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A stainless steel corrugated fins and flat-tube heat exchanger is designed, which 
has a plate-fin structure. To optimize the structural parameters of this exchanger, 
including corrugation angle, corrugation pitch and fin length, 3-D simulation 
model and test were proposed. The numerical results indicated that the corruga-
tion angle significantly affects both on heat transfer performance and pressure 
drop. The fin with angle, A = 0~20°, have demonstrated the higher heat transfer 
efficiency, lesser gas condensation, lower pressure drop, higher outlet flue gas 
temperature in low T region, and no exceeding the distortion temperature in high T 
region. Corrugation pitch and fin length influence thermal and hydraulic char-
acteristics, outlet flue gas temperature, and fin temperature. To improve heat 
transfer performance, and reduce the fin temperature in high T region and ease 
gas condensation in low T region, smaller corrugation pitch and shorter fin length 
were recommended in the low T region, whereas higher values were more rea-
sonable in high T region. Noticeably, the heat transfer and flow characteristics 
were better in the high T region than the low T region. Therefore, higher priority 
should be given to the structural optimization in the high T region in order to in-
crease the heat transfer enhancement. 

Keywords: flat-tube heat exchange, corrugated fin, 
corrugation angle, corrugation pitch 

Introduction 

Gas-fired water heater has been widely used in our daily life, due to its convenient 

use, easy construction, low cost and high reliability. The most common type of heat exchang-

er used in gas-fired water heater was the copper tube-fin compact heat exchanger, what con-

sists of water tube banks and gas side fins [1]. Many individual fins were connected to the 

tubes by the tube expansion process [2, 3]. Nevertheless, there have several disadvantages to 

this structure.  

Typically, in the water tube banks, there were so many water tubes whose size is 

narrow and small, which leads to the large resistance of water [4-7]. Besides, it usually has 

several rows of fined tubes. Thus, the heat transfer in the tubes is uneven. The heat transfer 
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performance in the inlet rows is the best, and it in the outlet becomes worse gradually. Low 

temperature corrosion would arise in the low temperature outlet rows, especially in the low 

flue temperature, low air coefficient, and cold water temperature [8]. Thirdly, the thermal 

contact resistance existed in the tub-fin heat exchangers [9], which also lead to the 

heat transfer efficiency decrease. Fourthly, the price of the copper heat exchanger was higher 

than other materials, such as aluminum and casting aluminum-silicon alloy, carbon steel, 

stainless steel and polymer heat exchanger [10, 11].  

To resolve the problems, a stainless steel corrugated fins, and flat-tube heat ex-

changer is designed. Different from the conventional heat exchanger, it has a plate-fin struc-

ture [12-14], which was common in plate heat exchangers but is rare in gas tubular heat ex-

changers. The flat-tube structure is used to accommodate the corrugated fins. Since the sec-

tional area of the flat-tube is large, it became possible to increase the heat transfer ribs in the 

tubes
 
[15-17]. Otherwise, stainless steel, as a corrosion-resistant material, was selected in this 

study, and it also can reduce product cost. 

The Qi et al. [17] and Sanderby [18] studied corrugated fins and flat-tube heat ex-

changer, in which they found fin pitch, fin thickness, and fin angle influence significantly the 

performance of the heat exchanger. They used multi-louvered fins to enhance heat transfer. 

However, this exchanger was used in compact heat exchangers of the refrigeration and air 

conditioning systems. A series of numerical and experimental investigations [19-28] based on 

various tubes, such as an elliptical, circular, external extended finned tube, plain finned-tube, 

and wavy finned-tube heat exchanger, offset strip finned-tube heat exchanger, louvered 

finned-tube, were used to enhance heat transfer. In these numerical investigations, the models, 

such as SST k-ε, RNG k-ε, CRB-STHX, and HCB-STHX, were used. 

The design exchanger, named as corrugated fins and flat-tube heat exchanger, con-

sists of flat tubes and corrugated fins, as shown in fig. 1. The working mechanism can be 

illuminated as follows. Water flowed in the parallel tubes, and gas flowed in the fin channels. 

The heat exchanger used in a gas-fired water 

heater could be divided into the high tempera-

ture region and low temperature region. The 

high T region was at the gas inlet and the low T 

region was at the outlet. The corrugated fins 

and flat-tube heat exchanger can be used as 

high temperature heat exchangers in the high T 

region and as low temperature heat exchangers 

in the low T region. In addition to being used in 

gas water heaters, it also can be used in high 

temperature flue gas environment as a super 

heater in the low-capacity boiler, and used in 

low temperature flue gas environment as an 

economizer. 

In the process of working, the following two defects should be paid attention to. 

First, in the high T region, the fins deformation would occur if the fin temperature exceeds the 

distortion value. Second, in the low T region, flue gas condensation would be unavoidable if 

the fin temperature below the condensation value. The deformation and gas condensation 

were eliminated in this investigation. 

In this study, a 3-D simulation model was developed, and the numerical simulations 

were carried out with different corrugation angles, corrugation pitches, and fin lengths in 

Figure 1. Corrugated fins and 

flat-tube heat exchanger 
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order to optimize the structure parameters of stainless steel corrugated fins and flat-tube heat 

exchanger, to enhance heat transfer efficiency, and to eliminate the deformation and to ease 

gas condensation. The flow structure and field distribution were analyzed. The effects of cor-

rugation angle, corrugation pitch, and fin length were detailed. Finally, optimized structure 

parameters were proposed in this paper. 

Mathematical analysis 

Governing equations 

The numerical simulation was carried out using FLUENT, with RNG κ-ε, SIMPLE 

pressure-velocity coupling algorithm, and the second upwind discretization scheme for mo-

mentum, energy, turbulent kinetic energy, and dissipation energy. Under-relaxation factors of 

turbulent kinetic energy, turbulent dissipation rate, and turbulent viscosity were changed 

within the range between 0.2 and 0.4, others taken the default values. For accounting for the 

low Reynolds number and the near wall flow, an enhanced wall treatment was also adopted. 

The governing equations of flow and heat transfer including steady-state mass, mo-

mentum, and energy conservation equations, [29-31]: 
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Computational models 

The structure of the flat-tube heat exchanger was shown in fig 2. The exchanger has 

four structural parameters: corrugation angle (A), tube pitch (B), corrugation pitch (D), and fin 

length (H). The H was equal to the horizontal length of the flat tube. Specifically, A, D, and H 

were the key parameters. 

Figure 2. (a) Heat exchanger structural parameters, (b) the3-D computational domain 
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To simplify numerical simulation and maintain the basic characteristics of the pro-

cess, the following assumptions were made [32, 33]. Firstly, natural-convection heat transfer, 

flame radiation, and smoke radiation were ignored. Secondly, viscous heating was neglected 

due to limited fluid velocity and incompressible medium. Thirdly, the changes in flue gas 

composition and physical properties were ignored. Finally, a constant temperature was as-

sumed for solid walls. Based on these assumptions, a flow unit channel of corrugated fins was 

taken as a simplified model for the flue gas side, in order to perform the numerical simula-

tions. 

The boundary conditions of the computational domain were selected based on the 

physical operating conditions of the heat exchanger. No-slip condition was applied on tube 

and fin surfaces. To simplify calculations, no simulation was performed on the fluid flow in 

the tubes when comparing fins to each other. In this case, constant wall temperature Tw = 350 

K in higher T region and Tw = 325 K in low T region in tubes inner wall were set for solid 

surface. The mass inlet boundary condition is applied to the gas inlet. The pressure outlet 

boundary was set to atmospheric pressure at the gas outlet. Coupled wall condition was set for 

fin surfaces and the outer wall of tubes. The thermal conductivity of tubes was set for the 

value of stainless steel 316 L. The temperature of inlet flue gas was set as 1300 K in the high 

T region, while 550 K in the low T region. Problem geometry dimensions and operating con-

ditions are summarized in tab. 1. 

Table 1. Details of computational geometry and operating conditions 

Parameter Value A Value D Value H 

Corrugation angle A [°] 0, 10, 20, 30, 40 0 0 

Tube pitch, B [mm] 1.99 1.99 1.99 

Corrugation pitch, D [mm] 2.06 1.66, 2.06, 2.46, 2.86, 3.26 2.06 

Fin length, H [mm] 13 13 12,13,14,15,16 

Thickness, δ [mm] 0.2 0.2 0.2 

Tube external diameter, d [mm] 7 7 7 

Reynolds number 
355~358 (high T) 
653~658 (low T) 

422, 358, 311, 275 
247 

368, 358, 348, 340 
333 

Mass-flow rate, Gc [kgm–2s–1] 0.846 0.846 0.846 

Flue gas inlet temperature, Tflue,in [K] 
1300 (high T) 
550 (low T) 

1300 1300 

Inner wall temperature, Tw [K] 
350 (high T) 
325 (low T) 

350 350 

Data reduction 

Heat transfer characteristics were determined using several parameters, such as fin 

coefficient, θ, fin efficiency, ηfin, heat transfer and flow performance ratio, η. These parame-

ters could be calculated [34, 35]: 
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The friction factor, f, is calculated [35]: 
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The Reynolds number based on the frontal flow inlet velocity and fin length is de-

fined: 

Re c hu D


          (12) 

Grid independence and validation of the mathematical models 

Grid independency 

Mesh independence study was carried out at a corrugation angle of 20°, corrugation 

pitch of 2.06 mm, tube pitch of 1.99 mm and the fin length of 13 mm. in the present research. 

The mesh was refined starting from 0.82 to 5.91 million elements. In particular, the models of 

0.82, 1.78, 3.56 and 5.91 million elements were tested. The results of the outlet temperature 
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were evaluated for the mesh independence study. Differences between the temperature values 

of 5.91 million elements model and those of 0.82, 1.78, and 3.56 million elements models 

were 2.1, 0.1, and 0.003%, respectively. Finally, a total of 1.78 million elements were used to 

solve the computational flow domain, and the near-wall mesh computed heat flux more pre-

cisely. The criterion of convergence was achieved for each calculation if all variable residuals 

<1.0 ×10
-4

. 

The numerical model validation 

Test apparatus and experimental method 

To validate the effectiveness of the mathematical model, the following experiments 

were carried out. The exchanger structure that was illuminated in fig. 3 was the same as the 

geometry listed in tab. 1. Different materials were selected for heat exchanger, in which the 

material of flat tubes was stainless steel 316 L and the material of corrugated fins was stain-

less steel 310S. A cooler was assigned on flue 

gas inlet to ensure the flow distribution and 

temperature control. Five thermocouples were 

used to measure the average temperatures of 

inlet flue gas. The average inlet temperature, 

Tflue, in, was regulated around the given values 

by adjusting the cooler. To obtain an average 

outlet flue gas temperature, Ttest, flue, out, five 

thermocouples were uniformly placed at the 

outlet. Mass-flow rate was determined by ad-

justing the amount of natural gas. Gas volume 

and composition were measured by gas 

flow-meter and smoke analyzer, respectively. 

After obtaining gas volume and composition, 

the mass-flow rate was calculated. 

The water system proposed of small 

temperature difference (1°) with large water 

flow rate was used to ensure that Tw was around 

the given values. Two thermal resistance ther-

mometers were used to measure both inlet and 

outlet water temperatures, respectively. A water 

flow-meter was assigned to the inlet water pipe. Meanwhile, two surface thermal resistance 

thermometers were used to measure the inner surface temperature of flat tubes, Tw. 

Two groups of experiments were taken based on the apparatus: high T region test, 
Tflue,in = 1300 K and low T region test Tflue,in = 550 K. Details of computational geometry and 

operating conditions are given in tab. 2. 

Model validation 

To further ensure the accuracy of the present numerical simulation, the calculated 

results were compared with the experimental results. Results of comparison had been illus-

trated in fig. 4. A good agreement between the present numerical results and the theoretical 

results was observed, and the maximum relative error was within 1.5%, indicating the current 

numerical method was reliable. 

Figure 3. The testing system of 

the heat exchanger 
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Table 2. Details of structure parameters and test conditions 

Parameter Value of high T region test Value of low T region test 

Corrugation angle, A [°] 0, 10, 20, 30, 40 0, 10, 20, 30, 40 

Tube pitch, B [mm] 1.99 1.99 

Corrugation pitch, D [mm] 2.06 2.06 

Fin length, H [mm] 13 13 

Thickness, δ [mm] 0.2 0.2 

Tube external diameter, d [mm] 7 7 

Reynolds number 355~358 653~658 

Mass flow rate, Gc [gm–2s–1] 0.846 0.846 

Flue gas inlet temperature, Tflue,in [K] 1300±5 550±2 

Inner wall temperature Tw [K] 350±1 325±1 

Results and discussion 

The effects of the selected parameters on the heat transfer and flow characteristics in 

two working conditions, high T region and low T region, were investigated by numerical 

method.  

Corrugation angle, A  

To recognize fin angle, A, effects on heat transfer and flow characteristics, all fin 

types including A = 0°, 10°, 20°, 30°, and 40° were compared to each other. As shown in fig 

5, it was worth noting that with A increased, Qfin first decreased and then increased, whereas 

Qtube first increased and then decreased, in both high T region and low T region. Meanwhile, 

Q first decreased and then increased, and the smallest was occurred at A = 30°. Figure 6 

shows that the average outlet flue gas temperatures (Tave,flue,out) and fin temperatures (Tave,fin) 

first increased and then decreased in both high T region and low T region, and the largest 

increase occurred at A = 30°. 

As shown in fig. 7, it was observed that fin efficiency, ηfin, first decreased and then 

increased in both high T region and low T region, and the smallest increase occurred at A = 30°. 

The η of the high T region was higher compared with that of the low T region. Thus, higher 

priority should be given to structural optimization in the high T region in order to improve the 

Figure 4. Comparison between Tsimulation,flue,out and Ttest,flue,out 
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heat transfer rate. According to fig. 8, with increasing A, the Ffin and F were first decreased 

and then increased, and the smallest increase was observed at A = 30°. 

 

 

 

Overall, as increasing A, Qfin, Q, and T were first decreased and then increased, 

whereas ηfin was first decreased and then increased. The variation of F is the reason for the 

trend of other parameters Qfin, Q , T ,ηfin, and η. 
The results, such as F, Q, ηfin, and T, also could be explained by the facts presented 

in fig. 9. Velocity contours were obtained from the inlet, middle and outlet of the flow chan-

Figure 5. Heat transfer rates vs. corrugated angles 

Figure 6. Average temperatures vs. corrugation angles 

Figure 7. Fin efficient and η Figure 8. Areas vs. corrugated angles 
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nel minimum cross-section planes at different angles, fig. 9. It was noted that, as the flue gas 

entered the channel, a thicker velocity boundary layer was formed. With increasing A, the 

layer thickness increased gradually. However, at A = 30°
 
and 40°, higher thickness of velocity 

boundary-layer led to a velocity blind zone in the corner. Notably, the layer thickness was 

increased from inlet to outlet at the same angle. The inlet blind area resulting in a worse over-

all heat transfer performance was smallest compared with outlet and middle. The A = 0° blind 

area, in which the fin area was non-effective, was smallest compared with A = 20°, 30°, and 40°. 

Figure 9. Velocity contour on the x-z plane; (a) A = 0o, (b) A = 20o, (c) A = 30o, and (d) A = 40o 
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Combine that with another phenomenon that is as the A increases the fins geometric area in-

creases, so fig. 8, with A increased F first decreased then increased and the smallest increase 

observed at A = 30°, could be verified. It was also worth noting that in blind zone corner of 

low T region outlet area, especially in which A = 30° and 40°, might suffer gas condensation. 

It was summarized that the larger the A, the more material consumption and the less econom-

ic, so smaller A, as A = 0~20°, should be used in this structural. 
In fig. 10(a), the highest fin temperature was approximately 680 K in the high T re-

gion, which was lower than the distortion temperature of stainless-steel 310S (approximately 

1073 K). It was worth noting that the lowest fin temperature in the low T region was occurred 

in the outlet of the fin corner as shown in fig. 10(b). It can be concluded that the fin structure 

of angle A = 0° could ease the corrosion, but could not eliminate it. 

Besides, the pressure drop of A = 30°
 
was 2.5 Pa smaller than that of A = 0° in the 

high T region, whereas 1.5 Pa smaller in the low T region, fig. 11. These results indicate that 

fin angle variation does not offer a significant effect on pressure drop. 

 

 

 

 

 

 

In short, smaller A, as A = 0~20°, has demonstrated the higher heat transfer effi-

ciency, lesser gas condensation, lower pressure drop, higher outlet flue gas temperature in low 

T region, and no exceeding the distortion temperature in high T region. Fourth more, it was 

found that the heat transfer rate and flow performance ratio, η, were obviously higher in the 

high T region than the low T region. Thus, higher priority should be given to the structure 

optimization in the high T region in order to improve the heat transfer rate. Thus, higher pri-

ority should be given to the structure optimization in the high T region in order to improve the 

heat transfer rate. 

Fin length H 

As the fin length increased from 12 to 16 mm in the high T region, Ffin increased by 

approximately 20%, and the pressure drop increased the number of 0.5 Pa. These results sug-

Figure 10. Temperature contours; 

(a) Fin T contours in high T region from A = 0° 

(b) Fin T contours in low T region from A = 0° 

 

Figure 11. Pressure drop vs. corrugation angles 
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gest that the influence of H on pressure drop is little. With H increased, Q and Qfin were in-

creased approximately 8.5% and 12%, respectively, fig. 12. In this case, because of H in-

creased, the length of the flue gas tunnel increased, which resulted in the heat transfer perfor-

mance enhancement and Tave,flue,out significantly decreased from 600 to 535 K while Tave,fin 

decreased to 19 K. However, as shown in fig. 13, with H increased in the low T region, the 

low temperature of the outlet might lead to gas condensation.  

Overall, it can be concluded that H affects heat 

transfer rate, outlet flue gas temperature, and fin tem-

perature. These data has indicated that fin length should 

be kept a smaller value in low T region to improve the 

outlet flue gas temperature and to ease gas condensa-

tion, and in high T region kept a larger value to enhance 

heat transfer performance and reduce the fin tempera-

ture. 

Corrugation pitch D 

As fin pitch D increased from 1.66 to 3.26 mm in 

high T region, θ decreased from 2.4 to 1.9 and ηin de-

creased from 2.7 to 1.95, figs. 14 and 15. Such de-

creases caused a significant increase in outlet temper-

ature Tflueout from 585 to 793 K. Besides, η was in-

Figure 12. Heat transfer rate (a) and temperature (b) vs. fin height. 

Figure 13. Temperature distribution 

of outer tube and fin with 

different fin height 

Figure 14. Fin coefficient and efficient vs.             Figure 15. Gas and fin temperatures vs. 

corrugation pitch                                     corrugation pitch 
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creased from 0.8 to 1.6, while Tfin,max decreased slightly approximately 20 K. This can the mass 

by the fact that the flow channel minimum cross-section area increased due to increasing D, 

leading to a reduction of flue gas velocity. It can be concluded that D determine the heat transfer 

rate, outlet flue gas temperature and fin temperature. These data indicate that fin pitch should be 

kept a smaller value in low T region to elevate the outlet flue gas temperature and kept a larger 

value in high T region to enhance heat transfer performance to reduce the fin temperature. 

Conclusion 

This study reveals the structure parameters optimization of stainless steel corrugated 

fins and flat-tube heat exchanger. Numerical simulations were performed with different cor-

rugation angles, corrugation pitches, and fin lengths to enhance heat transfer and pressure 

drop characteristics in high and low temperature conditions. The conclusions are as follows. 

 The corrugation angle significantly affects both thermal and flow characteristics. The fins 

with A = 0~20°, have demonstrated the higher heat transfer efficiency, lesser gas conden-

sation, lower pressure drop, higher outlet flue gas temperature in low T region, and no ex-

ceeding the distortion temperature in high T region. 

 The heat transfer rate and flow performance ratio, η, were higher in the high T region than 

the low T region. Thus, higher priority should be given to the structure optimization in 

high T region in order to improve the heat transfer rate. 

 Corrugation pitches and fin length influence the effects of heat transfer rate, fin tempera-

ture, and outlet flue gas temperature. It is worth noting that smaller values of fin pitch and 

height are suitable in the low T region, whereas larger values are more reasonable in the 

high T region. 
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Nomenclature 

A – corrugation angle, [°] 
B – tube pitch, [mm] 
D – corrugation pitch, [mm] 
Dh – hydraulic diameter, [m] 
d – tube external diameter, [mm] 
F0 – total outside surface area, [m2] 
Fc – minimum flow area, [m2] 
Ffr – inlet frontal flow area, [m2] 
Ffin – fin effective heat transfer area, [m2] 
FG-fin –fin geometric surface area, [m2] 
FG-tube – tube geometric surface area, [m2] 
Ftube – tube effective heat transfer area, [m2] 
f – friction factor 
f0 – f based on tube without any fin 
Gc – mass flux at minimum 

flow area (kgm–2s–1) 
H – fin length, [mm] 
h0 – heat transfer coefficient, [Wm–2K–1] 
Nu – Nusselt number 
Nu0 – Nu based on tube without any fin 
ΔP – pressure drop, [Pa] 
Q – total heat transfer rate, [W] 

Qfin – fin heat transfer rate, [W] 
Qtube – tubes heat transfer rate, [W] 
Re – Reynolds number 
Tave,flue,out – average temperature of outlet flue gas 

[K] 
Tave,fin – average temperature of fin, [K] 
Tflue,in – inlet temperature of flue gas, [K] 
Tflue,out – outlet temperature of flue gas, [K] 
Tw – inner wall temperature of tube, [K] 
ΔTm – log-mean temperature difference, [K] 
uc – velocity at the minimum cross-sectional 

area, [ms–1] 

Greek symbols 

αk – inverse effective Prandtl numbers for k 
δ – thickness, [mm] 
ρ – density, [kgm–3] 
ρm – mean density, [kgm–3] 
ρi – inlet density, [kgm–3] 
ρ0 – outlet density, [kgm–3] 
η – heat transfer and flow performance ratio 
ηfin – fin efficiency 
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θ – fin coefficient 
λ – thermal conductivity, [Wm–1K–1] 

μ – dynamic viscosity, [kgm–1s–1] 
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