individual tube rows for Reynolds number range from: 

(a) 150 to 1,400; (b) 1,400 to 6,000 

The coefficients x1 and x2 for each correlation was calculated considers the 95% con-

fidence intervals limits for the Nusselt numbers which are determined by the least-squares 

method. The values of the Nusselt number calculated for a given Reynolds number (Equa-

tion (7)) differ by +/− 2 σ. The σ symbol means the mean standard deviation of the Nusselt 

numbers obtained by the CFD modelling. Determination of 95% confidence intervals for 

Nusselt number correlations received at by least-squares is described at Chapter 11 of Ta-

ler’s book [24]. 

Table 4. Air side Nusselt number correlation parameters of FTHE for Reynolds number range 

from 150 to 1,400. 

 Nusselt number correlations Friction factor correlations 

Average 𝑁𝑢𝑎 = 0.9760 𝑅𝑒𝑎
0.3337 𝑃𝑟𝑎

1/3
 𝑓𝑎 = 1.3788 𝑅𝑒𝑎

−0.4569 

Row 1 𝑁𝑢𝑎 = 1.4001 𝑅𝑒𝑎
0.3053 𝑃𝑟𝑎

1/3
 𝑓𝑎 = 1.3051 𝑅𝑒𝑎

−0.4028 

Row 2 𝑁𝑢𝑎 = 0.9478 𝑅𝑒𝑎
0.3386 𝑃𝑟𝑎

1/3
 𝑓𝑎 = 1.0700 𝑅𝑒𝑎

−0.4305 

Row 3 𝑁𝑢𝑎 = 1.0403 𝑅𝑒𝑎
0.3025 𝑃𝑟𝑎

1/3
 𝑓𝑎 = 1.4770 𝑅𝑒𝑎

−0.5010 

Row 4 𝑁𝑢𝑎 = 0.5230 𝑅𝑒𝑎
0.4156 𝑃𝑟𝑎

1/3
 𝑓𝑎 = 0.9585 𝑅𝑒𝑎

−0.4249 

Table 5. Air side Nusselt number correlation parameters of FTHE for Reynolds number range 

from 1,400 to 6,000. 

 Nusselt number correlations Friction factor correlations 

Average 𝑁𝑢𝑎 = 0.1652 𝑅𝑒𝑎
0.5781 𝑃𝑟𝑎

1/3
 𝑓𝑎 = 0.2673 𝑅𝑒𝑎

−0.2251 

Row 1 𝑁𝑢𝑎 = 0.4217 𝑅𝑒𝑎
0.4700 𝑃𝑟𝑎

1/3
 𝑓𝑎 = 0.3370 𝑅𝑒𝑎

−0.2127 

Row 2 𝑁𝑢𝑎 = 0.1305 𝑅𝑒𝑎
0.6118 𝑃𝑟𝑎

1/3
 𝑓𝑎 = 0.1983 𝑅𝑒𝑎

−0.1917 

Row 3 𝑁𝑢𝑎 = 0.0923 𝑅𝑒𝑎
0.6307 𝑃𝑟𝑎

1/3
 𝑓𝑎 = 0.3523 𝑅𝑒𝑎

−0.3006 

Row 4 𝑁𝑢𝑎 = 0.1282 𝑅𝑒𝑎
0.6145 𝑃𝑟𝑎

1/3
 𝑓𝑎 = 0.2303 𝑅𝑒𝑎

−0.2173 

7. Conclusions 

The new air-side correlations of the Nusselt number and the D-W friction factor pro-

posed for the four-row FHE. The individual correlations on the individual rows of the 

FHE can significantly improve a construction of the FHEs. This paper present the analysed 

range of the air velocities in the front of the heat exchanger from 0.5 m/s to 10 m/s. Both 

the Nusselt number correlations and the D-W friction factors for modelled FHE (Fig. 1) 

have been developed using the CFD software – Ansys 2020 R2 Fluent. The newly deter-

mined individual correlations (Tab. 4 and Tab. 5) for a dedicated rows are considerably 
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different from the average correlations of the Nusselt numbers and the D-W friction fac-

tors (Fig. 5 and Fig. 6). The conclusions are as follows: 

1. The results of the comparison the current data with author’s previous data are 

almost identical. The relative differences for the entire Reynolds number range 

is maximum 3,6% (Figure 5). The important information is that current data was 

calculated using Ansys 2020 R2 Fluent software, however the previous author’s 

data was determined using Ansys 2020 R2 CFX software. 

2. The Nusselt numbers and friction factors data are the highest value for the first 

row of the FHE, due to the maximum temperature difference between air and fin 

and tube surface and the fewest dead zones (Fig. 5 and Fig. 6). 

3. The obtained Nusselt number and friction number correlations showed that the 

third row is the least efficient. The Nusselt numbers and friction factors falls to 

the third row and then increases in the fourth row for the entire air velocity range 

This could mean that air stream in the penultimate row is the least turbulent or 

air stream develops a narrow flow channel. The rest of the volume creates broad  

dead zones in front of and behind the tubes in the third row (Figure 5 and Figure 

6). 

4. The Nusselt number for the fourth row has the minimum value for the Reynolds 

number equals 150. However, it changes and the Nusselt number for the fourth 

row has the maximum value for the Reynolds number equals 6000. 

5. The greater the Reynolds number for the range tested, the more the Nusselt num-

ber values for the first row converge to the average value for the entire FHE. 

Moreover, the higher the Reynolds number for the range tested, the more the 

Nusselt values for the second and the third row values equalise and increase 

from the mean value for the entire FHE. 

6. The values of the friction factor for a given row of tubes are more stable and al-

most do not change their position in the entire range of the Reynolds numbers. 

The exception is the fourth row, which overtakes the third row at a Reynolds 

number of 300. 

7. Experimental verification of derived CFD-based correlations has not been carried 

out in this research. However, it is planned as an extension of this study. The 

future of this research topic also considers a wider Reynolds number range. dif-

ferent tube and fin pitches and tube diameters. 

8. The research also showed the clear and accessible method for the determination 

of the Nusselt number and friction factor correlation for individual rows which 

can reduce or even completely eliminate an expensive experimental research.  

9. The CFD simulation must be precisely conducted with a proper finite volume 

mesh and turbulence model for turbulent flows. CFD modelling is an effective 

tool for determining individual correlations for calculating the air-side Nusselt 

number on the individual tube rows of the exchanger. 

10. This method can be used not only for designing water to air or air to water FHE 

like coolers and heaters in air-conditioning or other finned heat exchangers in 

heat recovery, but also for phase changing fluid to air and air to phase changing 

fluid FHE like evaporators and condensers in air heat pump, cooling and refrig-

eration process. 
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Nomenclature 

𝑨 = 𝑨𝒘 total surface area (fin and tube outer surface area), m2 
𝑨𝒇 fin surface area, m2 

𝑨𝒎𝒊𝒏 minimum air flow area, m2 
𝑨𝒕 outer tube area, m2 

𝑪𝑭𝑫 Computational Fluid Dynamics 
𝑫 − 𝑾 Darcy – Weisbach (friction factor) 

𝒅𝒊𝒇𝒇𝑪𝒐𝒓𝒓 different correlation, eg. Wang et al. or Marcinkowski et al. 
𝒅𝒉 hydraulic diameter, m 
𝒅𝒐 outer tube diameter, m 

𝒅𝒐,𝒎𝒊𝒏 the minimum dimension between tubes, m 
𝒆 relative differences, % 
𝒇 Darcy – Weisbach friction factor 

𝑭𝑯𝑬 Finned Heat Exchanger 
𝑯𝑻𝑪 Heat Transfer Coefficient 

𝑳𝒓 = 𝒑𝒍 length of single row, m  
𝒏 number of mesh elements 

𝑵𝒖𝒂 Nusselt number based on the hydraulic diameter 
𝑵𝒖𝒅𝒐

 Nusselt number based on the outer diameter of the tube 
𝑵𝒖𝒏𝒊

 Nusselt number for mesh with particular element numbers 𝒏 
𝑵𝒖3,104,268  Nusselt number for mesh with 3,104,268 mesh elements 

𝒑𝒂𝒓𝒂𝒎 Considered parameter: Nusselt Number or D-W friction factor 

𝜟𝒑̅𝒂 average air pressure drop, Pa 
𝒑𝒕 longitudinal fin pitch, m 
𝒑𝒍 transversal fin pitch, m 

𝐏𝐫𝒂   Prandtl number 
𝒔 fin pitch, m 

𝑹𝒆𝒂 Reynolds number based on the hydraulic diameter 
𝑹𝒆𝒅𝒐

 Reynolds number based on the outer diameter of the tube 
𝑻̅𝒂 mass average air temperature, °C 

𝜟𝑻̅𝒎,𝒂 log mean temp. difference, °C 

𝑻𝒘 constant wall temperature, °C 
𝒘 air velocity, m/s 
𝑽𝒂 total volume of one row or entire FHE, m3 
𝑽𝒐 volume through which air flows, m3 
𝑽𝒕 volume of tube in one row or in entire FHE, m3 
𝑸 total heat transfer, W 

𝑸𝒇 total heat transfer of fin, W 
𝑸𝒕 total heat transfer of tube, W 
𝒙𝟏 Nusselt number parameter 
𝒙𝟐 Nusselt number parameter 
𝒚+ dimensionless wall distance 

Greek Symbols:  
𝜶 heat transfer coefficient, W/(m2.K) 
𝜹𝒇 fin thickness, m 
𝝀 thermal conductivity, W/(m.K) 
𝝂 kinematic viscosity, m²/s 
𝝆 air density in i-th row cross section, kg/m3 
𝝆̅ arithmetic average of the air density for i-th row, kg/m3 
𝝈 ratio of the fin pitch cross section and two next fins distance cross sec-

tion area 
𝝈𝒎𝒔𝒅 mean standard deviation 

Subscripts:  
𝒂 air 
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𝒇 fin 
𝒊 the inlet of the i-th tube row   

𝒊 + 𝟏 the inlet of the (i+1)-th tube row  
𝒎𝒂𝒙 maximum 

𝒕 tube 
𝟎 air inlet 

Superscripts:  
𝑰, 𝑰𝑰, 𝑰𝑰𝑰 𝒂𝒏𝒅 𝑰𝑽 number of FHE row 

𝑷𝒓𝒆𝒔𝒆𝒏𝒕 data/correlation from the present research 
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