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To improve the heat exchange tube’s comprehensive performance and achieve en-
hanced heat transfer with lower flow resistance. The flow and heat transfer charac-
teristics of a newly enhanced tube with triangular ribs were studied by numerical 
simulation. The results show that the multi-vortex longitudinal swirl developed in 
the triangular rib enhanced tube can enhance the cold and hot fluid mixing, and 
make the temperature distribution in the tube more uniform. The field synergy of 
velocity and temperature gradient was improved and the heat transfer capacity 
was enhanced. In the triangular rib enhanced tube, reducing the dimensionless 
pitch ratio of triangular ribs (P* = 0.5, 0.75, 1, and 1.25) and appropriately in-
creasing the area of triangular ribs (A = 8, 12, 16, and 20 mm2) can improve 
the performance evaluation criteria (PEC). When Re = 8475, P* = 0.5, and  
A = 20 mm2, the maximum PEC = 1.324 is obtained.
Key words: heat exchanger tube, heat transfer enhancement, triangular rib, 

multi-vortex longitudinal swirl

Introduction

In the endeavor to achieve the goal of sustainable development by 2030, human ex-
ploitation of resources should serve the lives of the present generation while providing future 
generations with sufficient space for development. With the development of society and econ-
omy, human consumption of natural resources is increasing, which obliges us to use natural 
energy efficiently and reasonably, improve the efficiency of energy use and less carbon emis-
sion, to limit the human impact on the natural environment. Heat exchanger tubes, as the main 
equipment for energy exchange, are highly used in chemical, mechanical, electronic, textile, 
food and pharmaceutical industries, etc. [1, 2]. It is significant to augment the heat transfer 
efficiency of tubes. Recently, researchers have done a lot of work to enhance heat transfer. For 
the widely used single-phase flow, it is necessary to enhance heat transfer and minimize the 
flow resistance increase.

Enhanced heat transfer techniques include three categories [3]: active, passive, and 
composite. Two types of passive techniques are most common, one is the inserted type with 
coils [4-6], wings/winglets [7-9], and twisted tape [10, 11] that create disturbances for the flow 
in the tube and promote the mixing of the boundary flow and core flow to achieve enhanced 
heat transfer. The other type is the shaped tube or the modification of the tube wall. The shaped 
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tubes include spiral tubes [12], corrugated tubes [13], etc. As for the wall modification, some 
papers [14] disturbed the boundary-layer by affecting the vortex near the tube wall to obtain 
more excellent heat transfer performance. Li et al. [15] studied a vortex generator with rectan-
gular wings, which formed longitudinal swirls in the tube, and its performance was higher than 
that of the smooth tube significantly. Habchi et al. [16] studied the enhanced heat transfer effect 
of perforated trapezoidal vortex generators in turbulent flow conditions using numerical sim-
ulation, where a pair of vortices in opposite directions existed at the tip of the swirl generator 
and smaller secondary vortices near the wall, that the perforated structure effectively enhanced 
the overall performance of the tube. Ding et al. [17] studied the heat transfer characteristics of 
3-D finned tubes. The heat transfer rate increased rapidly with the increase of fin height, and 
the highest Nusselt number was obtained for the 3-D finned tube with a fin height is 7 mm, 
which increased 207% compared to the smooth tube. Li et al. [18] studied the internal spiral 
finned tubes, which changed the flow path of the working fluid, forming a secondary flow, 
disrupting the temperature boundary-layer, accelerating the heat exchange from the tube wall 
to the fluid, and enhancing the heat transfer of the tube. Wang et al. [19] studied an outward 
corrugated tube and analyzed the effects of detached swirl and spiral wake. Numerical studies 
showed that the convective heat transfer on the windward side of the corrugation is transformed 
into jet impingement heat transfer and causes intense turbulent pulsations in the boundary-layer 
redevelopment, and the resulting longitudinal swirl suppresses the secondary flow and fluid 
pulsations. Bhattacharyya et al. [20] investigated the thermal characteristics of novel hybrid 
grooved tape inserts. The heat transfer and flow were analyzed and proved that the novel hy-
brid grooved tape inserts have a good comprehensive performance. Wei et al. [21] investigated 
sinusoidal wavy tape for enhanced heat transfer, the results revealed that wavy tape can induce 
the production of secondary flow, enhancing fluid mixing in the near-wall and core-region re-
sulting in more uniform heat transfer in the channel. The passive technique of adding rib on the 
wall surface of the heat exchanger tube is widely studied, as well as truncated rib [22], W-shape 
rib [23], etc. Moreover, researchers have also proposed some other heat transfer enhancement 
elements, such as 3-D corrugated circular pipe [24], the micro-fin helically coiled tubes [25], 
herringbone wavy fin and enhanced fin with convex-strips [26], fin-shaped strips [27]. Zheng  
et al. [28] proposed discrete inclined ribs. It is found that one rib generates one longitudinal 
swirl. These swirls mix the fluid between the boundary flow and the core flow, which improves 
the heat transfer performance. Liang et al. [29] proposed finned vortex generators, which in-
duced longitudinal and transverse vortices to improve heat transfer capacity. Lei et al. [30] 
proposed delta-winglet vortex generators, which enhance fluid mixing in the tube resulting in 
enhanced heat transfer at a relatively small pressure drop.

According to the previous review, longitudinal swirls can be generated either by mod-
ification of the tube wall or by inserts in the tube, which can increases the heat transfer capacity. 
In previous studies [28-30], one pair of spoiler elements can usually produce only one pair of 
longitudinal swirls. To generate more longitudinal swirls in the heat exchanger tube, we pro-
pose a triangular rib spoiler element, and a pair of triangular rib spoiler elements can generate 
two pairs of longitudinal swirls. In this paper, we use numerical simulation methods to study the 
effect of triangular ribs on flow and heat transfer, reveal the enhanced heat transfer mechanism 
of triangular ribs, and analyze the effect of the triangular rib pitch ratio and triangular rib area 
on flow and heat transfer.
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Numerical model

Physical model and boundary conditions

Figure 1 illustrates the 3-D diagram of the fluid calculation domain of the triangular rib 
tube. The tube wall material is copper. Figure 2 shows the 2-D partial diagram, four triangular 
ribs are arranged in a set, uniformly arranged around the heat exchanger tube. Tube’s inner 
diameter Di = 17 mm, tube’s outer diameter Do = 20 mm, inlet section length L1=100 mm, test 
section length L2 = 200 mm, outlet section length L3 = 100 mm, the dimensionless pitch ratio is 
the ratio of pitch along the z-axis and tube’s outer diameter (P* = P/Do = 0.5, 0.75, 1, and 1.25). 
The triangular ribs are evenly arranged in the test section, and the inlet and test sections are not 
arranged. The triangle rib is an isosceles right triangle, and the triangle rib area of A = 8 mm2, 
12 mm2, 16 mm2, and 20 mm2 are studied; the triangle rib height t = 0.5 mm. 

Assume that the flow is incompressible, 3-D, constant property, steady-state turbulent 
flow. The working medium in the tube is water, the inlet temperature is 293 K, the inlet velocity 
is from 0.5-1.3 m/s (the Reynolds number ranges from 8475-22035). the constant and uniform 
tube wall temperature is 333 K, no-slip boundary conditions for the solid wall; and the outlet is 
the pressure outlet. The outlet pressure is set to atmospheric (gauge pressure Pout = 0 Pa).

Figure 1. The 3-D diagram of the fluid domain

Figure 2. The 2-D partial diagram of the enhanced tube

Parameter definition

The Reynolds number is defined:
iRe mu Dρ

µ
= (1)

where ρ is the fluid density, um – the average velocity, and µ – the dynamic viscosity.
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The average heat transfer coefficient, h, is defined:

w m

qh
T T

=
−

(2)

where q is the heat flux, Tw – the average temperature of the tube wall, and Tm – the average 
temperature of the fluid. 

The average sselt number in the heat exchanger tube is calculated:

Nu hD
k

= (3)

where k is the thermal conductivity of water and D – the hydraulic diameter.
The friction coefficient, f, of the fluid in the heat exchanger tube is calculated:

i
2

22 m

pDf
u Lρ

∆
= (4)

where Δp is the pressure drop of the test section, L2.
To assess the practical use, at the same pump power, defining the performance of flow 

and heat transfer characteristics of a triangular rib enhanced tube relative to a smooth tube. With 
Nusselt number and friction coefficient ratios, PEC [31, 32] is defined:

0
1/3

0

Nu
Nu

PEC
f
f

=
 
 
 

(5)

where Nu0 and f0 are the Nusselt number and friction coefficient of the smooth tube, respec-
tively.

Calculation methods and mesh independence test

The turbulence model for solving the control equations is SST k-ω, and the Coupled 
algorithm is used as a coupled iterative solution for velocity and pressure. When the residuals 
of the continuity equation is less than 10–4, the other equations are less than 10–6, or the tempera-
ture, velocity, and turbulent viscosity ratio of the outlet monitoring are stable and constant, the 
results can be considered converged.

Figure 3 shows the mesh distribution of 
the calculation domain, the unstructured mesh 
is generated for the calculation domain using 
the commercial software FLUENT MESHING. 
The hexahedral dominance (Hexcore) genera-
tion method is used, and sparse hexahedral 
mesh is used in the central area of the tube. Tet-
rahedral mesh is used in the contact area with 
the boundary-layer, the inflation layer mesh Y + 
is less than 1, and the local mesh generated near 
the ribs was refined.

Figure 4 shows the mesh indepen-
dence test results. Three different grids with  
3.16 million, 5.62 million, and 7.48 million 
were studied. Compared with 5.62 million and 

Figure 3. Mesh distribution of  
the calculation domain
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7.48 million, the difference in Nusselt number 
was 0.5% and f was 1.9%, so the mesh system 
of 5.62 million is selected for the study.

Numerical method validation

To evaluate the accuracy of the numerical 
calculation method in this paper, the numer-
ical calculation results of the smooth tube are 
compared with the Gnielinski equation and the 
Petukhov equation [33], shown in eqs. (6) and 
(7). The maximum deviation of Nusselt num-
ber and f is 7.94% and 6.57%, respectively, as 
shown in fig. 5. Therefore, the numerical sim-
ulation results have well matched the empirical 
correlation equation, which can ensure the ac-
curacy of the numerical simulation.

Gnielinski equation:

( )

( )2/3

Re 1000 Pr
8Nu

1 12.7 Pr 1
8

ζ

ζ

−
=

+ −
(6)

where ζ = (1.821ogRe – 1.64)–2. 
Petukhov equation:

( ) 20.79lnRe 1.64f −= − (7)

Results and discussion

Flow field characteristics

To reveal the heat transfer enhancement mechanism of triangular ribs, the results of the 
enhanced tube (Re = 11865, P* = 0.5, A = 16 mm2) and smooth tube are compared below. The 
streamline distributions at four different axial cross-sections are given in fig. 6. The triangular ribs 
induce the fluid to form four pairs of longitudinal swirls in the heat exchanger tube. The triangular 
ribs are close to the wall of the high heat tube, and the central area of the fluid is not blocked much, 
so the resistance does not increase significantly. The longitudinal swirl makes the cold fluid in 
the center of the tube flow toward the tube wall, which forms damage and scouring to the bound-
ary-layer, promoting the cold and hot fluid mixing, improving the synergy between velocity and 
temperature gradient, and thus increasing the heat transfer of the tube.

The temperature distributions of the triangular rib enhanced tube (Re = 11865,  
P* = 0.5, A = 16 mm2) and smooth tube are shown in fig. 7. Under the influence of triangular 
ribs, the longitudinal swirl strengthens the mixing degree of hot and cold fluids in the bound-
ary and core regions, compresses the boundary-layer thereby obtaining an equivalent thermal 
boundary-layer with a larger temperature gradient, strengthens the momentum and energy 
transfer within the boundary bottom layer, and increases the heat transfer capacity significantly. 
The alternating distribution of cold and hot flows in the enhanced tube promotes the uniformity 
of fluid temperature distribution inside the tube, resulting in enhanced heat transfer.

Figure 4. Mesh independence test at  
P* = 0.5, A = 16 mm2, Re = 8475

Figure 5. Validation of the smooth tube
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The turbulent kinetic energy (TKE) of the triangular rib enhanced tube (Re = 11865, 
P* = 0.5, A = 16 mm2) and smooth tube are shown in fig. 8. The TKE increases gradually 
along the axial direction, and the swirl affected region has higher TKE than other regions. This 
phenomenon can be attributed to the separation and reattachment effect in fluid-flow, which 
makes the TKE higher in the near-wall area, and the fluid disturbance and mixing drive the 
mixing of the core flow and boundary flow. The higher the TKE of the fluid, the greater the loss 
of the mainstream kinetic energy, and the more pump power is required to maintain the flow.

Figure 8. The TKE distributions

The effects of pitch ratio

To explore the effects of pitch ratio on the flow and heat transfer performance of the 
enhanced tube, the triangular rib area A = 16 mm2 and pitch ratios P* = 0.5, 0.75, 1, and 1.25 
were studied. Figures 9(a) and 9(b) illustrates the variation trend of the Nusselt number and 

Figure 6. Streamline distribution diagram

Figure 7. Temperature distributions
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Nu/Nu0 at different pitch ratios. The heat transfer capacity of the enhanced tube is significantly 
improved than the smooth tube, indicating that the triangular ribs in the heat exchanger tube can 
play an essential role in enhancing heat transfer. The Nusselt number and Nu/Nu0 increase as 
the Reynolds number increase. As can be seen from fig. 9(a), the smaller the pitch ratio and the 
larger the Nusselt number for the same Reynolds number, and the increase of Nusselt number 
is very obvious when the pitch ratio P* = 0.5. As shown in fig. 9(b), Nu/Nu0 of the enhanced 
tube is greater than 1 in the range of Reynolds number studied, and the Nusselt number of the 
enhanced tube is 1.25~1.90 times that of the smooth tube. At the same Reynolds number, the 
effect of pitch ratio on Nu/Nu0 is significant, and the enhanced heat transfer performance is 
better for P* = 0.5 than other pitch ratio cases.

Figure 9. The effects of P* on heat transfer performance at A = 16 mm2;  
(a) Nusselt number and (b) Nu/Nu0

The variation trend of f and f/f0 with Reynolds number at different pitch ratios is 
shown in figs. 10(a) and 10(b). The f and f/f0 of the enhanced tube increase with increasing 
Reynolds number, and is significantly higher than the smooth tube, f is 1.48~4.19 times that 
of the smooth tube. The existence of triangular ribs improves heat transfer capacity but also 
increases the flow resistance, which can be attributed to the additional resistance generated by 
flow disturbance, separation, and reattachment. Under the same Reynolds number, the f and  
f/f0 increase with the decreasing of pitch ratio, and when P* = 0.5, f and f/f0 increase significantly 
compared with other cases. 

 
Figure 10. The effects of P* on flow performance at A = 16 mm2; (a) f and (b) f/f0
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The variation trend of PEC with Reyn-
olds number at different pitch ratios is shown 
in fig. 11. The PEC describes the comprehen-
sive heat transfer index, which is evaluated in 
heat transfer capacity as gain flow resistance as 
loss, and the main goal of enhanced heat trans-
fer is to improve heat transfer at a reasonable 
pressure drop. As fig. 11 shows, the PEC values 
at different pitch ratios are all greater than 1, 
which indicates that the triangular rib enhanced 
tube has a good and obvious enhancement ef-
fect. The PEC is better in the lower Reynolds 
number range, and gradually decreases with in-
creasing Reynolds number. At the same Reyn-
olds number, the PEC increases as the pitch 
ratio decreases. The maximum PEC value of 
triangular rib enhanced tube is 1.305.

The effects of the triangular rib area

To investigate the effects of triangular rib area on the flow and heat transfer perfor-
mance of the enhanced tube, the pitch ratio P* = 0.5 and triangular rib area A = 8 mm2, 12 mm2, 
16 mm2, and 20 mm2 were investigated. Figures 12(a) and 12(b) illustrates the variation trend of 
the Nusselt number and Nu/Nu0 at different area. The figure shows that Nusselt number and Nu/
Nu0 increase with increasing Reynolds number. Although there is a significant increase in Nus-
selt number with increasing Reynolds number, the trend of Nu/Nu0 with increasing Reynolds 
number is relatively gentle. Within the Reynolds number range studied, The Nusselt number of 
the enhanced tube is 1.59~1.94 times that of the smooth tube. At the same Reynolds number, 
Nuselt number, and Nu/Nu0 increase with the increase of triangular rib area, but the increase of 
Nusselt number is relatively insignificant, indicating that the triangular rib area has less effect 
on Nusselt number.

Figure 12. The effects of A on heat transfer performance at P* = 0.5;  
(a) Nusselt number and (b) Nu/Nu0

The variation trend of f and f/f0 with Reynolds number at the different areas is shown 
in figs. 13(a) and 13(b). The f and f/f0 of the enhanced tube increase with increasing Reynolds 

Figure 11. The effects of P* on PEC  
(A = 16 mm2)
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number, but the increase of Reynolds number has small effect on f and a significant effect on 
 f/f0. At the same Reynolds number, both f and f/f0 gradually increase with the increase of the tri-
angular rib area. In the studied range of Reynolds number, f for the enhanced tube is 2.07~4.59 
times that of the smooth tube. In fact, the larger the area of the triangular rib, resulting in a larger 
head-on flow area. The greater the kinetic energy loss of fluid impact on the triangular rib, the 
more the wall flow is guided by the rib thus changing the initial flow direction, and the greater 
the resistance generated in the fluid-flow, resulting in the increase of f.

 
Figure 13. The effects of A on flow performance at P* = 0.5; (a) f and (b) f/f0

The variation trend of PEC with Reynolds number at the different areas is shown in 
fig. 14. It can be seen from the figure that the PEC values in all cases are greater than 1, and 
the maximum value is 1.328, indicating that all four areas of the triangular rib enhanced tube 
have better comprehensive performance than the smooth tube. Within the Reynolds number 
range studied, the PEC of the enhanced tube decreases with increasing Reynolds number, and 
the PEC value has a significantly decreasing trend, and the enhanced tube has better compre-
hensive performance at the lower Reynolds number. At Re = 8475, the PEC value increases 
with the increase of the triangular rib area, so increasing the triangular rib area is beneficial to 
improve the comprehensive performance of the heat exchanger tube. At Re = 11865, in spite 
of the increase of PEC value with the increase 
of triangular rib area, the increase of PEC is 
smaller than that at low Reynolds number, and 
the increase gradually decreases with the in-
crease of triangular rib area. The PEC value of 
triangular rib area A = 20 mm2 only increased 
by 0.07% compared with that of A = 16 mm2. 
When Re ≥ 15255, the PEC increases first and 
then decreases with the increase of the trian-
gular rib area. The difference of PEC values is 
not significant when the triangle rib area is A = 
12 mm2, 16 mm2, and 20 mm2, indicating that 
the increase in triangle rib area has little effect 
on the comprehensive performance when A ≥ 
12 mm2 at high Reynolds number.

Figure 14. The effects of A on PEC (P* = 0.5)
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Conclusions

The heat transfer and flow characteristics of heat exchanger tubes with triangular ribs 
were studied, and the effect of triangular rib pitch ratio and triangular rib area on the perfor-
mance of tubes were investigated, compared and analyzed with the calculated results of smooth 
tubes. The conclusions are as follows.

 y The triangular ribs form longitudinal swirls, destroying and scouring the boundary-layer, 
improving the velocity and temperature gradient synergy, strengthening the mixing of core 
flow and boundary flow, making the temperature distribution in the tube more uniform, thus 
enhancing the heat transfer of the tube.

 y When the area of triangular ribs A = 16 mm2, Nu/Nu0, f/f0, and PEC all increase with the 
decrease of pitch ratio, and the pitch ratio has an obvious influence on PEC. It shows that 
the comprehensive performance of the heat exchange tube can be improved by reducing the 
pitch ratio of the triangular rib.

 y When the pitch ratio of triangular rib P* = 0.5, Nu/Nu0, and f/f0 increase gently with the in-
crease of triangular rib area. When Re = 8475, PEC increases with the increase of triangular 
rib area, and the maximum value of PEC is 1.324. When Re ≥ 11865 and A = 12 mm2, 16 mm2, 
and 20 mm2, PEC values are close to each other and are significantly higher than that when A 
= 8 mm2.
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Nomenclature
A – triangle rib area, [mm2]
D – hydraulic diameter, [mm]
f – friction coefficient
f/f0 – friction factor ratio
h – heat transfer coefficient
k – thermal conductivity, [Wm–1K–1]
L  – section length
Nu – Nusselt number
Nu/Nu0 – Nusselt number ratio
P – rib pitch, [mm]
P* – non-dimensional pitch ratio (P* = P/Do)
Pr – Prandtl number
Pout – outlet pressure, [Pa]
Δp – pressure drop of the test section, [Pa]
q – heat flux, [Wm–2]
Re – Reynolds number
T – temperature, [K]

t – triangle rib height, [mm]
um – average velocity, [ms–1]

Greek symbols

µ – dynamic viscosity, [kgm–1s–1]
ρ  – fluid density, [kgm–3]

Subscripts

1, 2, 3  – inlet section, test section, outlets section
i – inlet
m – mean
o – outlet
w – wall

Acronyms

PEC – performance evaluation criteria
TKE – turbulent kinetic energy
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