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Tube bundle systems' heat transfer is unclear due to complex flow channels 8 

and turbulent fluctuations, affecting energy efficiency. This study simulates 9 

2D staggered 18-row tube bundles at Reynolds numbers 3,100-50,000. 3D 10 

cylinders are simplified to 2D tubes, with grid independence and model 11 

validation. Flow, temperature fields, and synergy angles are analyzed for 12 

positions, Reynolds numbers, and spacings. High vortex shedding frequency 13 

in front tubes with multiple subfrequencies at different amplitudes. 14 

Asymmetric solutions emerge due to turbulent fluctuations. At high Reynolds, 15 

vortex shedding patterns complexify and frequencies rise. Nusselt number and 16 

synergy angle trends similar at low Reynolds, but diverge at high Reynolds. 17 

Small tube spacings significantly impact heat transfer; large spacings have 18 

weaker effects. 19 

Key words: Vortex shedding frequency, Asymmetric flow, Gap flow, Tube 20 

bundle heat transfer, Synergy Angle. 21 

1. Introduction 22 

In the energy field, heat exchange technology plays a pivotal role, which runs through the core 23 

processes of almost all modern industrial production. Shell-and-tube heat exchangers have become key 24 

equipment widely used in this field due to their excellent sealing and pressure resistance [1]. Among 25 

them, the flow around tube bundles and heat transfer characteristics are particularly crucial, which 26 

directly affect the performance and efficiency of the heat exchanger. In the study of flow around tube 27 

bundles, vortex shedding is a mechanical phenomenon that cannot be ignored. This phenomenon not 28 

only has a significant impact on the flow field structure, but also further affects the heat transfer 29 

characteristics of the tube bundles. Additionally, factors such as the position of the circular tubes, their 30 

compactness, and the Reynolds number (Re) of the fluid can all significantly influence vortex shedding. 31 

It is worth noting that due to the randomness and complexity of turbulent pulsations, asymmetric 32 

solutions may occur even at symmetric positions in the flow field [2]. This means that under the same 33 

conditions, circular tubes at different positions may exhibit different vortex shedding characteristics, 34 

leading to differences in local heat transfer. Therefore, a deep understanding of vortex shedding 35 

phenomena in circular tubes at different positions within tube bundle systems, the distribution of Nusselt 36 

numbers (Nu), and the influence of tube spacing is of great significance for enhancing the overall heat 37 

transfer capability of tube bundle systems. 38 



In past research, many scholars have conducted studies on the enhancement of heat transfer 39 

between tube bundles. Some scholars have focused on optimizing the structure, studying different 40 

circular tube shapes and tube bundle arrangements [3]. For instance, in 2018, H. A. Refaey et al. [5] 41 

found that reducing the length-to-diameter ratio and selecting smaller-diameter flat tubes can improve 42 

heat transfer efficiency. In 2023, I. A. Popov et al. [8] enhanced turbulence by adding heat transfer 43 

augmentation elements (such as spherical dimples), thereby improving heat transfer performance. Other 44 

scholars, on the other hand, have focused on heat transfer mechanisms, analyzing flow and temperature 45 

fields under different operating conditions [10]. For example, in 2010, Y. Takemoto et al. [11] 46 

discovered through numerical simulations that within the range of Re numbers where flow transitions 47 

from steady to oscillatory states, physical quantities such as the Nu number and pressure loss may exhibit 48 

discontinuous jumps, attributed to hysteresis phenomena caused by multiple stable solutions in the flow. 49 

In 2011, J. H. Jeong et al. [12] compared the effects of two evaluation methods on convective heat 50 

transfer coefficients on the tube side and shell side, finding that the average nusselt number (𝑁𝑢തതതത) based 51 

on the LMTD method was 22.6% lower than that obtained using the surface temperature method. 52 

Vortex generation, development, and shedding induce alternating pressure on cylinder surfaces, 53 

enhancing fluid-tube heat exchange and thus heat transfer. Recent studies on vortex shedding in circular 54 

tubes abound. In 2000, E. Konstantinidis et al. [14] utilized laser Doppler velocimetry and flow 55 

visualization to characterize flow around tandem tube bundles in steady and pulsating crossflows, 56 

observing a constant Strouhal number (St) of 0.14 in all rows except the first. In 2023, L. M. Qi [15] 57 

analyzed wake dynamics and cylinder interaction through time-averaged Reynolds stress near walls. In, 58 

2023, L. C. Hsu et al. [16] explored five flow patterns' impacts on heat transfer. In 2024, P. Yin et al. 59 

[17] studied two-dimensional VIV of side-by-side cylinders near walls at low Re  (200), finding lock-in 60 

range, vibration, and wake patterns influenced by cylinder spacing and wall gap. 61 

While many studies have explored flow and heat transfer in tube bundles, they mostly centered 62 

on vortex shedding, flow patterns in single or double tubes, and optimizations of tube shapes, 63 

arrangements, and compactness. However, research on tubes at varying positions within the bundle is 64 

scarce. This study fills that gap by numerically simulating an 18-row staggered tube bundle. By 65 

establishing reference positions, adjusting the Re number, and modifying tube spacing, it delves into 66 

vortex shedding, flow, and heat transfer characteristics of tubes in different positions. Furthermore, it 67 

analyzes the temperature field distribution across the entire tube bundle system. 68 

2. Numerical methods 69 

2.1. Geometric model and boundary conditions 70 

The geometric model of the staggered tube bundle system is shown in Fig. 1, and the flow is 71 

simplified into a two-dimensional flow problem for numerical simulation calculations. The transverse 72 

tube spacing is denoted as S1, the longitudinal tube spacing is denoted as S2, and the diameter of the 73 

circular tube is denoted as D. During the numerical calculations, to eliminate the influence of inlet and 74 

outlet effects, the inlet region length is set to 6 D, the outlet region length is set to 12 D, and the spacing 75 

between the upper and lower walls to the circular tube is set to 2.5 D. The simulation scheme is shown 76 

in Table 1. 77 



 78 

Fig. 1 Geometric model diagram 79 

Table 1. Numerical simulation scheme 80 
Case Re S1 S2 Case Re S1 S2 

1 3100 

2 D 2 D 

7 

3,100 

1.2 D 2 D 

2 10,000 8 2.6 D 2 D 

3 20,000 9 4 D 2 D 

4 30,000 10 2 D 1.2 D 

5 40,000 11 2 D 2.6 D 

6 50,000 12 2 D 4 D 

During the simulation, the inlet boundary condition is set as a velocity inlet, with a velocity range 81 

of Uin = 2.26 to 36.52 m/s, corresponding to Re numbers of 3,100 to 50,000, and an inlet temperature of 82 

Tin = 481 K. The outlet boundary condition is set as a pressure outlet with a gauge pressure p = 0. The 83 

tube walls are assumed to be smooth and have a no-slip condition, with a tube wall temperature of Tpipe 84 

= 397 K. To facilitate subsequent analysis, five circular tubes at specific positions are selected as analysis 85 

objects, namely P (1, 2), P (9, 1), P (9, 2), P (9, 3), and P (17, 2). 86 

2.2. Mathematical model and characterization parameters 87 

To simplify the problem of staggered tube bundle flow and heat transfer, the following 88 

assumptions are made: (a) The physical properties of the fluid are considered constant, and it is treated 89 

as an incompressible Newtonian fluid; (b) The effects of thermal radiation, gravity, and buoyancy are 90 

neglected. Since it is necessary to solve the instantaneous value of the lift coefficient for the purpose of 91 

analyzing the lift coefficient spectrum, an unsteady solution method is adopted. The simplified two-92 

dimensional unsteady governing equations obtained are as follows, 93 

Continuity equation, 94 
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Momentum equation, 96 
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Energy equation, 98 
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where ρ represents the fluid density, kg/m³; u is the fluid velocity, m/s; x is the spatial coordinate, m; t 100 

is the time, s; i and j are dummy indices; p is the pressure, Pa; μ is the fluid viscosity, Pa·s; ▽² is the 101 



Laplacian operator; cₚ is the specific heat capacity, J/(kg·K); T is the thermodynamic temperature, K; 102 

and λf is the fluid thermal conductivity, W/(m·K). 103 

The turbulence model adopts the standard k-ε bipartite model, 104 
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where k represents the turbulent kinetic energy, m²/s²; ε represents the turbulent dissipation rate, m²/s³; 107 

Gk is the generation term of turbulent kinetic energy; μt is the turbulent viscosity, Pa·s, and its calculation 108 

formula is, 109 
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In the turbulence model, C1ε, C2ε, Cμ, σk, and σε are constants, with values of 1.44, 1.92, 0.09, 1.0, 111 

and 1.3, respectively [19]. The SIMPLE algorithm is used to solve the Navier-Stokes equations. QUICK 112 

scheme is adopted for the discretization of the convection term, second-order implicit discretization 113 

scheme is used for the transient term, and the solution time step is set to 0.001 s. 114 

Before analyzing the lift coefficient spectrum, it is necessary to define the lift coefficient CL, and 115 

its definition is as follows, 116 
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where FL represents the surface lift force acting on a two-dimensional cylinder, in Newtons (N); U∞ is 118 

the free stream velocity, m/s; L is the length of the tube, which in a two-dimensional problem is taken 119 

as 1; and D is the diameter of the tube. 120 

When analyzing heat transfer problems, it is necessary to define the local convective heat transfer 121 

coefficient hlocal, local Nusselt number Nulocal, and average Nusselt number 𝑁𝑢തതതത separately, 122 
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where n represents the normal vector of the pipe wall, and θ is the angle, rad. 126 

2.3. Grid model and independence verification 127 

As depicted in Fig. 2, Unstructured grids are used for the whole flow field, and the grid around 128 

the circular pipe is refined. Subsequently, seven sets of grids with varying node counts were utilized to 129 

conduct a grid independence verification on the 𝑁𝑢തതതത of the circular tube. The verification results are 130 

shown in Fig. 3. 131 
𝑁𝑢തതതത of the circular tube. The verification results are shown in Fig. 3. 132 



 133 

Fig. 2 Grid and local magnification 134 

As shown in Fig. 3, when the number of grid nodes exceeds 42,011, the deviation in the 𝑁𝑢തതതത is 135 

already less than 1%. In order to balance the computational accuracy and cost, a grid with 42,011 nodes 136 

is selected for numerical calculation. It should be noted that when the geometric structure changes, the 137 

number of grid nodes needs to be adjusted accordingly, but the overall and local growth rates of grid 138 

size as well as the grid division method should remain unchanged. 139 

 140 

Fig. 3 Grid independence verification results 141 

2.4. Validation of numerical model 142 

To ensure the correctness of the mathematical model, Case 1 was selected for numerical 143 

simulation. The numerical results of the 𝑁𝑢തതതത for the circular tube were compared with the Zukauskas 144 

correlation, and the results showed that the average deviation was 8.01% with a minimum deviation of 145 

4.91%. This indicates that the mathematical model adopted is correct and can proceed with subsequent 146 

numerical simulation studies. 147 

When Re falls within the range of [1,000, 200,000], and the number of tube rows is greater than 148 

or equal to 16, the Zukauskas correlation is defined as follows, 149 

  0.250.63 0.36
f f w0.27 /Nu Re Pr Pr Pr  (11) 150 

where 𝑃𝑟௙ is determined based on the average temperature of the inlet and outlet cross-sections, while 151 

𝑃𝑟௪ is determined based on the wall temperature of the pipe. Both of these are dimensionless parameters 152 

[18]. 153 

 154 

Fig. 4 Model verification results 155 



3. Results and discussion 156 

3.1. Analysis of vortex shedding frequency 157 

3.1.1 Vortex shedding frequency of circular tubes at different positions in the flow direction 158 

In order to analyze the vortex shedding frequency of the circular tubes, the Fast Fourier Transform 159 

(FFT) is used to convert the time-domain characteristics of the lift coefficient on the surface of the 160 

circular tubes into frequency-domain characteristics. P (1, 2),  P(9, 2), and P (17, 2) are selected as the 161 

analysis objects because these three circular tubes are located at the front, middle, and rear positions in 162 

the flow direction, respectively, and are representative. 163 

   164 
(a)                                           (b)                                            (c) 165 

Fig. 5 Spectral diagram of lift coefficient of circular tubes at different positions in the flow 166 
direction. (a) P (1, 2), (b) P (9, 2), (c) P (17, 2) 167 

As shown in Fig. 5, by observing the frequency corresponding to the maximum amplitude in the 168 

graph, the vortex shedding frequencies of P (1, 2), P (9, 2), and P (17, 2) are 27.2 Hz, 16.6 Hz, and 16.6 169 

Hz respectively. This indicates that the closer the circular tube is to the upstream, the higher the vortex 170 

shedding frequency, due to its greater incoming flow velocity (Fig. 6). Although P (9, 2) and P (17, 2) 171 

have the same vortex shedding frequency, the amplitude of P (17, 2) is approximately 20 times that of 172 

P (9, 2), indicating that their vortex shedding patterns are similar, but the vortex shedding contribution 173 

of P (17, 2) is greater. In fact, as shown in Fig. 7, the vortex distribution near P (17, 2) confirms this, as 174 

it is evident that the upper vortex of P (17, 2) has a greater intensity. 175 

Moreover, from the lift coefficient spectrum graphs of circular tubes at different positions, it can 176 

be observed that there are multiple frequencies. The reasons are as follows: As seen in Fig. 6, for P (1, 177 

2), it is influenced by the undisturbed gap flow; for P (9, 2), although the impact of the gap flow is 178 

minimal, it is affected by the wake vortices from upstream tubes, resulting in a vortex shedding pattern 179 

that is a superposition of upstream and its own; for P (17, 2), the significantly deflected gap flow 180 

significantly affects the vortex shedding process, while it is also influenced by upstream effects. 181 

 182 
(a)                                            (b)                                             (c) 183 



Fig. 6 Velocity vector distribution near the circular tube at different positions along the flow 184 
direction. (a) P (1, 2), (b) P (9, 2), (c) P (17, 2) 185 

 186 
(a)                                            (b)                                             (c) 187 

Fig. 7 Vorticity distribution around circular tubes at different positions along the flow direction. 188 
(a) P (1, 2), (b) P (9, 2), (c) P (17, 2) 189 

3.1.2 Asymmetric characteristics of vortex shedding frequency of circular tube in symmetrical 190 

position 191 

Due to the nonlinearity of the flow control equation and the presence of a certain amount of 192 

pulsation and turbulence in the flow field, the vortex shedding frequency of circular tubes exhibits 193 

asymmetric phenomena [20]. Specifically, even if the entire tube bundle model is geometrically 194 

symmetric, the vortex shedding frequencies of mutually symmetric circular tubes are different. Circular 195 

tubes P (9, 1) and P (9, 3) are located in symmetrical positions on the ninth row. From the lift coefficient 196 

spectrum chart, their vortex shedding frequencies are 18.3 Hz and 16.6 Hz, respectively, with 197 

corresponding lift coefficient amplitudes of 0.0027 and 0.0042 (Fig. 8). This, to a certain extent, reflects 198 

the asymmetric nature of the vortex shedding frequency distribution. 199 

  200 
(a)                                                (b)  201 

Fig. 8 Spectral diagram of lift coefficient of circular tube in symmetrical position. (a) P (9, 1), (b) 202 
P (9, 3) 203 

In order to further explore the direct cause of the asymmetric distribution of vortex shedding 204 

frequency, the vorticity distribution around the circular tube is extracted. As shown in Fig. 9, from the 205 

vorticity distribution diagrams of P (9, 1) and P (9, 3), it can be observed that the average vorticity 206 

around P (9, 1) is greater, indicating that the vortex strength on the windward and leeward sides of P (9, 207 

1) is stronger. This is the direct reason why the vortex shedding frequency of P (9, 1) is slightly higher 208 

than that of P (9, 3). 209 



 210 
(a)                                             (b)  211 

Fig. 9 Vorticity distribution near the circular tube in symmetrical position. (a) P (9, 1), (b) P (9, 212 
3) 213 

3.1.3 Influence of Re number on vortex shedding frequency 214 

To investigate the effect of Re number on vortex shedding frequency, Cases 1 to 6 were simulated, 215 

and circular tube P (9, 2) was selected as a reference to analyze its lift coefficient spectrum. As shown 216 

in Fig. 10, as the Re number gradually increases, the vortex shedding frequency also increases. However, 217 

when the Re number reaches or exceeds 40,000, the vortex shedding frequency remains almost 218 

unchanged, indicating that the Re number has little impact on vortex shedding frequency under these 219 

conditions. 220 

 221 

Fig. 10 Influence of Re number on P (9, 2) vortex shedding frequency 222 

As shown in Figure 11, when Re = 3,100, the vortex shedding frequency is 16.6 Hz accompanied 223 

by a secondary frequency of 27.1 Hz. However, when Re = 50,000, the vortex shedding frequency is 224 

43.5 Hz and accompanied by four other more prominent secondary frequencies, which are 14.5 Hz, 72.4 225 

Hz, 138.8 Hz, and 231.6 Hz. This indicates that at high Re numbers, the vortex shedding pattern of the 226 

circular tube is formed by the superposition of multiple periods. Conversely, at lower Re numbers, the 227 

vortex shedding pattern of the circular tube is more singular.  228 

   229 
(a)                                                  (b) 230 

Fig. 11 Spectral diagram of lift coefficient of P (9, 2) at low and high Re numbers; (a) Re = 3,100, 231 
(b) Re = 50,000 232 



As shown in Fig. 12, observing the velocity vector distribution near the circular tube under low 233 

and high Re numbers, when Re = 3,100, the vortices on the windward and leeward sides of the circular 234 

tube are symmetrically distributed up and down, with no significant influence from the gap flow. 235 

However, when Re = 50,000, the vortex distribution on the windward and leeward sides of the circular 236 

tube is significantly affected by the skewed gap flow. This once again confirms the impact of Re number 237 

on vortex shedding from the circular tube, namely, that under high Re number flow, the vortex shedding 238 

pattern of the circular tube is more complex, resulting in a higher vortex shedding frequency. 239 

 240 
(a)                                              (b) 241 

Fig. 12 Velocity vector distribution near P (9, 2) under low and high Re numbers; (a) Re = 3,100, 242 
(b) Re = 50,000 243 

3.2. Flow field and heat transfer analysis 244 

3.2.1 Effect of tube spacing 245 

To investigate the effect of tube spacing on heat transfer, Cases 7 to 12 were simulated. As shown 246 

in Fig. 13, with the increase in the transverse pipe spacing (S1), the 𝑁𝑢തതതത number first increases, but the 247 

increase becomes slower and slower. Meanwhile, as the longitudinal pipe spacing (S2) increases, the 𝑁𝑢തതതത 248 

number first decreases, and the decrease also becomes slower and slower. When the transverse pipe 249 

spacing (S1) increases from 1.2 D to 4 D, the increase in the 𝑁𝑢തതതത number is 1.8% and 0%, respectively. 250 

When the longitudinal pipe spacing (S2) increases from 1.2 D to 4 D, the decrease in the 𝑁𝑢തതതത number is 251 

-3.4% and -0.6%, respectively. This indicates that when the pipe spacing is small, changes in the 252 

longitudinal pipe spacing are more likely to alter the heat transfer performance. However, when the pipe 253 

spacing is large, the impact of pipe spacing on heat transfer performance is relatively small. 254 

       255 
(a)                                                        (b) 256 

Fig. 13 Influence of tube spacing on the 𝑵𝒖തതതത number. (a) different S1, (b) different S2 257 

As shown in Fig. 14, based on the temperature contour map, the larger the transverse tube spacing 258 

S1 is, the more uniform the temperature distribution becomes. Conversely, the larger the longitudinal 259 

tube spacing S2 is, the less uniform the temperature distribution is. When the longitudinal tube spacing 260 



S2 is relatively large, the deflection of the gap flow is significant. Combined with the analysis of vortex 261 

shedding around circular tubes mentioned in the previous text, this will significantly affect the flow 262 

conditions within the tube bundle, thereby influencing heat exchange performance. 263 

 264 
(a) 265 

 266 
(b) 267 

Fig. 14 Temperature field under different tube spacing. (a) different S1, (b) different S2 268 

To conduct a more detailed analysis of the Nulocal on the surface of the circular tube, the 269 

distribution of Nulocal on the surface of circular tube P (9, 2) was extracted. As shown in Fig. 15(a), when 270 

the transverse tube spacing S1 is 1.2 D, 2.6 D, and 4 D, the maximum values of the Nulocal number are 271 

located at 18°, 144°, and 324°, respectively, while the minimum values are located at 342°, 252°, and 272 

198°, respectively. As shown in Fig. 16(b), when the longitudinal tube spacing S2 is 1.2 D, 2.6 D, and 4 273 

D, the maximum values of the Nulocal number are located at 54°, 234°, and 234°, respectively, while the 274 

minimum values are located at 126°, 0°, and 342°, respectively. 275 

When the horizontal tube spacing is at its minimum, the location with the highest Nulocal number 276 

is at 18°, while the location with the lowest Nulocal number is at 342°, and these two locations are exactly 277 

symmetric about the horizontal central axis of the circular tube. When the horizontal tube spacing is at 278 

its maximum, the location with the highest Nulocal number is at 324°, while the location with the lowest 279 

Nulocal number is at 198°. When the vertical tube spacing is at its minimum, the location with the highest 280 

Nulocal number is at 54°, while the location with the lowest Nulocal number is at 126°, and these two 281 

locations are exactly symmetric about the vertical central axis of the circular tube. When the vertical 282 

tube spacing is at its maximum, the location with the highest Nulocal number is at 234°, while the location 283 

with the lowest Nulocal number is at 342°. 284 



     285 
(a)                                                               (b) 286 

Fig. 15 Nulocal number distribution of P (9, 2) at different tube spacing. (a) different S1, (b) 287 
different S2 288 

According to the field synergy principle, the smaller the angle between the velocity field and the 289 

temperature gradient field, the higher the heat transfer intensity. This is because a smaller angle indicates 290 

a better degree of synergy between the velocity field and the temperature gradient field, resulting in 291 

more efficient heat exchange between the fluid and the wall. The synergy angle β is defined as follows: 292 
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To measure the intensity of heat transfer near the circular tube, the synergy angle distribution 294 

around circular tube P (9, 2) was analyzed. As shown in Fig. 16, when the lateral tube spacing is small 295 

(Fig. 16(a)), the positions with the smallest synergy angle distribution are located below the stagnation 296 

point and in the shear layer, rather than at the stagnation point itself. This is because the gap flow 297 

significantly affects the synergy between the velocity and temperature gradient directions. When the 298 

transverse tube spacing increases (Fig. 16(b) and (c)), it can be found that the synergy angle is the 299 

smallest near the leading stagnation point and in the wake region of the shear layer. This is because, as 300 

the lateral spacing increases, the influence of upstream trailing vortices and gap flow on the circular tube 301 

weakens. The larger the lateral spacing, the smaller the upstream influence. When the lateral spacing is 302 

the largest, only the synergy angle at the windward face stagnation point is the smallest (Fig. 16(c)), 303 

indicating that the circular tube is hardly affected by upstream trailing vortices at this point. It also 304 

suggests that excessively large lateral tube spacing can also reduce the heat transfer intensity. 305 

 306 
(a)                                            (b)                                             (c) 307 

Fig. 16 Distribution of synergy angle near P (9, 2) under different S1 conditions. (a) S1=1.2 D, (b) 308 
S1=2.6 D, (c) S1=4 D 309 

The variation in the longitudinal spacing of tubes in heat transfer certainly enhances or weakens 310 

the effect of the gap flow, thereby significantly affecting the uneven distribution of the temperature field. 311 



As seen in Fig. 17, the distribution of the synergy angle is also similarly affected. When the longitudinal 312 

tube spacing is at its minimum (Fig. 17(a)), the positions with the smallest synergy angle are near the 313 

stagnation point and in the wake shear layer, resembling the situation when the lateral tube spacing is 314 

large. As the longitudinal tube spacing increases, the deflection of the gap flow becomes more severe, 315 

resulting in a highly asymmetrical distribution of the synergy angle. Additionally, the synergy angle at 316 

the stagnation point and in the wake shear layer increases (Fig. 17(b), (c)), indicating that increasing the 317 

longitudinal tube spacing will significantly reduce the heat transfer intensity. 318 

 319 
(a)                                           (b)                                             (c) 320 

Fig. 17 Distribution of synergy angle near P (9, 2) under different S2 conditions. (a) S2=1.2 D, (b) 321 
S2=2.6 D, (c) S2=4 D 322 

3.2.2 Heat transfer characteristics of circular tubes at different positions in the flow direction 323 

When fluid flows through a tube bundle heat exchanger system, the heat transfer efficiency of 324 

circular tubes at different locations varies, similar to the "wooden bucket principle," where the focus is 325 

on improving the areas with poor heat transfer performance. Therefore, it is crucial to study the heat 326 

transfer performance of circular tubes at different locations. Therefore, three circular tubes at different 327 

locations in the flow direction are selected as the research objects, which are P (1, 2), P (9, 2), and P (17, 328 

2), respectively. 329 

 330 

Fig. 18 Nulocal number distribution of circular tubes at different positions in the flow direction 331 

As shown in Fig. 18, the minimum value of the Nulocal number for P (1, 2) is located at 108°, the 332 

minimum value for P (9, 2) is located at 0°, and the minimum value for P (17, 2) is located at 180°. To 333 

more intuitively observe the changing trend of the minimum Nulocal position with the location of the 334 

circular tubes, the minimum Nulocal positions of the circular tubes at three different locations are 335 

uniformly marked in Fig. 19. From Fig. 19, it can be seen that the minimum Nulocal number for P (1, 2) 336 

is located in the shear layer, the minimum for P (9, 2) is located at the stagnation point, and the minimum 337 

for P (17, 2) is located at the center of the tail. This indicates that as the circular tube moves further back, 338 

the position of the minimum Nulocal number gradually rotates counterclockwise from the upper shear 339 



layer, which is conducive to precisely improving the convection conditions near the circular tubes at 340 

different locations. 341 

 342 

Fig. 19 Minimum distribution of Nulocal number of round tubes at different positions 343 

To further analyze the heat transfer intensity of circular tubes at different locations in the flow 344 

direction, the contour plots of the synergy angle distribution near P (1, 2) and P (17, 2) were extracted 345 

respectively. As shown in Fig. 20, the minimum synergy angles for the circular tube P (1, 2) are 346 

symmetrically distributed at the stagnation point, shear layer, and the center of the tail (Fig. 20(a)), 347 

which is because P (1, 2) is not significantly affected by the interstitial flow. However, the distribution 348 

of the synergy angle around the circular tubes P (9, 2) and P (17, 2) is not symmetrical (Fig. 20(b) and 349 

(c)), indicating that the circular tubes located further back in the tube bundle system are more strongly 350 

affected by the interstitial flow. 351 

Moreover, there is a commonality in the distribution of the synergy angle near the circular tubes 352 

at the three locations, which is that the synergy angle in the wake vortex region is generally larger, 353 

indicating poor heat transfer performance in this area. From the perspective of improving heat transfer, 354 

the focus is on reducing the effect of interstitial flow in the tube bundle system and improving the vortex 355 

distribution in the wake region of the circular tubes, such as reducing the vortex scale and its influence 356 

range. 357 

 358 
(a)                                             (b)                                          (c) 359 

Fig. 20 Distribution of synergy angles of circular tubes at different positions in the flow 360 
direction. (a) P (1, 2), (b) P (9, 2), (c) P (17, 2)  361 

3.2.3 The effect of Re number 362 

This subsection selects the simulation results of Cases 1 to 6 for analysis. From a theoretical 363 

perspective, the greater the Re number, the higher the turbulence level, and the more active the 364 

convective heat transfer. However, as analyzed previously, in certain vortex distribution regions, 365 

increasing the Re number can actually reduce the synergy angle in that region, which is not conducive 366 

to heat transfer. To investigate the changes in heat transfer effectiveness caused by variations in Re 367 

number, taking circular tube P (9, 2) as an example, the effects of Re number on Nulocal and synergy 368 

angle distribution were analyzed. As shown in Fig. 21, the Nulocal number distribution curves under 369 

different Re numbers all exhibit a characteristic of being high on both sides and low in the middle, and 370 



the curves in the middle region change relatively little compared to the sides. This indicates that changes 371 

in Re number are not likely to significantly improve convective heat transfer in the wake region. 372 

 373 

Fig. 21 Nulocal number distribution of P (9, 2) under different Re numbers 374 

 375 
(a)                                           (b)                                          (c) 376 

 377 
(d)                                            (e)                                         (f) 378 

Fig. 22 Distribution of synergy angles around P (9, 2) under different Re numbers. (a) Re = 379 
3,100, (b) Re = 10,000, (c) Re = 20,000, (d) Re = 30,000, (e) Re = 40,000, (f) Re = 50,000 380 

To visually observe the change in the position of the minimum Nulocal on the surface of the circular 381 

tube with Re number, the positions of the minimum Nulocal under different Re numbers are uniformly 382 

marked in Fig. 23. As shown in Fig. 23, when Re number is between 3,100 and 30,000, the Nulocal 383 

number is located at the stagnation point in the front. When Re = 40,000, the minimum Nulocal value 384 

shifts to the edge of the wake region. And when Re = 50,000, the minimum Nulocal value is positioned at 385 

the center of the tail. This indicates that as the Re number gradually increases, the position of the 386 

minimum Nulocal value rotates clockwise from the stagnation point. 387 

 388 

Fig. 23 Minimum distribution of Nulocal numbers under different Re numbers 389 



4. Conclusions 390 

This paper simulates the unsteady flow in a two-dimensional staggered tube bundle system with 391 

18 rows. By varying the Re number, tube spacing, and setting the reference position, the distribution of 392 

vortex shedding frequency, flow field, temperature field, and field synergy angle are analyzed. The 393 

following conclusions are drawn, 394 

(1) The vortex shedding frequency of the front tubes in the flow direction is high, with less 395 

influence from the surroundings, but there are multiple frequencies with different amplitudes. To 396 

improve heat exchange, the impact of clearance flow and the vortex distribution in the wake region 397 

needs to be reduced. 398 

(2) Due to the randomness and complexity of turbulent pulsations, the vortex shedding 399 

frequencies of tubes at symmetrical positions are different, this indicates that asymmetric flow patterns 400 

have emerged in the flow field. 401 

(3) At high Re numbers, there are more secondary frequencies, resulting in a more complex vortex 402 

shedding pattern with higher frequencies. When the Re numbers are 3,100 and 50,000 respectively, the 403 

vortex shedding frequencies are 16.6 Hz and 43.5 Hz, respectively. The Nu number and the synergy 404 

angle exhibit similar trends under low Re number flows, but significant differences are observed under 405 

high Re number flows. 406 

(4) In terms of the geometric layout of the tube bundle, when the tube spacing is small, changes 407 

in the longitudinal spacing have a significant impact on heat exchange performance. Conversely, when 408 

the tube spacing is large, regardless of changes in the horizontal or vertical spacing, the impact on heat 409 

exchange performance is relatively weak. When the transverse tube spacing S1 increases from 1.2 D to 410 

4 D, the increase in the average Nu number is 1.8% and 0% respectively. When the longitudinal tube 411 

spacing S2 increases from 1.2 D to 4 D, the decrease in the average Nu number is -3.4% and -0.6% 412 

respectively. 413 
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Nomenclature 419 

cₚ – Specific heat capacity, [J·kg-1·K-1)] 

CL – Lift coefficient (=2FL·ρ-1·U∞
-2·L-

1·D-1), [-] 

D – Diameter of the circular tube, [m] 

FL – Surface lift force, [N] 

Gk – Generation term of turbulent kinetic 

energy 

hlocal – Local convective heat transfer 

coefficient, [W·m-²·K-1] 

k – Turbulent kinetic energy, [m²·s-²] 

L – Length of the tube, [m] 

n – Normal vector of the pipe wall 

Nu – Nusselt number, [-] 

𝑁𝑢തതതത – Average nusselt number, [-] 

Nulocal – Local nusselt number, [-] 

p – Pressure, [Pa] 

Prf – Fluid prandtl number, [-] 

Prw – Near wall prandtl number, [-] 

Re – Reynolds number (=ρ·Uin·D·μ-1), [-] 

S1 – Transverse tube spacing (=x·D-1), [-] 



S2 – Longitudinal tube spacing (=x·D-1), 

[-] 

t – Time, [s] 

T – Temperature, [K] 

Tin – Inlet temperature, [K] 

Tpipe – Pipe wall temperature, [K] 

Ui, Uj  – Velocity, [m·s-1] 

U∞  – Free stream velocity, [m·s-1] 

U∞  – Free stream velocity, [m·s-1] 

Uin  – Inlet velocity, [m·s-1] 

x – Spatial coordinate, [m] 

Greek symbols 

ρ – Fluid density, [kg·m-3] 

μ – Fluid viscosity, [Pa·s] 

μt – Turbulent viscosity, [Pa·s] 

▽² – Laplacian operator 

λf – Fluid thermal conductivity, [W·m-

1·K-1] 

ε – Turbulent dissipation rate, [m3·s-3] 

β – Synergy angle, [deg] 

θ – Coordinates of points on the surface 

of the tube, [rad] 

 

Subscripts 

pipe – Cylindrical tube surface 

in – Inlet 

1 – Landscape orientation 

2 – Longitudinal 

i, j – Dummy index 

f – Fluid 

∞ – Free stream 

local – The local position of the surface 

of the round tub
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