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In the natural gas heating process, the cylinder-type heater using water as an intermediate heating medium is the most extensively used. The heat exchange rate between the heating medium water and the fire and gas tubes in the great-capacity cylinder appears to be the most important element affecting a gas heater’s thermal efficiency. The water heat flow field within a new diversion-type gas heater with vertical guide plate design is described in this paper. In contrast to prior research that concentrated on natural convection heat transfer in medium water, the radiation impact is included. The discrete-ordinate model was utilized to build a 2-D combined natural convection and participating medium radiation heat transfer model, which was solved using the finite volume technique with unstructured body-fitted grids. First, experimental data were used to validate the numerical model. The coupled heat flow fields with vertical guide plates of various heights were then analyzed. The numerical findings reveal that utilizing a vertical guide plate structure, the proportion of radiation heat transfer in the total heat transfer rate reaches 25.1%, indicating that water radiation cannot be ignored. The vertical guide plate structure might help to create a well-organized flow pattern in the cylinder, which would improve natural convection heat transfer while having no influence on water radiation. Installing a vertical guide plate with a height of 550 mm and a thickness of 5 mm can lower the overall heat transfer rate in the convective tube bundle by 2.04%. In China, this technique has been given a patent.
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INTRODUCTION
The use of natural gas necessitates the use of a gas heater, as heating is required in the natural gas usage process (Guo Y. and Guo Z., 2016). Because the process in gas-fired generating units needs high-temperature flue gas, the natural gas utilized in power plants must undergo heat treatment. During the gasification process, liquefied natural gas must also be heated (Yuan et al., 2001). In the engineering process, the cylindrical heater with intermediate heating medium is now commonly utilized as a gas heater (Al-Sammerrai, 1985; Guo et al., 2009; Su, 2013; Setoodeh et al., 2016).
Figure 1 depicts the structure of a general heater. The flame and smoke from fuel combustion fill the fire tube and flue tube bundles in the cylindrical heater; the convective tube bundle is filled with natural gas to be heated; and the intermediate heating medium fills the inner space of the entire cylinder except the fire tube, flue tube bundle, and convective tube bundle, transferring the heat created in the fire tube and flue tube bundle to reach completion. The most common intermediate heating medium is water (Li and Wang, 2019). The typical heat exchange surface configuration of this gas heater has the following consequences: firstly, a high-temperature up-flow medium forms along the wall of the fire tube and flue tube bundle. Meanwhile, a low-temperature downflow medium is developed along the convection tube bundle’s wall. These two mediums collide, resulting in a disordered flow field organization in the cylinder. Secondly, the small temperature difference between the upper and lower flow fields in the large cylinder causes natural convection to be weak and heat transfer efficiency to be low. Lastly, the entire flow field, including the bottom of the large cylinder, has many dead angles (Li and Zhang, 2007; Sun et al., 2011; Guo, 2012).
[image: Figure 1]FIGURE 1 | Sketch of a gas heater.
Previous research (Guo Y. and Guo Z. X., 2016; Wang, 2017) solely examined the natural convection heat transfer within the cylinder, but the influence of radiation was largely ignored. When radiation and convection effects are of similar importance, a separate calculation of these and superposition without considering their interaction leads to significant errors (Atashafrooz et al., 2015). To have more accurate and reliable results, the flowing fluid must be considered as a radiating medium (Atashafrooz and GandjalikhanNassab, 2013). Because the operating temperature of a water cylinder is usually above 350 K, the radiation between the water, the cylinder, and the tubes must be considered. As a result, water cannot be described as a non-participating medium. Participating medium radiation has become a research hotspot in recent years. However, the majority of research is concentrated on flue gas, with only a few studies focusing on alternative mediums such as water (Smith et al., 1982; Razzaque et al., 1984; Sun et al., 2016; Gao et al., 2019). This research analyzes the coupled heat and flow of natural convection as well as radiation in the cylinder to better understand the heat transfer mode within the gas heater.
Adding metallic plates to enhance convective heat transmission was a frequent method (Guo, 1999; Zhukova and Isaev, 2008; Guo et al., 2011; Sun et al., 2016; Gao et al., 2019). We suggest using a vertical guide plate structure to improve coupled heat transport within a gas heating cylinder.
MATHEMATICAL MODEL
The two-dimensional circular section in the center of a heating cylinder is used as the numerical model in this paper. The configuration information is provided where the heater’s dimensions are given: D1 measures 1,300 mm, D2 measures 325 mm, b1 measures 540 mm, and b2 measures 510 mm. The flue tubes have a diameter of 42 mm and a spacing of 68 mm between adjacent tubes. The convective tubes have a diameter of 38 mm, b3 is 90 mm, b4 is 65 mm, and the angle ϕ is 60°. As illustrated in Figure 2A, there are nine measuring points designated from 0 to eight along the circular section that are used to determine the temperature distribution of the intermediate heating medium in the cylinder. The central temperature of the cylinder is measured at measuring point 0, which is located in the middle of the circular section.
[image: Figure 2]FIGURE 2 | (A) Cross-section of a gas heater simulated using a numerical model. (B) A zoom-in of the convective tube bundle.
Measuring point 1 is situated in the third pass area of the convective tube bundle, which is on the left side of the cylinder. Measuring point 2 is on the right side of the cylinder, in the second pass region of the convective tube bundle. The third measuring point is located in the fourth tube pass region on the cylinder’s left side. Point 4 is located on the first tube pass region on the right side of the cylinder. Measuring point 5 is placed in the upper part of the flue tube, while measuring point 6 is situated in the upper part of the fire tube. The lowest half of the flue tube is where measuring point 7 is located, and the bottom of the cylinder is where measuring point 8 is located. Carbon steel is used for the cylinder and all tubes. Interested readers might refer to Guo et al. (Cimina et al., 2015) for further information on the experimental system.
Based on the Boussinesq assumption under steady laminar flow conditions (the maximum Rayleigh number in the present study is about 2.02 × 109; thus, a laminar flow model is considered), the two-dimensional governing equations for the steady-state coupled heat transfer of convection and radiation are as follows:Continuity equation:
[image: image]
Momentum equations:
[image: image]
[image: image]
Energy equation:
[image: image]
Respectively, [image: image], the velocity components on [image: image] directions; [image: image] the medium density; [image: image], the dynamic viscosity; p, the pressure; [image: image], the volume expansion coefficient; T, the temperature; [image: image], the reference temperature; [image: image] the thermal conductivity; [image: image], the specific heat; [image: image], and the radiative heat loss, which is written as
[image: image]
where [image: image] denotes the medium’s absorption coefficient, [image: image] is the Stefan–Boltzmann constant, and [image: image] is the radiation intensity, which is calculated by solving the radiation transfer equation in water:
[image: image]
where [image: image] denotes the radiation intensity in the m direction; [image: image] represents the blackbody radiation intensity; [image: image], [image: image] are direction cosine values in the direction of [image: image]; and M is the discrete number.
The radiation boundary conditions for the opaque and diffuse wall surfaces are as follows:
[image: image]
[image: image] is the emissivity of the wall; [image: image] is the normal vector outside the wall; [image: image] is the unit vector in the direction [image: image]; and [image: image] is the solid angle weight in the m′ direction.
The following are the boundary conditions: the adiabatic boundary is the cylinder wall, with the average temperature of the fire tube wall set to 368 K, the average temperature of the flue tube bundle wall set to 363 K, and the convective tube bundle boundary condition expressed as follows:
[image: image]
where n denotes the normal direction of the wall, [image: image] represents the wall temperature, and [image: image] is the temperature of the heated gas. The average temperature of the heated gas in the first and second tube passes is 285 K, and the heated gas’s average temperature in the third and fourth tube passes is 310 K [image: image], the heat transfer coefficient is computed by
[image: image]
The Nusselt number (Nu) is determined using the following equation: the gas inside the convective tube bundle has a thermal conductivity of [image: image]; the diameter of the convective tubes is [image: image]; and the gas flow inside the tube is turbulent.
[image: image]
The Reynolds number for the gas flow within the convective tubes is Re, and the Prandtl number for the gas flow is Pr.
Fluent 17 was used for numerical simulation in this work, while Gambit software was employed to create hybrid unstructured grids. The convection and radiation-coupled heat transfer in the gas heater are solved using the finite volume approach and discrete ordinate radiation model in Fluent, which is consistent with literatures (Wu et al., 2019), (Aghanajafi and Abjadpour, 2016). Under 350 K, water has an emissivity of 0.922 and an absorption coefficient of 153,679 m−1. The walls of the tubes are assumed to have constant steel characteristics with an emissivity of 0.8, and the thickness of the walls is not taken into account in the simulation.
In the area of the boundary surface, such as around the heating and cooling surfaces, where substantial velocity and temperature gradients exist, mesh refinement is required (Kim and Baek, 1997). Figure 3 depicts a typical grid system as well as a portion of the unstructured grid utilized in computation.
[image: Figure 3]FIGURE 3 | A typical grid system.
The grid independency was assessed using five different grid levels, including 136, 232, 423, 875, and 1,170,000 cells: the estimated total heat transfer rate in the convective tube bundle (i.e., the heat utilized to heat up gas inside the convective tubes) is compared to the cylinder’s central temperature in the case without the guide plate in Figure 4. With a finer grid system, the overall heat transfer rate and central temperature converge as predicted. The cumulative heat transfer rate inaccuracy between the finest grid with 1,170,000 cells and the grid with 423,000 cells is less than 0.6%, and the temperature at the cylinder center is less than 0.12%. It can be considered that this and a larger number of grids no longer affect the calculation results; considering the limited resources of the computer, the grid level of 423,000 cells may be employed to conduct research. The same grid-level setting procedure was adopted for all subsequent simulations.
[image: Figure 4]FIGURE 4 | Grid independence test of medium water.
RESULTS AND DISCUSSION
The experiment was carried out under the boundary conditions specified in the previous article, and the data were read after the measured values of nine points were stable. The temperatures simulated are compared to the experimental results at the nine points highlighted in Figure 2A for the standard cylinder without the use of a guide plate before analyzing the improved heat transfer impact of the vertical guide plate. Figure 5 depicts the contrast. The predicted temperatures agree with the experimental results, indicating that the model and boundary conditions are appropriately adjusted. Due to the neglection of the axial flow and heat dissipation through the cylinder wall in the simulation, the simulated temperatures are generally 1°C∼2°C greater than the corresponding temperatures experimentally measured.
[image: Figure 5]FIGURE 5 | Comparison of the simulation and measurement of temperatures at nine locations.
In Figure 5, there is a clear thermal stratification at different heights of cylinder. The temperature is higher at measuring points 5–7 near the fire tube and flue tube bundle. The highest temperature appears at the measuring point 6 nearest to the fire tube. The temperature differences among the measuring points 1–4 at a different convective tube pass are small. The temperature of measuring point 8 at the bottom of the cylinder is the lowest. Obviously, the driving force of the flow field is weak in this traditional cylinder arrangement. So, it took about 4 h for the test to reach a thermal equilibrium condition in the experiment. The start-up of the gas heater was very slow. This indicates the necessity to enhance the efficiency inside the cylinder with modified structures.
A simple and effective heat-transfer improvement option is to install vertical guide plates along the cylinder’s axial path. Subsequently, fluid flow and heat transfer using vertical guide plates of various heights are simulated. The vertical plates are 5 mm thick carbon steel plates. The heights of four plates are compared (350, 450, 550, and 650 mm). As a heating medium, still water is employed.
The temperature and flow fields of the gas heater with a 350 mm vertical guide plate positioned at the upper part are shown in Figures 6A,B. High-temperature zones emerge on the top half of the flue tube bundle and upper left side of the fire tube, as shown in Figure 6A. The water near the flue tube bundle generates an ascending flow that shifts to the left and right; the water near the third and fourth convective tube bundles forms a descending flow, as demonstrated in Figure 6B. The temperature variations among the multireturn of convective tube bundles will cause these two flows to collide and be impacted.
[image: Figure 6]FIGURE 6 | A vertical guide plate of 350 mm temperature and flow fields. (A) Isothermal contour (K). (B) Flow vectogram (m/s).
The temperature and flow fields of 450 mm with a vertical guide plate are shown in Figures 7A,B. High-temperature zones arise on the upper part of the flue tube bundle and the upper left side of the fire tube, which can be seen in Figure 7A. Those affections between the first and fourth returns of the convective tube bundle may be observed in Figure 7B.
[image: Figure 7]FIGURE 7 | 450 mm vertical guide plate temperature and flow fields. (A) Isothermal contour (K). (B) Flow vectogram (m/s).
Figures 8A,B depict the temperature and flow fields of a 550 mm vertical guide plate. High-temperature zones can be seen on the top of the fire tube and flue tube bundle in Figure 8A. Under the diversion of the vertical plate, two flow fields from the center to two sides are generated on the left and right sides of the circular cross-section in the cylinder independently, thus eliminating the collision phenomena.
[image: Figure 8]FIGURE 8 | 550 mm vertical guide plate temperature and flow fields. (A) Isothermal contour (K). (B) Flow vectogram.
The temperature and flow fields of a 650 mm vertical guide plate are shown in Figures 9A,B. High-temperature zones can be seen on the top-right side of the flue tube bundle and fire tube in Figure 9A. Although two flow fields are generated on both the left and right sides of the circular section in Figure 9B, due to the conflict of opposing water flows, a number of swirl zones are formed, which are not ideal for convective heat transfer.
[image: Figure 9]FIGURE 9 | 650 mm vertical guide plate temperature and flow fields. (A) Isothermal contour (K). (B) Flow vectogram (m/s).
Figure 10 shows the impact of the vertical guide plate on total heat transfer rates in the convective tube bundle and temperature at the measuring points around the convective tube bundle. Water temperatures surrounding the convective tube bundle without the use of a guide plate are much greater than in circumstances when vertical guide plates are employed. As a result, the construction of the gas heater must be optimized. Due to the varied heights of vertical guide plates, there were differences in the temperature distribution around the multireturn passes of the convective tube bundle. Installing vertical guide plates can lower the overall heat transfer rate of the convective tube bundle by 1.49%–2.04% when heating the gas to the desired temperature. The vertical guide plate with a height of 550 mm has the lowest total heat transfer rate in the convective tube bundle.
[image: Figure 10]FIGURE 10 | The impact of vertical guide plates on total heat transmission and average temperature at the convective tube bundle.
The natural convection heat transfer rates and radiation heat transfer rates for various plate heights are shown in Figure 11. The effect of installing vertical plates on the participating medium radiation is less due to the small temperature difference among the multireturn of the convective tube bundle, but the proportion of radiation heat transfer in the total heat transfer rate still reaches 25.1% by using the vertical guide plate structure, indicating that the part of water radiation is not negligible.
[image: Figure 11]FIGURE 11 | Comparison of the rate of natural convection heat transfer and the rate of radiation heat transfer of vertical guide plates with various heights.
CONCLUSION
The simulated results in this study demonstrated the feasibility and advantages of a heat transfer structure within a gas heater by using vertical guide plates installed along the axial direction of the large cylinder to improve the overall coupled heat transfer efficiency, overcoming the weakness that an effective hot circulating flow field cannot be formed around the cold gas tube inside the conventional gas heater.
Installing vertical guide plates in the midst of the convective tube bundle’s left and right passes might improve natural convection heat transfer while having a minor impact on water radiation. The total heat transfer rate in the convective tube bundle may be lowered by 1.49%∼2.04%. The employment of the vertical guide plate with a height of 550 mm is the optimized case.
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