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Heat transfer enhancement in tubes is widely applied in various industrial pro-
cesses. The traditional method of heat transfer enhancement is to insert radial fins 
to expand the internal surface area and destroy the flow. However, there is a flue 
gas corridor in the central area of the tube, and the cost of expanding the inner 
fin is high. A centrally symmetrical bent extruded aluminum fin was developed to 
enhance the heat transfer in the tube. An experimental platform was constructed 
to test the performance of inner finned tubes and explore the process of combining 
extruded aluminum inner fin with steel tube. The bent extruded aluminum fins with 
two side fins extending to the central axis possesses the best comprehensive heat 
transfer performance. The heat transfer correlation of the optimal fin structure is 
Nu = 0.864Re0.4275Pry

0.3818(Pry/Prw)–0.1004. With low cost and strong heat transfer per-
formance, the bent extruded aluminum inner fin tube will gain wide applications 
in the engineering field. 
Key words: extruded aluminum inner fins, centrosymmetric, bent fins, 

 steel-aluminum composite 

Introduction

Heat transfer enhancement in tubes have been widely applied in various industri-
al processes, such as the petroleum, chemical industry, metallurgy, electric power, and steam 
industries. The instruments include fire tube boilers, tube gas-gas heat exchangers, and solar 
collectors. The traditional in-tube heat exchange structure is a smooth tube structure, with the 
advantages of a simple structure, strong pressure bearing capacity, and low manufacturing cost. 
The enhanced heat transfer methods in the tube can be divided into three types: pressing the 
thread, adding a spoiler in the tube, and expanding the inner surface. Pressing the thread is 
threaded structures pressed on the smooth pipe, adding a spoiler is the spoiler inserted into the 
tube, and expanding the inner surface is to increase the internal heat transfer area of the tube. 
All three enhancement methods can destroy the flow boundary-layer in the tube, which have 
been the subject of extensive study. According to the number of thread lines, pressing the thread 
can be divided into hexagonal star, triangle, two-angle and coils. Jin et al. [1] and Kareem  
et al. [2, 3] studied the heat transfer and resistance characteristics of hexagonal star, triangle, 
and two-angle threaded pipes. Zachar [4] and Jayakumar et al. [5] studied the heat transfer 
and resistance characteristics of threaded coils. Aroonrat et al. [6], Weian et al. [7], Zhiguang  
et al. [8], and Guodong et al. [9] proposed the heat transfer coefficient correlation formula of 
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pressed threaded coils smoke tubes by experimental means, the Nusselt number of the threaded 
smoke pipe is 80-130% higher than that of the smooth tube at the same Reynolds and Prandtl 
numbers. Yuan et al. [10], Lesage et al. [11], Garcia et al. [12], and others studied the heat trans-
fer and resistance characteristics of various spoilers added to the smoke pipe. The two strength-
ening methods of the thread and inner spoiler do not increase the effective heat exchange area, 
and the total strengthening capacity is limited. Expanding the inner surface strengthening can 
increase the heat exchange area in the tube by more than two times. Expanding the inner surface 
was sorted into two categories, radial and non-radial fins, according to the direction of the inner 
fins. Hosseinzadeh et al. [13], Tijing et al. [14], studied the strengthening effect of various star 
radial inner fins. Duan et al. [15] used a combination of numerical simulation and experiment 
to study the flower cluster radial heat transfer and drag characteristics of inner fins. Bellos et 
al. [16] studied the combined strengthening of radial inner fins and central spoilers. Bellos et 
al. [17], Meyer and Olivier [18], Naphon [19], and Al-Sarkhi and Abu-Nada [20] studied the 
influence of the height and number of straight radial inner fins on the heat transfer. Zeng et al. 
[21], Wang et al. [22], and Lin et al. [23] studied various continuous folded radial inner fins 
heat transfer characteristics of the fins. He et al. [24] studied the strengthening effect of helical 
inner fins and found that four helical fins have better comprehensive performance than eight. 
Maakoul et al. [25] studied the spiral double-tube heat exchanger and the longitudinal fin dou-
ble tube. Searle et al. [26] studied the strengthening effect of the columnar inner fin, and the 
heat transfer coefficient increased by 132% compared with the plain tube. All radial fins had 
a large-scale central high temperature area. Kasperski andd Nems [27] compared the compre-
hensive performance of the plain, radial finned, annular, and axisymmetric finned tubes, the 
axisymmetric fins tube with 6-8 rows had the best heat transfer and resistance performances. 
The non-radial axisymmetric inner fins can eliminate the large-scale central high temperature 
area and divide the tube into flue gas channels that are similar to flat tubes. Peyghambarzadeh et 
al. [28], Nasr et al. [29], and Husein et al. [30] studied the enhanced heat transfer effect of the 
flat tube structure, and found that the best equivalent diameter of flat tube was approximately 
11 mm. Therefore, non-radial inner fins have the best overall performance when the equivalent 
diameter of the smooth pipe is reduced to approximately 11 mm.

Non-radially inner fins exhibit excellent heat transfer performance. Non-radial fins 
have larger flow cross-sectional area and can eliminate the central high temperature zone. How-
ever, they are not widely used currently because of their high prices. In this study, a combi-
nation of experiment and numerical simulation was utilized to find the optimal non-radial fin 
structure, explore the process of combining extruded aluminum inner fin with steel tube and 
analyze the economy of fins.

Inner finned tube performance measurement test bench

As shown in fig. 1, the experimental bench comprises a diesel hot blast stove, an inner 
fin tube evaporator, and a centrifugal induced draft fan. The diesel hot blast stove produces 
260-330 ℃ of hot flue gas, this flue gas is sent to the inner fin tube evaporator. Finally, flue gas 
is drawn out by the centrifugal induced draft fan. The inner finned tube evaporator contains an 
inner finned tube of 600 mm length, a shell, a large-diameter steam outlet, a water supply outlet, 
a water level gage, etc. The inner fin tube is replaced to measure the performance of tubes with 
different structures.The inner fin tube is composed of 150 mm long blank sections at both ends 
and 300 mm long fin segments in the middle. The inner fin tube is immersed in water, and the 
heat in the flue gas is taken away by water boiling and evaporation. The diesel fuel of the diesel 
hot blast stove is extracted from the diesel flask placed on the precision electronic scale, and the 
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diesel consumption is obtained by reading the change of the diesel quality per unit time. The 
temperature and pressure measuring points are set at the inlet and outlet of the 300 mm long fin 
segments to measure the inlet and outlet parameters of the flue gas. The total flue gas volume 
and flue gas composition can be calculated according to diesel consumption and oxygen ratio.

Figure 1. System diagram of inner finned tube performance measurement test bench

The pressure bearing capacity of extruded 
aluminum material is weak, and it is not resistant 
to acid and alkali corrosion. Thus, two pieces of 
extruded aluminum inner finned tubes are placed 
together and inserted into the steel pipe by in-
terference fit to serve as the internal expansion 
heating surface, as shown in fig. 2. The interfer-
ence fit refers to that the outer diameter of the 
inner extruded aluminum fin is larger than the 
inner diameter of steel tube, which can make the 
aluminum fin fit more closely with the steel tube. 
The inner fin is made of extruded aluminum ma-
terial, and the thermal conductivity is 201 W/mK.

During the experiment, by changing the fuel consumption of the diesel hot blast stove 
and the frequency of the centrifugal induced draft fan, the temperature and flow rate of the flue 
gas entering the evaporator of the inner fin smoke tube were changed. 

Numerical and experimental simulation analysis

The FLUENT software was used to simulate the experimental 600 mm axisymmetric 
extruded aluminum inner fin tube. The ICEM software was utilized to process the geometry file 
of the smoke tube model. The maximum mesh size at the fin was set to 0.3 mm. A 3-D steady-
state forced convection turbulence model was applied, and the physical parameters of the 
working substance in the tube were processed by a seven-point linear difference method. The 
standard k-ε model was used for the calculation, the second-order upwind style was selected to 
discretize the convection term, and the couple algorithm is used to solve the coupled problem of 
velocity and pressure. The boundary conditions of the calculation model were defined ignoring 
the thermal resistance of the steel pipe wall, water side, and the thermal resistance between the 

Figure 2. Schematic of axisymmetric inner fins; 
(a) two axisymmetric extruded aluminum inner 
fins and (b) axisymmetric extruded aluminum 
inner fin tube section after interference fit
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steel tube and the axisymmetric interpolated extruded aluminum tube, the inner wall of the steel 
pipe was defined as a constant wall temperature-wall, and the inlet selected the velocity-inlet. 
The outlet selected the pressure-outlet. The interface between the axisymmetric interpolated 
extruded aluminum tube and the flue gas was defined as the coupled wall.

Figure 3 illustrates the five groups of experimental and numerical conditions. Shot 
peening and interference fit were adopted to eliminate the contact thermal resistance between 
the axisymmetric extruded aluminum inner fin and the steel tube. Shot peening utilized com-
pressed air to carry the cast steel shot into the steel pipe to remove the oxide scale. Oxide scale 
in steel pipe will bring thermal resistance. The diameter of cast steel shot is usually less than 
1mm. We trialed the heat transfer of the inner surface in the shot peening state and the original 
state. The outlet smoke temperature and resistance under shot peening condition was close to 
the result obtained by numerical simulation, which indicated that shot peening and interference 
fit can almost eliminate the thermal resistance.

 
Figure 3. Comparison of inner surface without shot peening, inner surface shot peening,  
and numerical simulation; (a) resistance comparison and (b) temperature comparison

Equivalent diameter of interpolated extruded aluminum tube, Dh, is obtained:
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where tj [°C] is the inlet flue gas temperature of axisymmetric inner fin extruded aluminum tube 
section, tc [°C] – the outlet flue gas temperature of axisymmetric inner fin extruded aluminum 
tube section, and ts [°C] – the water side temperature of the inner fin tube evaporator.

The average convective heat transfer coefficient at flue gas side hy is obtained using:
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where hy [kWm–2K–1] and Qy [m3 per hour] are the standard condition flow of flue gas, ρy  
[kgm–3] – the standard condition density of flue gas, Cp [kJK–1kg–1] – the specific heat capacity 
of flue gas, and lc [m] – the length of an axisymmetric inner fin extruded aluminum tube.

Reynolds number is obtained:

 

y h

y

Re = 
u D
ν (4)

where uy [ms–1] is the flue gas-flow rate and n y [m2s–1] – the kinematic viscosity coefficient of 
flue gas.

The Nusselt number is obtained:
y h

y

Nu = 
h D
λ (5)

where λy [kWm–1K–1] is the thermal conduc-
tivity of flue gas. Five groups of experimental 
conditions are used as boundary conditions for 
numerical simulation. The variation between 
the Reynolds number and Nusselt number un-
der the average flue gas-flow rate is shown 
in fig. 4. Because of the joint influence of the 
thermal resistance between the axisymmetric 
extruded aluminum inner fin tube and the steel 
tube and the thermal resistance of the steel tube 
wall thickness, the inner surface not shot peen-
ing condition in the experiment is weakened by 
an average of 18% compared with the numeri-
cal simulation condition. The error between the 
numerical simulation and the inner surface shot 
peening condition is less than 2.5%, indicating 
that the numerical model accurately reflects the 
actual heat transfer process.

Optimization and improvement

Additional waves on the fin surface will promote heat transfer [31, 32]. The fin section 
of the axisymmetric extruded aluminum inner fin tube is added with alternating corrugations 
with a radius of 0.3 mm and 0.8 mm. Figure 5 shows the simulation results of adding corruga-
tion and no corrugation on the fin surface. The addition of ripple has little effect on the overall 
change of heat transfer, and can slightly promote heat transfer. When ripples exist, the number 
of grids needs to be hundreds of millions. Therefore, the smooth plane is used to replace the 
corrugated plane to save computing resources. 

The axisymmetric extruded aluminum inner fin tube with a smooth inner surface 
is denoted as tube #1, and the three newly proposed structures of center-symmetric bent fin 
tube are denoted as tubes #2, #3, and #4, tab. 1. As shown in fig. 6, the fins on both sides of 
tube #2 extend to the central axis; the fins on both sides of tube #3 are stacked upon each 
other, and the distance between the top diameters of the fins is 8 mm. the tops of the fins 
on both sides of tube #4 are separated from each other. The distance between the tops of 
the wings is 4 mm.

Figure 4. Nusselt number as a function 
of Reynolds number for the numerical 
simulation, inner surface shot peening, and 
inner surface unpeening
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Figure 5. Influence of whether there is corrugation on the surface of extruded  
aluminum fins on heat transfer; (a) corrugated surface, (b) smooth surface, and  
(c) heat transfer performance comparison at different Reynolds numbers

Figure 6. Four types of inner finned tubes: (a) #1, (b) #2, (c) #3, and (d) #4

Table 1. Parameters of four kinds of inner fin tubes

Unit #1 #2 #3 #4
Extruded aluminum 
sectional area [mm2] 1605.2 1529.2 1645.3 1468.19

Equivalent diameter [mm] 12.3 11.2 9.3 12.4
Flue gas-flow area [mm2] 2026.4 2102.4 1986.3 2163.4
Heat exchange area of 
simulation section [m2] 0.196 0.224 0.254 0.208

The safe service temperature of extruded aluminum is 390 °C. To compare the heat 
exchange effect of these tubes #1 to #4 used as boiler flue gas tubes, the inlet flue gas tempera-
ture is set as 700 °C to prevent fins from being burnt by high temperature flue gas, and the flue 
gas-flow rates under inlet working conditions are 26 m/s, 23 m/s, 20 m/s, 17 m/s, 14 m/s, 11 m/s,  
8 m/s, and 5 m/s. When the flue gas-flow rate is 17 m/s, the temperature cloud diagram of the 
four types of tubes is shown in fig. 7. High temperature areas of tube #1 and tube #4 intermit-
tently distribute along the central corridor, while the fins of tube #2 and tube #3 cross each 
other and pass through the central high temperature areas. Subsequently, the advantages and 
disadvantages of the four types of tubes are further analyzed.

The numerical simulation results are shown in fig. 8. Under the same mass-flow, the 
outlet flue gas temperature of tube #3 is the lowest, but the resistance is also the largest. The 
outlet flue gas temperature of tubes #1 and #4 is similar. The outlet flue gas temperature of tube 
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#2 is lower than that of tubes #1 and #4, but the resistance of tube #2 is much lower than that 
of tube #3. 

 
Figure 7. Temperature cloud map of the flue gas side at the outlet of the fin segments  
of the four inner fin tubes: (a) #1, (b) #2, (c) #3, and (d) #4

Figure 8. Flue gas temperature at the outlet of fin segments and resistance of  
fin segments for four inner fin tubes; (a) temperature and (b) resistance

The resistance coefficient of flue gas, f, uses the definition:
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where ΔPy [Pa] is the resistance of extruded aluminum inner fin pipe section.
The heat transfer coefficient of flue gas, j, uses:
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where Pr is the Prandtl number of flue gas.
Equation (8) is used to describe the heat transfer difference for the same mass-flow.
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Figure 9(a) exhibits the heat transfer difference for the same mass-flow. Tubes #4 and 
#1 have similar heat exchange capacities. Tubes #2 and #3 eliminate the central high tempera-
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ture area distributed along the central axis, and the heat exchange capacity is significantly stron-
ger than that of tube #1. The j/f 1/3 can describe the heat exchange capacity under the same pump 
work. As shown in fig. 9(b), although the heat exchange performance of tube #3 is improved 
by 21.2% on average, but j/f 1/3 is reduced by 15.8% on average. Therefore, the heat exchange 
performance is improved at the cost of increased resistance. The heat transfer performance of 
tube #2 is increased by 10.5% on average, whereas j/f 1/3 is reduced by 3.8% on average.

Figure 9. Comparison of heat transfer capacity at different conditions:  
(a) same mass-flow and (b) same flow rate

After the aforementioned analysis, tube #2 has the best comprehensive heat exchange 
performance. The surface of tube #2 is added with corrugations to expand the heat exchange 
area, and tube #2 is made, as shown in fig. 10(a). Because only part of the working conditions 
can be measured on the experimental bench, the final heat transfer characteristics of tube #2 are 
determined by a combination of numerical simulation and experimental verification. The main 
factors affecting the heat transfer performance of tube #2 are the inlet flue gas temperature ly, 
the water side temperature tw, and the inlet flue gas-flow rate uyj. The inlet smoke temperature 
ty selects 800 °C, 650 °C, 500 °C, 350 °C, and 200° C. The water side temperature tw selects  
220 °C, 180 °C, 140 °C, 100 °C, and 60 °C, and the inlet flue gas-flow rate uyj is 20 m/s, 16 m/s, 
12 m/s, 8 m/s, and 4 m/s. This amounts to a total of 125 sets of working conditions.

The heat transfer correlation is shown in eq. (9), and the correlation coefficient R2 of 
the multiple linear regression fitting is 0.9875, where Prw is the Prandtl number of flue gas at 
water side temperature:

0.1004
y0.4275 0.3818

y
w

Pr
Nu 0.8654Re Pr

Pr

−
 

=  
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The resistance coefficient correlation formula is shown in eq. (10). The correlation 
coefficient, R2, of the multiple linear regression fitting is 0.9233:
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y0.7174
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Pr
33.643Re

Pr
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As shown in fig. 10(b), the heat transfer performance was tested by the test bench. 
The steel-aluminum composite process will bring some thermal resistance. The experimental 
value at a low Reynolds number is lower than the numerical simulation calculation. At high 
Reynolds numbers, the flue gas-flow velocity in the tube is high, and each fin is a cantilever 
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beam structure, which will vibrate under the scouring of flue gas, the fin vibration disturbs the 
surface boundary-layer. The experimental value is gradually larger than the calculated value. 

 
Figure 10. Sample, experiment and simulation results; (a) sample and  
(b) comparison of experimental and calculated heat transfer coefficients

Economic analysis 

At the same flow rate, the heat transfer coefficient of the inner finned tube is converted 
to the heat transfer coefficient of the inner surface of the base tube, which is about five times that 
of the threaded tube and about 10 times that of the smooth tube. The inner fin tube has excellent 
heat transfer performance, but it has not been widely used due to economic factors. We have 
verified that shot peening and interference fit can almost eliminate the thermal resistance, the 
cost of these two processes is very cheap. Therefore, we compare the optimal inner fin structure 
with the traditional threaded smoke pipe for economy. Figure 11 shows the structure of the 
threaded smoke pipe, and tab. 2 lists the parameters of the two commonly used threaded smoke 
pipes #5 and #6.

Figure 11. Schematic of the size of threaded smoke pipe

Table 2. Two threaded pipe size table

Unit d t S e

Pipe #5 [mm] 76 40 4 2
Pipe #6 [mm] 51 40 3 2

The length and cost of the pipes required to complete the same heat exchange under 
the conditions of the same heat exchange temperature difference and the same resistance for the 
three types of pipes are calculated. The inlet flue gas temperature is 700 °C, the flue gas-flow 
rate is 16 m/s, the base pipe wall temperature is 180 °C, the number of #2 pipes is 20, and the 
outlet flue gas temperature is 500 °C, 450 °C, 400 °C, 350 °C, and 300 °C. First, the length, 
resistance, and weight of tube #2 are calculated under five working conditions according to  
eqs. (9) and (10). The resistances of tube #2 under five working conditions are 134.5 Pa,  
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150.1 Pa, 169.8 Pa, 196 Pa, and 236.1 Pa. Under the condition of keeping the resistance con-
stant, the number and length of pipes #5 and #6 under five working conditions are calculated. 
Resistance coefficient f is calculated according to the eq. (11) of Li et al. [8] and the Nusselt 
number, is calculated by via eq. (12). When calculating the cost, the carbon steel amounts to 80 
yuan per kg, the extruded aluminum is 500 yuan per kg, the steel-aluminum matching cost is 
0.6 yuan per m, and thread pressing cost is 0.3 yuan per m. The calculation results are shown 
in fig. 12. The length and total price of the tube #2 are lower than those of pipe #6 and pipe #5:

( )( )

0.5 0.33 0.366

2

8 =2.5ln 0.868
2

1 0.0296 ln Re 9.48 exp 0.005 3.75

d e t
e d e

t
e

λ

−
       + ⋅       
       

  ⋅ + − − −    

(11)

0.5

0.2730.33 0.096 0.5
0.5

RePr
8Nu

2.5ln 10.77Pr Re 3.75
2 8
d e t e
e d e d

λ

λ

 
 
 =

        + −                 

(12)

Figure 12. Economic comparison of pipes #5, #6,  
and #2 under five working conditions

Conclusions

We studied the heat transfer and resistance law of centrosymmetric inserted extruded 
aluminum fin. Our major findings are as follows.

 y Shot peening and interference fit can almost eliminate the thermal resistance between the 
extruded aluminum fins and the steel pipe.

 y Compared with the axisymmetric aluminum fin, the centrally symmetrical interpolated ex-
truded aluminum fin can reduce the central high temperature zone.

 y The extruded bent aluminum fins with two side fins extending to the central axis have the 
best comprehensive heat transfer performance. The heat transfer correlation of the optimal 
fin structure is Nu = 0.8654Re0.4275Pry

0.3818(Pry/Prw)–0.1004. At the same flow rate, the heat trans-
fer coefficient of the inner finned tube is converted to the heat transfer coefficient of the 
inner surface of the base tube, which is about 10 times that of the smooth tube. Under the 
condition of the same heat exchange and resistance, the length of the centrally symmetrical 
extruded aluminum fins is shorter than that of the threaded smoke pipe, and the cost is lower. 
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