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Abstract: This paper presents a numerical emulation study of heat transmission through tube banks in three‐dimensions. Staggered configuration is displayed by fluid dynamics using computer programs (CFD) software (ANSYS fluent). The computer model is used to predict the values of the Nusselt number when changing the values of heat flux and longitudinal pitch. The longitudinal pitch (SL/D) of 1.3, 1.8, and 2.4 mm. The transverse pitch (ST/D) of 1.5 mm, and also considered Reynolds numbers 10000, 13000, 17000, and 190000. The staggered configuration of the tube bundle is demonstrated to investigate the impact of this arrangement on the heat transmission rate from the tubes. The gotten results indicate that the rate of heat transmission increases with decreases in the longitudinal spacing (SL). As the longitudinal spacing (SL) increases to about 44% the Nusselt number is slightly decreased by about 9%. The coefficient of heat transmission, Nusselt number, and the heat transmission data obtained from (CFD) Compared to previous research results, there is a decent agreement originating after comparison.
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Nomenclature



	CP
	Specific heat (J/Kg.K)



	Vmax
	Maximum velocity (m/s)



	Vi
	Inlet velocity (m/s)



	SD
	Diagonal spacing (m)



	NT
	Number of tubes in column



	D
	Diameter of tubes (m)



	h¯
	Average heat transmission coefficient (W/m2.K)



	K
	Thermal conductivity (W/m.K)



	L
	Length of tubes (m)



	N
	Number of tubes



	Nu¯
	Average nusselt number



	Q
	Heat transmission rate (W)



	Re
	Reynolds number



	TS,a
	Average surface temperature (K)



	SL
	Longitudinal pitch (m)



	ST
	Transverse pitch (m)



	TO
	Outlet air temperature (K)



	Ti
	Inlet air temperature (K)



	ΔTlm
	Log mean temperature (K)



	Gk
	Generation of turbulent kinetic energy due to mean velocity



	Gb
	Generation of turbulent kinetic energy due to buoyancy



	YM
	Fluctuating dilatation in compressible turbulence to the overall dissipation rate



	αkandαε
	Represents the inverse of the effective Prandtl number for (k and ε), respectively



	SkandSε
	The user-defined source term



	μt
	Turbulent viscocity



	j
	Heat transfer factor



	Subscripts




	i
	Inlet



	f
	Fluid



	o
	Outlet



	p
	Pressure (N/m2)



	T
	Temperature (K)



	S
	Tube surface



	Greek symbols




	ρ
	Density (Kg/m2)



	α
	Thermal diffusivity (m2/s)



	υ
	Kinematic viscosity (Pa.s)





1  Introduction

The rate of heat transmission and fluid flow in the bundle of tubes exemplifies several industrial important operations. The bank of tubes is typically used in the cross-flow of heat exchangers. The design relies on empirical relationships between pressure drop with the amount of heat transfer. The heat exchangers and tubes bundle in cross-flow are of large workable interest in several chemical and thermal engineering applications. The bank of tubes uses in several important industrial operations, like thermal power stations, conditioning systems, and heating systems. Several tube designs may be achieved for efficient heat transmission between fluids. Tube bundles are typically coordinated in a staggered or an in-line arrangement [1–5].

Many studies have investigated the improvement of heat transfer through a bundle of tubes. Tahseen et al. [6] studied heat transfer by forced convection on a two-dimension staggered bank of tubes for cross-flow steady-state, incompressible conditions using the FDM procedure across a laminar flow field at the tube banks. The steady heat flux was placed on the surface of the tubes with a tube diameter of 15 mm, and the number of tubes was 10. The ratio of longitudinal pitch to diameter is 1.25, 1.5, and 2. Reynold’s number range is 50 to 250. They discovered that the heat transmission rate increased with a decreased longitudinal pitch. Mangrulkar et al. [7] examined the numerical analysis of friction factor and heat transmission properties to cam-shaped an in-line tube bundle in cross-flow utilizing the ANSYS Fluent code (14.5) computational fluid dynamic (CFD). The Reynold number ranges from 11500 to 42500. The number of tubes was 16 and the diameter was 22.45 mm. The longitudinal and transverse pitch ratios are 1.5, and 1.25, respectively. The numerical simulation results show that the cam-shaped tube banks outperform the circular tubes in terms of thermal performance. Because the friction factor is lowered by 85–89% when compared to circular tubes, heat transmission by friction factor (Nu/f) is boosted by 5 times. Saraireh et al. [8] searched the heat transmission for an in-line and staggered bank of tubes using (CFD) code ANSYS Fluent software. The shape of the tube that was used is oval with a large diameter of 18.5 mm, and a small diameter of 10 mm, and the number of tubes was 16. The longitudinal pitch is 40 mm, and the transverse pitch is 42 mm. The Reynold number changed from 400 to 650. The heat flux varies from 1000 to 3500 W/m². They find that the average value of the Nusselt number increased with increasing the velocity of the fluid and walls heat flux. Refaey et al. [9] studied convective heat transmission from disorderly flow through the staggered banks of tubes and was examined numerically. They used (CFD) program ANSYS Fluent with Reynold number varies from 5000 to 50000. At transverse pitch with ratio (ST/D) = 1.25, the longitudinal pitch ratio (SL/D) changed from 1.25 to 3. The number of tubes was 25, and the diameter was 10 mm. The results for the plane tube bank demonstrate that heat transmission rises as the longitudinal ratio lowers. Furthermore, to get the greatest heat transmission, the diameter of the plane tube should be small. Numerical investigation of the effect of changing tube pitches on heat and flow characteristics from tube bundles in cross flow within the Reynolds number limit from 7381 to 22214 [10]. They used ANSYS Fluent. The diameter of the tube was 15.88 mm, and the number of tubes is 27. They found that tube bundles with decreasing pitches performed better in terms of heat transmission, but those with rising pitches had lower levels of friction. Deeb et al. [11] studied the heat dissipation and friction factor of staggered tube bundle in cross-flow. They used (CFD) ANSYS Fluent software with Reynold numbers 1800 to 18700. The diameter of the equivalent circular tube is 22.44 mm. The tube with an oval design offers better thermal efficiency, according to the results. Tassone et al. [12] performed a simulation for turbulence heat transmission for low-Pr fluid in the tube bundle. They used (CFD) fluent ANSYS coding considering heavy liquid metals (HLM) as the fluid domain. The calculation of the heat transmission at Pr (Prandtl number) = 0.85 and the ratio (STD) < 1.25 for staggered tube banks. The tube diameter was 16 mm. The results show a poor heat transmission rate. In a heated tube bank, it was studied how to get the reference temperature for a convective heat transmission coefficient [13]. They used (CFD) package ANSYS Fluent software with Reynold numbers range 1000 to 10000, SL = ST = 40 mm. The number of tubes was 40 and the tube diameter was 20 mm. The results revealed that a staggered configuration increased temperature more than an in-line arrangement. Ariansyah et al. [14] investigated the effect of gap ratio on flow characteristics and heat transmission in staggered tube bundles: A numerical investigation. They used computational fluid dynamics (CFD) with a velocity of 7.07 m/s.The tube diameter was 25.4 mm. The transverse pitch varies by 1.7, 2, 2.7, and 3.2 mm. They concluded that the results showed a smaller gap ratio, produced a lower outlet temperature and the greatest heat transmission but obtained a bigger measured pressure decrease [15–19].

Inside this investigation, a bank of copper tubes that are submerged in cross-flowing air at room temperature serves as the model system. The purpose of the study is to investigate the heat-transmission enhancement of a 3D tube bundle with various configurations by studying the effects of the tube pitch at different heat fluxes. The sample is employed to forecast the average Nusselt number and the rate of heat transmission caused by convective heat.

2  Methodology

The three-dimensional, staggered tube bank problem under study has a tube diameter of 19 mm, a tube length of 270 mm (Table 1), and a longitudinal pitch (SL) of 25, 35, and 45 mm. The transverse pitch is 28 mm. The transport equations of the conservation of energy, continuity, and momentum equations serve as the fully expanded form of 3D coordinates [20–24]. Using three-dimensional formulas in Cartesian vector notation for steady-state incompressible flow fully developed. The physical system that was created for this investigation is shown in Figs. 1a–1d.
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Figure 1a: The distribution of pipes, longitudinal pitch, transverse pitch, and air inlet and outlet
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Figure 1b: The three-dimensional distribution of the tube bundle inside the duct with a longitudinal pitch of 25 mm
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Figure 1c: The three-dimensional distribution of the tube bundle inside the duct with a longitudinal pitch of 35 mm
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Figure 1d: The three-dimensional distribution of the tube bundle inside the duct with a longitudinal pitch of 45 mm

Energy:

u∂T∂x+v∂T∂y+w∂T∂z=α(∂2T∂x2+∂2T∂y2+∂2T∂z2)(1)

Continuity:

∂u∂x+∂v∂y+∂w∂z=0(2)

Momentum (Navier-Stoke):

X- direction (u momentum)

u∂u∂x+v∂u∂y+w∂u∂z=−1ρ∂p∂x+υ(∂2u∂x2+∂2u∂y2+∂2u∂z2)(3)

Y- direction (v momentum)

u∂v∂x+v∂v∂y+w∂v∂z=−1ρ∂p∂y+υ(∂2v∂x2+∂2v∂y2+∂2v∂z2)(4)

Z- direction (w momentum)

u∂w∂x+v∂w∂y+w∂w∂z=−1ρ∂p∂z+υ(∂2w∂x2+∂2w∂y2+∂2w∂z2)(5)

The realizable k-ε turbulence model used in the current simulation along the wall of the tubes. The k-ε model is the straightforward and full form of two equations most frequently employed because it may be applied to complex flows that include swirl, flow separation, and secondary flow because of vortex generation. The essential mathematical statements form the basis of the fluid flow analysis solution. The governing equation is modeled by considering the fluid to be incompressible, single phase, fully developed steady state. The k-ε turbulent model is based on the transport equation for the turbulent kinetic energy (k) and the dissipation rate (ε). The equations that control the computer model can be expressed in the Cartesian coordinates as;

Conservation of mass

∂ρ∂t+∇.ρV→=0(6)

Conservation of momentum

∂∂t(ρV→)+∇.(ρV→V→)=−∇P+∇.(τ¯¯)+ρg→+F→(7)

Conservation of energy

∂∂t(ρE)+∇.{V→+(ρE+P)}=∇.(λ∇T)(8)

The transport equation for the realizable k-ε model:

Turbulent kinetic energy

∂∂t(ρk)+∂∂xj(ρkuj)=∂∂xj[(μ+μtαk)∂k∂xj]+Gk+Gb−ρε−YM+Sk(9)

Turbulent dissipation rate

∂∂t(ρε)+∂∂xj(ρεuj)=∂∂xj[(μ+μtαε)∂ε∂xj]+ρC1Sε−ρC2ε2k+υε+C1εεkC3εGb+Sε(10)

where, C1,C2,C1εandC3ε are constants.

2.1 Solution Procedure

A realizable k-ε turbulence sample, calculated at steady-state, implicit formulation, and energy equation is utilized in conjunction with the separable solver in the FLUENT program to tackle this issue. Similar to this, the upwind of the second-order technique is utilized for the density and momentum equation, while a SIMPLE approach is employed for the pressure coupled. In the current research, The governing equations’ accompanying boundary conditions are solved using the Finite Volume Method (FVM) by taking the forced convective flow into account, a three-dimensional (3D) computational model is created listed equations are used to find out the thermal performance of the tube bundle. The following presumptions are taken into account:

a)   The fluid flow is assumed in a continuous, steady state and turbulence flow.

b)   The velocity is assumed uniform in the inlet.

c)   The fluid phase (air) is incompressible.

d)   There are no local thermodynamic losses and the effects of radiation are disregarded.

e)   At constant temperature, the tube wall was subjected to the no-slip boundary condition.

The following formulas can be used to compute Reynolds number and maximum velocity [25–28]:

Remax=Vmax.Dυ(11)

Vmax=ST2(SD−D)Vi(12)

Vmax=STST−DVi(13)

The convection heat transfer coefficient is calculated by [29]:

h¯=Nu¯KD(14)

The log-mean temperature can be computed from [30]:

ΔTlm=(TS,a−Ti)−(TS,a−To)Ln[(TS,a−Ti)TS,a−To](15)

The exit temperature can be valued from [31]:

(TS,a−To)=(TS,a−Ti)exp⁡[−πDLh¯ρViNTSTCP](16)

The total heat transfer rate may be calculated using the equation shown below [31]:

Q=N(πDLh¯ΔTlm)(17)

2.2 The Mesh and Boundary Conditions

Using cells that are quadrilateral and tetrahedral, the mesh for this issue has been constructed for the domain by keeping the mesh quality at 0.83, and the skewness was 0.66. The non-uniform mesh is produced to enable a more accurate fluid flow. The model contains a fine mesh element with refining the mesh along the tube wall to allow for greater resolution of heat transmission. To fully capture the boundary layer generation over the cylinder, a total of 15 prism layer elements were produced with an initial height of 0.08 mm and a growth rate of 1.1, which is noticeably high. Figs. 2a and 2b separately show the mesh distribution and the arrangement of the mesh around the tubes. The initial conditions in terms of temperature, pressure, and speed of the test section were set to zero. The ambient temperature and pressure were set at 300 K and 101 Kpa, respectively. The inlet, outlet, and tube walls have been designated as the problem’s boundary locations. The inlet receives air at a temperature of 300 K and velocity applied of 0.9, 1.1, 1.4, and 1.7 m/s. The outlet pressure was set the same as the ambient pressure. The heat flux applied on the wall of the tube changed from 1551, 6205, 10858, and 15512 W/m2, respectively. Table 2 displays the air characteristics that were utilized in the inlet section of the model.
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Figure 2a: Shows the mesh distribution
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Figure 2b: Shows the arrangement of the mesh around the tubes
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The essential check must be carried out for the minimum number of cells required for grid independence in the event of the numerical simulation grid independence is indispensable for the precision, repeatability, and validity of the numerical methods. Consequently, the four various grid systems comprising 1406920, 2228046, 5908868, and 12565385 of the number of cells were selected. Fig. 3 demonstrates how the grid is dependent on the average Nu for the Re of 10000. The graph shows a little change in the comparable Nu from 5.9 to 12.6 million cells, however, the change after that is not noticeable. Additionally, with the nominal change in the average Nu, the calculation time for the numerical simulation increases significantly. Table 3 provides information about the computational grid utilized in the current numerical simulation. For each grid system, the Nu was analyzed. It has been determined that the variation in the Nu for the most recent grid size, which included 12565385 cells, is not substantial and is on the order of 0.5%. Therefore, a cell size with 5908868 numbers of nodes was chosen for the numerical simulation by taking into account the fluctuation in the Nu as well as the calculation time requirement.
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Figure 3: Grid independence
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3  The Validation

A few of the previously published benchmark issues were compared to the numerical model. It was projected how fluid flowing and heat transmission would occur over a line in staggered orbicular tubes subject to varying wall temperatures and heat flow. Using earlier research to compare the Nusselt number for the completely formed area amidst tubes with varied wall temperatures compares the results of the current study to earlier research by Mangrulkar et al. [7] for an array of oval tubes with an in-line arrangement. The tube diameter is 22.44 mm and the tube length is 22 mm. The longitudinal and transverse pitch ratios of 1.5 mm and 1.25 mm, respectively. The range of the Reynold number is 12000 to 24000. It enables us to see that the current results and the numerical results show perfect agreement with Mangrulkar et al. [7] for the average Circumference of the Nusselt number distribution. Fig. 4 showed compare between the average Nusselt numbers at the range of heat flux 15512 W/m2.
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Figure 4: Average Nusselt number change with Reynold number at heat flux 10858 W/m2

4  The Results and Discussion

A numerical simulation of a 3D tube bundle was performed. Using the FLUENT program can predict the average Nusselt number values for heat fluxes that vary between 1551 and 15512 W/m2. The effect of changing the longitudinal spacing by changing the heat flux was also studied as shown in Fig. 5. The figure demonstrates that a raise in the heat flux on the tube’s surface causes a rise in the average Nusselt number at Reynold number 10000. In addition, the influence of air velocity on the Nusselt number was investigated. The average Nusselt number changes with heat flux at various input air velocities.

[image: images]

Figure 5: Nusselt number varies with changing heat flux at Reynold number 10000

The best model was chosen for further testing. The model with a longitudinal pitch of 25 mm is the best in terms of the best heat transfer and the highest Nusselt number. The tests are to be conducted to discuss the change of heat transfer of the tube bundle when changing the heat flux at different Reynolds number values. Table 4 indicates the average Nu for the numerical simulation for various Re. Figs. 6 to 9 show provide the average Nusselt number changes with the Reynolds number at different heat fluxes. These plates demonstrate that when the Reynolds Number and surface heat flux increase, the average Nusselt number increases.
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Figure 6: Nusselt number varies with changing Reynolds numbers at longitudinal pitch 25 mm and heat flux 1551 W/m2
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Figure 7: Nusselt number varies with changing Reynolds numbers at longitudinal pitch 25 mm and heat flux 6205 W/m2
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Figure 8: Nusselt number varies with changing Reynolds numbers at longitudinal pitch 25 mm and heat flux 10858 W/m2
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Figure 9: Nusselt number varies with changing Reynolds numbers at longitudinal pitch 25 mm and heat flux 15512 W/m2

Fig. 10 shows the turbulent kinetic energy and flow streamlines for chosen cases with Re = 10,000: (a and b) tube bundle with longitudinal pitch SL = 25 mm, (c and d) tube bundle with longitudinal pitch SL = 35 mm, (e and f) tube bundle with longitudinal pitch SL = 45 mm. For each of the cases that are shown, the TKE intensity progressively increases in the direction of the stream before peaking just downstream of the last row. The effect of longitudinal pitch on the TKE can be observed when comparing Figs. 10b, 10d, and 10f. It can be seen that the turbulent kinetic energy is greater in the tube bundles with a longitudinal pitch of 25 mm than the tube bundle in which the longitudinal pitch is 35 and 45 mm, respectively, because the lower longitudinal pitch leads to an increase in the friction factor and thus an increase in the turbulent kinetic energy values. The following is a description of the flow topology of the case (a and b). The first row of tubes is being struck by the upstream flow, causing stagnation patterns in front of the tubes. The flow streamlines then move near the tube walls. Following that, a vortex area is created behind the tubes and the separation is noticeable due to the curvature of the tube circumference. At these airflow conditions, and when the longitudinal pitch is large compared to the transverse pitch, there is a delay at the beginning of the flow separation, which leads to a change in the structure of the flow. Therefore, we notice a deviation of the flow over the pipes from the line of symmetry.

[image: images]
[image: images]

Figure 10: Streamlines and Turbulent Kinetic Energy across the tube banks:
(a,b) transverse pitch ST 28 mm, longitudinal pitch SL= 25 mm, velocity 0.9 m/s, and heat flux 6205 W/m2. (c,d) Transverse pitch ST 28 mm, longitudinal pitch SL = 35 mm, velocity 0.9 m/s, and heat flux 6205 W/m2. (e-f) Transverse pitch ST 28 mm, longitudinal pitch SL = 45 mm, velocity 0.9 m/s, and heat flux 6205 W/m2

5  Conclusions

Staggered tube bundles were used in the three-dimensional computational fluid dynamics simulations. The results from the developed model were examined under various operational situations using ANSYS FLUENT. Heat flux and longitudinal pitch effects were investigated. Following are some of the major facets of the current study:

•   The tube bundle with a longitudinal pitch of 25 mm provides greater heat transmission characteristics when compared to the tube bundle with a longitudinal pitch of 35 and 45 mm.

•   In the tube bundle with a longitudinal pitch of 25 mm, the results indicate that with the heat flux of the tube bundle walls increases by 75% the average Nusselt number increases by 5% when the velocity of air remains constant.

•   When heat flux increased by 30% the average Nusselt number increased by 2.7% at constant air velocity

•   The average Nusselt number increases by 25% if the Reynolds number is increased from 10,000 to 19,000 when the heat flux is held constant in a tube bundle with a longitudinal pitch of 25 mm.
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Table 3: Mesh independence analysis at Re = 10000

Grads Nu Cell size Number of cells Average nusselt number
1 4 mm 1406920 26.1
2 3 mm 2228046 29.4
3 2 mm 5908868 323
4 1 mm 12565385 32.7
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Table 4: Indicates the average Nu for the numerical simulation at different Re

Re Nu. At heat Nu. At heat Nu. At heat Nu. At heat Mangrulkar
flux 1551 flux 6205 flux 10858 flux 15512 et al.
(W/m?) (W/m?) (W/m?) (W/m?) Nusselt Nu

10000 32.29 33.87 35.5 37.1 35

13000 35.7 36.6 38.6 40 37

16000 40.4 41.5 42.8 44.1 40

19000 44.6 45.5 46.7 48 42
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Table 1: Physical characteristics and tube dimensions

No. Tube parameters Quantity

1 Tube material Copper

2 Thermal conductivity 387.6 W/m.K
3 Density 8978 Kg/m’
4 Tube diameter 19 mm

5 Tube length 270 mm

6 Tube thickness 0.8 mm

7 Tubes number 15
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Table 2: Properties of air used in the inlet domain

No. Air properties Quantity

1 The density of air-p (Kg/m?) 1.225

2 The viscosity-v (Kg/m.s) 1.784 x 10~
3 The thermal conductivity of air-k (W/m.K) 0.0242

4 The specific heat of air-Cp (J/Kg.K) 1006.43

5 Prandtl number-Pr 0.707

6 The outside air temperature-Too (K) 300
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