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A B S T R A C T   

Serrated welded spiral fin-and-tube heat exchangers (SWSFTHXs) are experimentally investi-
gated. The work primarily focuses on the effects of the segmented fin height (hs) with various fin 
pitches (fp) on the air-side performance (ASP). Experimental results show that SWSFTHXs provide 
a higher air-side heat transfer coefficient than the plain welded spiral fin-and-tube heat ex-
changers (PWSFTHXs) at the same fp. The hs has a significant effect on the Nusselt number (Nu) 
and Colburn factor (j), whereas fp clearly has a greater effect on the friction factor (f) and Euler 
number (Eu) than hs. Furthermore, the Nu, j, f, and Eu correlations for PWSFTHXs and SWSFTHXs 
are also proposed.   

1. Introduction 

Spiral fin-and-tube heat exchangers (SFTHXs) are basic thermal equipment that have been widely used for recovery of high- 
temperature flue gases. The liquid usually flows inside the tube, and the gas flows through the tube bank. Serrated welded spiral 
fin-and-tube heat exchangers (SWSFTHXs) are one of the most widespread geometries [1] and are used for waste heat recovery unit 
systems at a high temperature range. They are developed based on the plain welded spiral fin-and-tube heat exchangers (PWSFTHXs), 
whereby the fin tip is partially cut into narrow sections. They have been called “serrated fin” or “segmented fin.” The spaced intervals 
on the serrated fins will disturb the boundary layers over the fin surface. Normally, SWSFTHXs give a higher average ho [2], including 
higher air-side pressure drop (ΔP). The SWSFTHXs give a lower air-side heat transfer area than PWSFTHXs at the same dimensions. The 
fin geometry variations of SWSFTHXs have a significant effect on ho and ΔP. However, the published experimental data about 
SWSFTHXs have been limited. The prior experimental research is as follows. 

Kawaguchi et al. [3,4] investigated the effect of the fin height and tube arrangement of the PWSFTHXs and SWSFTHXs under the 
same test conditions. The experimental results indicated that the fin height had a significant effect on the heat transfer characteristics, 
whereby ho increases as the fin height for the SWSFTHXs increases. SWSFTHXs also had a higher friction factor (f) than PWSFTHXs. 
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The tube arrangement had no large effect on the heat-transfer characteristics. Kawaguchi et al. [3,4] also proposed the correlation for 
predicting the Nusselt number (Nu) and friction factor (f). Hofmann et al. [5] investigated the effect of the I- and U-shaped fin geometry 
of SWSFTHXs on the heat transfer and pressure drop. The fin heights of the I- and U-shaped fin geometry were 15.5 and 20 mm, 
respectively. Test results showed that the Nu of the I-shaped fin geometry was greater than that of the U-shaped fin geometry for the 
SWSFTHXs. They proposed the Nu correlations. Næss et al. [6] presented the influence of tube layout and fin geometry. The exper-
imental results showed that the equal flow areas of the transversal and diagonal planes gave the maximum Nu. The increasing fin pitch 
increased Nu, but it reduced the Euler number (Eu). The fin height was found to have an insignificant effect on the Eu. Ma et al. [7] 
studied the effect of the fin densities and tube spacing of the SWSFTHXs. The experimental results indicated that an increase in the fin 
density increased the Eu, whereas the Nu decreased. The large transversal tube spacing significantly reduced the Eu, whereas the Nu 
was unchanged. The authors predicted the Nu and Eu correlations based on the experimental data. In addition, the studies have been 
continuously carried out on SFTHXs (the crimped [8–11], L-footed [12–14], louver [15], and embedded and welded [16] SFTHXs), and 
Kiatpachai et al. [17] studied the effect of SWSFTHX fin pitches on the air-side performance (ASP). The fin pitches investigated were 
3.6, 4.2, and 6.2 mm. The fin pitch had a significant effect on the ASP. The 6.2 mm fin pitch gave more dominant f than the other fin 

Table 1 
Geometrical parameter of the serrated spiral fin-and-tube heat exchangers reported in the literature.  

Author do (mm) df (mm) ft (mm) fp (mm) ws (mm) hs (mm) Re ×10-3 

Kawaguchi et al. [3,4] 17.3–25.4 35.3–51.3 0.9 3.3–5.0 – 2.4–6.3 5–50 
Hofmann et al. [5] 38.0 68.0–78.0 0.8–1.0 3.6–3.4 4.3–4.5 – 5–30 
Næss [6] 19.1–31.8 38.1–50.8 0.9 5.1 3.9 – 5–50 
Ma et al. [7] 38.1 70.1 1.0 3.8–4.1 4.0 10.0 4–30 
Kiatpachai et al. [17] 25.4 50.0 1.0 3.6–6.2 4.0 5.0 4–15 
Zhou et al. [18] 38.0 69.8 1.0 5.1 4.0 10.9 6–12 
Present work 25.4 50.0 1.2 3.6–8.4 4.0 2.5–6.5 4–19  

Fig. 1. Diagram of the experimental apparatus.  

Table 2 
Detailed geometrical parameters of the test sections.  

No. do (mm) di (mm) df (mm) ft (mm) fp (mm) Afr (mm) PL (mm) PT (mm) ws (mm) hs (mm) 

1 25.40 19.86 50.0 1.20 8.47 370 × 350 68.5 66.0 4.0 – 
2 25.40 19.86 50.0 1.20 5.08 370 × 350 68.5 66.0 4.0 – 
3 25.40 19.86 50.0 1.20 3.63 370 × 350 68.5 66.0 4.0 – 
4 25.40 19.86 50.0 1.20 8.47 370 × 350 68.5 66.0 4.0 2.5 
5 25.40 19.86 50.0 1.20 5.08 370 × 350 68.5 66.0 4.0 2.5 
6 25.40 19.86 50.0 1.20 3.63 370 × 350 68.5 66.0 4.0 2.5 
7 25.40 19.86 50.0 1.20 8.47 370 × 350 68.5 66.0 4.0 4.5 
8 25.40 19.86 50.0 1.20 5.08 370 × 350 68.5 66.0 4.0 4.5 
9 25.40 19.86 50.0 1.20 3.63 370 × 350 68.5 66.0 4.0 4.5 
10 25.40 19.86 51.0 1.20 8.47 370 × 350 68.5 66.0 4.0 6.5 
11 25.40 19.86 51.0 1.20 5.08 370 × 350 68.5 66.0 4.0 6.5 
12 25.40 19.86 51.0 1.20 3.63 370 × 350 68.5 66.0 4.0 6.5 

Remark: Afr = frontal area; df = fin outside diameter; di = tube inside diameter; do = tube outside diameter; ft = fin thickness; hs = segmented fin height; nt = number of 
tubes per row = 5; Nrow = number of tube rows = 2; PL = longitudinal tube pitch; PT = transverse tube pitch; ws = segmented fin width; Fin material: the JISG3141 SPCC- 
SD (iron); Tube material: the A-179 (iron). 
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Fig. 2. Diagram of the spiral fin-and-tube heat exchangers used in the experiment.  

Fig. 3. Fin configurations of (a) the plain spiral fin and (b) the serrated spiral fin.  
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pitch. They also proposed the Colburn factor (j) and f correlations. Furthermore, Zhou et al. [18] studied the effect of a twist of the fin 
on the performance of the SWSFTHXs. The experiment was done at Reynolds numbers between 6,000 and 12,000. The top of the 
segmented fin was compared between the serrated fin and twisting serrated fin, for which the torsion angle and deflection angle were 
27◦–30◦ and 5◦–10◦, respectively. The twisting of the segmented fin led to a significant increase in the Nu and Eu. Moreover, opti-
mization techniques have been applied in the design of some types of finned heat exchangers such as the cross-flow plate-fin heat 
exchanger [19,20]. 

Table 1 summarizes the relevant experimental works on the SWSFTHXs [3–7,17,18]. Even though these studies reported the effect 
of geometric parameters on the ASP, there remains room for further experimental research. According to the literature review, the 
influence of the fin segment has not been seriously studied in an experiment. Therefore, the main purpose of this study is to investigate 
the effect of hs with various fin pitches (fp) of the SWSFTHXs on the ASP. 

2. Experimental apparatus and procedure 

The apparatus of Keawkamrop et al. [11] was used in the experiment. A schematic diagram can be seen in Fig. 1. Table 2 shows the 
test sections with the 12-fin configurations and a detailed geometric parameter. The outside diameter of a fin is a couple of fin heights 

Fig. 4. The tested plain welded spiral fin-and-tube heat exchanger (left) and serrated welded spiral fin-and-tube heat exchanger (right).  

Table 3 
Test conditions.  

Parameter Condition 

Ta,in, 
◦

C 31.5 ± 0.5 
Tw,in, 

◦

C 60, 65, and 70 
V̇w, LPM 12 and 14 
Vfr, m/s 1.5–7.1 

Remark: Ta,in = inlet air dry bulb temperature; V̇w = water volume flow rate.  
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(fh) plus the tube outside diameter. The hs and fp are maximum values that can be produced by the tube finning machine. The width of 
the segmented fin is the standard value that could be produced from the tube finning machine. The test sections consist of the 
PWSFTHXs (Nos. 1–3) and SWSFTHXs (Nos. 4–12). The size of the frontal area of all test sections is 370 × 350 mm, as shown in Fig. 2. 
The tube circuits are arranged in a Z shape, which is a combination of the muti-pass parallel and counter cross-flow with two tube rows. 
The SWSFTHXs have three different hs and fp values. The PWSFTHXs have three fp values, for which the schematic diagram is shown in 
Fig. 3. The hs values investigated are 2.50, 4.50, and 6.50 mm. The fp values are 3.63 (7 fpi), 5.08 (5 fpi), and 8.47 (3 fpi) mm. The 
tested PWSFTHXs and SWSFTHXs can be seen in Fig. 4. Table 3 shows the experimental conditions. The inlet frontal air velocities cover 
the velocities used in the industry, as reported by Xie et al. [21]. The inlet air temperature is the ambient temperature. The inlet water 
temperatures are set to achieve the maximum temperature difference between inlet and outlet water. The water flow rates corre-
sponding to turbulent flow are used in the experiment. The data are recorded at steady-state condition. The energy imbalance, which is 
obtained from the heat transfer rate between both sides, is limited to no more than 0.05, which follows the ANSI/ASHRAE 33 standards 
[22]. The measurement accuracies and experimental uncertainties are shown in Tables 4 and 5, respectively. 

3. Data reduction 

The j and Nu, which are transformed from the air-side heat transfer coefficient (ho), are key to investigating the ASP of the 
SWSFTHXs. 

The total thermal resistance of the PWSFTHXs and SWSFTHXs consists of the conduction resistance and convection resistance, as 
follows: 

1
UA

=
1

hiAi
+

ln(do/di)

2πktL
+

1
ηohoAo

(1) 

The UA is determined from the number of transfer units (NTU) 

UA=Cmin(NTU) (2) 

The NTU is calculated based on the Engineering Science Data Unit [23] and Taborek [24], as in Eqs. (3) and (4). 
The effectiveness of the multi-pass parallel cross-flow for Nrow = 2 is 

εp =

(

1 −
K
2

)
(
1 − e− 2K/C*

A
)
, K = 1 − e− NTUA/(C*

A/2) (3)  

and the effectiveness of the multi-pass counter cross-flow for Nrow = 2 is 

εc = 1 −
[

K
2
+

(

1 −
K
2

)

e2K/C*
A

]− 1

, K = 1 − e− NTUA/(C*
A/2) (4)  

in which air-side (specified as Fluid A) is mixed and water-side (specified as Fluid B) is unmixed. 
The minimum heat capacity rate (Cmin) in this study is obtained from Fluid A. 

C*
A =Cmin

/
Cmax (5) 

Table 4 
Measurement accuracies.  

Parameter Accuracy 

Air-side thermocouple probes ±0.1 
◦

C 
Water-side thermocouple probes ±0.1 

◦

C 
Water flow meter ±0.4 (±0.02 of full scale) LPM 
Digital manometer ±0.5 Pa  

Table 5 
Uncertainties of the parameters.  

Parameter Maximum uncertainties (%) 

Q̇a ±6.50 

Q̇w ±12.13 
Vfr ±1.77 

Redo ±1.89 
ΔP ±5.41 
ho ±9.11 
j ±9.18 
f ±6.23  
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where 

Cmin = ṁaCp,a (6)  

and 

Cmax = ṁwCp,w (7) 

The average effectiveness, as shown in Eq. (8), is calculated from 

εA =
εp + εc

2
(8) 

The average heat-transfer rate is calculated from 

Q̇ave =

˙|Qa

⃒
⃒
⃒+ ˙|Qw

⃒
⃒
⃒

2
(9)  

where 

Q̇a = ṁaCp,a
(
Ta,out − Ta,in

)
(10)  

and 

Q̇w = ṁwCp,w
(
Tw,in − Tw,out

)
(11) 

The effectiveness is calculated from 

ε= Q̇ave

Q̇max
(12)  

where 

Q̇max =Cmin
(
Th,in − Tc,in

)
(13) 

The tube-side heat-transfer coefficient is determined using Gnielinski equation [25]. 

hi =

(
kw

di

)
(Redi − 1000)Pr(fi/2)

1 + 12.7
̅̅̅̅̅̅̅̅
fi/2

√ (
Pr2/3 − 1

) (14)  

where 2300 < Redi < 5 × 106; 0.5 ≤ Pr ≤ 2000. 
And 

fi =(1.58lnRedi − 3.28)− 2 (15) 

The Reynolds number (Redi) is calculated from 

Redi = ρwVidi/μw (16) 

The fin efficiency (ηf) can be calculated from 

ηf = 1 +
Ao

Af
(ηo − 1) (17)  

where the overall surface effectiveness (ηo) is 

ηo =
1

hoAo

[
1

UA −
1

hiAi
−

ln(do/di)
2πkt L

] (18) 

The ηf proposed by Gardner [26] is determined from 

ηf =
2ψ

φ(1 + ψ)
I1(φRo)K1(φRi) − I1(φRi)K1(φRo)

I0(φRi)K1(φRo) + I1(φRo)K0(φRi)
(19)  

where 

φ=(ro − ri)
3/2

̅̅̅̅̅̅̅̅̅
2ho

kf Ap

√

(20)  

and 
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ψ = ri/ro (21)  

where I0, I1 and K0, K1 are the modified Bessel function solution of the first kind, and second kind, respectively; ro is the external radius 
of the fin; ri is the internal radius of the fin; φ is the combination of terms; and ψ is the radius ratio. 

The flowchart for the computation of ho is presented in Fig. 5. The ASP is interpreted in terms of dimensionless j, Nu, f, and Eu. 

j=
Nu

RedoPr1/3 =
ho

ρaVmaxcp
(Pr)2/3 (22) 

The f is proposed by Key and London [27] as follows: 

f =
(

Amin

Ao

)(
ρm

ρ1

)[
2ΔPρ1

G2
c

−
(
1+ σ2)

(
ρ1

ρ2
− 1

)]

(23)  

where Amin is the minimum free-flow area; Ao is the total heat-transfer area; Gc is the air mass flux based on the Amin; ρ1, ρ2 and ρm are 
density of air at inlet and out let, and average air density, respectively; and σ is the ratio of the minimum free-flow area to the frontal 
area. 

The pressure loss coefficient per tube row passed (Euler number; Eu) [6] is calculated from 

Eu=
2ΔPρm

NrowG2
c

(24) 

The following sentences are added into the manuscript. 
The maximum uncertainties of the j and f calculated from the root mean sum square method are 9.18% and 6.23%, respectively. 

The uncertainty increases as the Reynolds number decreases. 

4. Results and discussion 

Fig. 6 shows comparisons between the average heat transfer rate (Q̇ave), air-side heat transfer coefficient (ho), and air-side pressure 
drop (ΔP) obtained from the PWSFTHXs and those obtained from SWSFTHXs at a fixed inlet water temperature (Tw,in) of 60 ◦C and an 
inlet water mass flow rate (ṁw,in) of 0.20 kg/s. They are plotted against the frontal air velocity (Vfr), which is between 2 and 7 m/s. As 
expected, the experimental results show Q̇ave, ho, and ΔP increase with increasing Vfr. The Q̇ave of the PWSFTHXs and SWSFTHXs tends 
to be in the same direction. The Q̇ave obtained from the SWSFTHXs is higher than that of the PWSFTHXs. An hs of 6.50 mm for 
SWSFTHXs provides the highest Q̇ave at all fp values. A fp of 8.47 mm gives the lowest Q̇ave. This is because the larger fp generally reduces 
the air-side area, which leads to a decrease in the Q̇ave. The effects of fp and hs on ho can be seen in Fig. 6 (b). The experimental results 
also indicate that the SWSFTHXs clearly have a higher ho than the PWSFTHXs by about 15.8–20.5%, based on the same Vfr. It is clear 

Fig. 5. Computation of the air side heat transfer coefficient.  
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that the spaced interval of the serrated fins has a significant effect on ho. This is because the presence of serrations will disturb the 
function of boundary layers over the fin surface, leading to a better ho. The effects of fp and hs on the ΔP can be seen in Fig. 6 (c). The ΔP 
increases with decreasing fp, whereas hs increases. The ΔP with a fp of 3.63 and 5.08 mm is higher than that of 8.47 mm by about 
43.0–101.6% and 32.9–75.0%, respectively, with the same Vfr. This is because a decrease of fp increases the blocking of the flow area, 
which leads to a significant increase in ΔP. It seems the SWSFTHXs give a higher ΔP than the PWSFTHXs. The ΔP from an hs of 6.5 mm is 
higher than the other hs because of higher turbulence caused by segmented fins. 

Fig. 6. Effect of fin pitch and segmented fin height on (a) the average heat-transfer rate, (b) the air-side heat transfer coefficient, and (c) the air-side pressure drop.  
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The effect of fp and hs on the Nu, j, f, and Eu for different Reynolds numbers (Redo) is shown in Fig. 7. Fig. 7(a) shows the comparison 
between the Nu and j, whereas Fig. 7(b) shows the comparison between the f and Eu. The experimental results show Nu increases with 
an increase in Redo, which is the opposite of the plots of the j, f, and Eu. Additionally, fp and hs affect the heat transfer (j, Nu) and 
pressure drop characteristic (f, Eu) in the same direction. 

Fig. 8(a–c) shows the variations of j and f with Redo for the different Tw,in and ṁw,in values. The results indicate that the j and f are 
similar in magnitude and trend. As expected, the PWSFTHXs have lower j than the SWSFTHXs. This is because the SWSFTHXs have 
better air mixing, which results in higher heat transfer enhancement [17]. The results also show hs has a significant effect on j. The 
effect of fp also corresponds with Kiatpachai et al.‘s findings [17]. The SWSFTHXs provide a higher f than the PWSFTHXs, whereby the 
SWSFTHXs with an hs of 6.5 mm give a higher f than the other hs for all fp values. Experimental results also show the effect of fp is clearly 
observable compared to that of hs. A fp of 8.47 mm gives a greater f than other fp values. This is because Amin/Ao in Eq. (23) increases 
when fp increases, which results in an increase of f. 

Fig. 7. Effect of fin pitch and segmented fin height on (a) the Nusselt number and Colburn factor, and (b) the friction factor and Euler number with different 
Reynolds numbers. 
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The corresponding correlations for the PWSFTHXs and SWSFTHXs are developed based on the basic correlation, as suggested by 
Wang et al. [28]. Test results indicate fp is the dominant parameter on the frictional characteristics. Consequently, the fp/d0 which is a 
dimensionless parameter are therefore added to the f and Eu, as reported by Pongsoi et al. [9]. 

The proposed Nu, j, f, and Eu correlations are as follows: 

Nucorr = 0.1172Re0.68095
do (25) 

Fig. 8. Effect of fin pitch and segmented fin height on the Colburn factor and friction factor at (a) Tw,in = 65 ◦C/ṁw,in = 0.20 kg/s, (b) Tw,in = 70 ◦C/ṁw,in = 0.20 kg/s, 
and (c) Tw,in = 70 ◦C/ṁw,in = 0.23 kg/s. 
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Fig. 9. Measured versus predicted parameters: (a) Nusselt number, (b) Colburn factor, (c) friction factor, and (d) Euler number.  

Fig. 10. Comparison between present experimental data and correlations.  
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jcorr = 0.13051Re− 0.31917
do (26)  

fcorr = 0.61964Re− 0.16406
do

(
fp

do

)0.56689

(27)  

Eucorr = 1.0991Re− 0.16787
do

(
fp

do

)− 0.43956

(28)  

where 4000 < Redo < 19000 and Pr = 0.727 

Mean deviation =
1
M

[
∑M

1

⃒
⃒Φcorr − Φ exp

⃒
⃒

Φ exp

]

× 100% (29) 

The mean deviations for the Nu, j, f, and Eu correlations are 7.22, 7.21, 4.46, and 2.96%, respectively. Fig. 9(a–d) compares the 
results from correlations and with the experimental data. The ASP correlations proposed (Eq. (25), (26), (27), and (28)) can describe 
the ASP well as 83.85, 84.54, 99.48, and 100% of Nu, j, f, and Eu within ±10%, respectively. Fig. 10 compares the ASP in terms of the 
Nu and Eu of the PWSFTHXs and SWSFTHXs. The ratio of hs and fh is determined for comparison with the results obtained from 
previous studies. The hs/fh ratio in this study is between 20.3 and 52.8%, which increases as hs increases. The results correspond with 
the data of Naess et al. [6], Ma et al. [7], and Kiatpachai et al. [17], in which the ΔP is presented in the terms of Eu. The trend of Nu and 
Eu is similar to that found in the current study. The Nu increases with increasing Redo, whereas the Eu decreases with increasing Redo. 
The heat exchanger with a hs/fh ratio of 62.5% [7] gives a higher Nu than the hs/fh ratio in the present study. The Eu calculated from the 
ΔP, as reported by Kiatpachai et al. [17] (hs/fh = 40.6%), corresponds with the Eu calculated from the present data (hs/fh = 20.3, 36.5, 
52.8%). 

5. Conclusion 

The experimental results can be concluded as follows:  

- The average heat transfer rate (Q̇ave), air-side heat transfer coefficient (ho), and air-side pressure drop (ΔP) increase with increasing 
frontal air velocity (Vfr).  

- The Q̇ave and ΔP increase as the fin pitch (fp) decreases and the segmented fin height (hs) increases.  
- An hs of 6.50 mm for serrated welded spiral fin-and-tube heat exchangers (SWSFTHXs) has the highest Q̇ave out of all the fp values.  
- The SWSFTHXs give a higher h0 than the plain welded spiral fin-and-tube heat exchangers (PWSFTHXs).  
- The ΔP increases with decreasing fp and with increasing hs.  
- The hs has a significant effect on Nu and j.  
- The fp has a clearer effect on f and Eu than hs.  
- The Nu, j, f, and Eu correlations for the PWSFTHXs and SWSFTHXs are developed. 
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