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Abstract: Non-furnace boilers can improve the efficiency of industrial once-through boilers. However,
temperature non-uniformity occurs in the economizer connected vertically to the boiler. Heat transfer
performance is degraded by temperature non-uniformity. To solve this problem, a corbel was installed
on the side wall of the economizer, and a baffle was installed on the transition duct. Consequently,
although the thermal efficiency of the boiler was improved, significant temperature non-uniformity
was still observed in the area upstream of the economizer. To address this issue, this study designed
a turning guide vane (TGV) at the economizer inlet using computational fluid dynamics (CFD). First,
CFD was performed for a case without a guide vane and a case with an existing baffle installed. By
analyzing the streamlines obtained using CFD, two TGV designs were proposed. In the first design,
guide vanes were installed along the desired streamline, and the concept of the existing TGV was
followed. In the second design, an attempt was made to minimize the pressure drop by arranging
guide vanes at the inlet. Both designs reduced the standard deviation of temperature by more than
30% and improved the volume goodness factor by 25%.

Keywords: non-furnace boiler; economizer; turning guide vane; temperature uniformity;
pressure drop

1. Introduction

With large-scale damages caused by extreme weather events globally, international
efforts to combat climate change continue [1]. To reduce CO2 emissions, it is essential to
increase the efficiency of energy-consuming facilities while actively introducing renewable
energy sources [2]. The International Energy Agency estimates that the implementation of
energy-efficiency measures in industrial boilers can result in a reduction of approximately
nine gigatons of CO2 emissions by 2040 [3]. Since most industrial boilers are of the fire-tube
or water-tube type, it is important to increase their efficiency [4,5].

A non-furnace boiler (Figure 1a), mentioned in this study, is a type of boiler that does
not use a conventional furnace or combustion chamber; instead, it employs a short-flame
burner, such as a metal fiber burner, and directly heats the water tube bank. Non-furnace
boilers are more efficient than traditional furnace boilers, as they often leave a smaller
footprint and can be designed to generate steam more quickly and efficiently [6].

To further increase the efficiency of non-furnace boilers, economizers can be used
to recover heat from the exhaust gases before they are discharged into the atmosphere.
Economizers are essentially heat exchangers that use hot exhaust gases to preheat the
feedwater before it enters the boiler. This reduces the amount of fuel needed to heat the water
to steam, resulting in lower operating costs and reduced greenhouse gas emissions [7,8].

The performance of a boiler economizer can be affected by the inlet temperature
uniformity of the combustion gas. A more uniform temperature distribution leads to better
performance of the economizer [9]. Ensuring temperature uniformity of combustion gases
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at the economizer inlet within a limited installation space can be challenging because
economizers are placed vertically to reduce the footprint of non-furnace boilers [10].

Figure 1. Non-furnace boiler with an economizer; (a) 3D shape of the system; (b) cross section of the
economizer and the computational domain.

As shown in Figures 1b and 2, the economizer of the boiler in this study is a fin-tube
heat exchanger. The tube banks are arranged in a staggered array. This setup ensures a
higher heat transfer coefficient in the compact heat exchanger than the in-line one [11];
however, as shown in Figure 2a, the flow resistance on the side-wall side is small, so the
flow escapes significantly toward this side. To solve this problem, a corbel was installed on
the side wall, as shown in Figure 2b [12]. However, side wall corbels cannot prevent the
large flow separation that occurs at the economizer inlet.

Figure 2. Economizer designs to improve flow uniformity: (a) the original design; (b) installation of
corbels and guide vanes.

Baffles can be installed in the transition duct to help direct the flow of combustion
gases and reduce any recirculating flow. Baffles should be designed to create a uniform flow
profile and ensure that the combustion gases are distributed evenly across the economizer
inlet [13]. Computational fluid dynamics (CFD) results can be used to optimize the design
of the transition duct and baffles and help identify any potential hot or cold spots that
could affect temperature uniformity [14].

Various types of baffles are installed in the transition duct to increase the temperature
uniformity at the economizer inlet. A baffle type that has proven to be effective in increasing
temperature uniformity is the swirl vane baffle [15]. The swirling flow helps to distribute the
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combustion gases more evenly across the economizer inlet. Another type is the perforated
plate baffle [14], where the perforations create a more uniform flow pattern and help
to reduce any turbulence or flow disturbances that could affect temperature uniformity.
However, both methods cause significant aerodynamic losses [16].

Guide vanes can also help improve velocity uniformity by directing the fluid at an
optimal angle and speed. They can be retrofitted to existing equipment, making them a
cost-effective way to improve efficiency and reduce operating costs. Guide vanes have
been applied to the transition ducts of gas engines and heat recovery steam generators to
improve temperature uniformity [17]. As shown in Figure 2b, it was also applied to the
economizer in this study. However, the temperature uniformity upstream of the economizer
was not satisfactory.

A turning guide vane (TGV) is a type of baffle designed to redirect the flow of com-
bustion gases and create a more uniform flow profile [18]. TGVs have been used at the
internal cooling passage of gas turbine blades [19,20]. They can also help improve the
temperature uniformity at the economizer inlet. TGVs have been reported to reduce the
pressure drop [16] and, thus, improve the overall efficiency of the boiler.

In this study, a TGV was applied to the transition duct connected to the economizer of
a non-furnace boiler. The design and configuration of TGVs depend on this specific boiler
and economizer configuration and the operating conditions. CFD analysis can be used to
optimize the design of TGVs and ensure maximum temperature uniformity and minimum
pressure drop [21].

In this study, first, the effect of the existing guide vane (Figure 2b) was reviewed by
performing CFD by considering a case without a baffle and the economizer (including
the duct) with the installation of the existing guide vane. Next, CFD was performed on
the TGV extending from the duct inlet to the tubes to uniformly distribute the flow in
the transition duct and compare the output to the results obtained by previous studies.
Finally, the temperature uniformity and pressure drop performance were evaluated by
performing CFD on the TGV design with a reduced length and rearranged spacing to
reduce the pressure loss.

2. Non-Furnace Boilers and Numerical Methods

The boiler simulated in this study was a 3 ton/h class non-furnace boiler. Its operating
conditions served as the basis for setting the boundary conditions during the CFD simulation.
The overall operating conditions of the boiler are summarized in Table 1. The specifications
of the economizer, which was the computational domain of this simulation, are summarized
in Table 2. Table 3 shows the natural gas (NG) composition used as the fuel.

Table 1. Operating conditions of the boiler.

Water mass flow 0.838 kg/s
Water inlet temperature 15 ◦C

Water outlet temperature 79.6 ◦C
Natural gas fuel mass flow 206 Nm3/h
Flue gas inlet temperature 254.62 ◦C

Flue gas outlet temperature 66.6 ◦C

Table 2. Economizer design data.

Tube outside diameter (Do) 34 mm

Tube inside diameter (Di) 28 mm
Transverse spacing (Xt) 66.2 mm

Longitudinal spacing (Xl) 66 mm
Fin length (Fl) 11 mm

Fin thickness (Ft) 0.8 mm
Fin pitch (Fp) 3.2 mm (250 fins per m)

Free-flow area/frontal area 0.512
Total gas-side surface area/total volume 178.91 m2/m3
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Table 3. Chemical composition of the natural gas fuel.

Chemical Composition Mole Fraction

Methane (CH4) 0.88484
Ethane (C2H6) 0.09284

Propane (C3H8) 0.01405
Butane (C4H10) 0.00812

The mass flow of a combustion gas is calculated using a stoichiometric chemical
equation [22]. The mass flow rate corresponds to the excess oxygen (4%) found at the outlet
and the composition of NG fuels. For instance, 206 Nm3/h of fuel is equal to 3187.06 kg/h
of flue gas.

Figure 1b shows the three-dimensional shape of an economizer with existing guide
vanes installed. The design of the heat exchanger is the staggered finned-tube type. Ana-
lyzing this type of heat exchanger required calculating two sides: the water and gas sides.
The calculation was done with the assumptions that (1) heat losses to the surroundings
were negligible, (2) the flue gas was assumed to have constant properties, (3) no fouling
occurred, and a (4) fully developed flow occurred on the water side.

On the water side, the Nusselt number was obtained using the Dittus–Boelter equation
according to the Reynolds number [23,24]. The heat transfer coefficient at each tube pass
was obtained from the Nusselt number, and the convective boundary conditions were
imposed alongside the design bulk temperature, as shown in Figure 2. The design data
was obtained through the energy balance in each row mentioned in this section (Figure 3).
Table 4 presents the material properties used when calculating the first and last rows on
the water side. Through the economizer, the Reynolds number on the water side increased
from 3800 to 10,600, and the Prandtl number decreased from 7.86 to 2.51. Since this led
to a change in the Nusselt number, i.e., the heat transfer coefficient, the change in the
heat transfer coefficient was to be considered in each row. In this simulation, Star-CCM+,
a commercial software, was used, and a user-defined function was used to impose the
convective boundary conditions based on the location.

Figure 3. Design temperature data in each row of the economizer.

The gas-side calculation was done with the corresponding j-factor correlation [22].
The appropriateness of the j factor used in this calculation is summarized in Table 5. The
Reynolds number on the gas side of the economizer and the geometrical parameters of
the fin tube covered in this study are included within the range of experiments performed
by [25]. After applying the equation, the fin efficiency [20] was also calculated. In this
condition, the tube bank fin efficiency was found to be 0.83. Thus, the overall surface effi-
ciency was calculated. The resulting temperature distribution on the gas side is presented
in Figure 2, along with the calculated water side.

In this study, the steady-state Reynolds-averaged Navier–Stokes simulation was
performed. The governing equations used in the simulation were the incompressible
Navier–Stokes equation and the energy equation. The SIMPLE algorithm was used for
pressure-velocity coupling. The advection term was discretized with an upwind scheme of
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second-order accuracy. As a turbulence model, a realizable k-epsilon model verified in a
similar problem was used [22,26].

Table 4. Properties on the water side.

Row 19 (16.49–15 ◦C) Tm = 15.745 ◦C

Density 1000.31 kg/m3

Kinematic viscosity 1.11 × 10−6 m2/s
Specific heat 4178.83 J/kgK

Prandtl number 7.86
Velocity 0.15118 m/s

Reynolds number 3802.34

Row 1 (73.86–68.08 ◦C) Tm = 70.97 ◦C

Density 978.48 kg/m3

Kinematic viscosity 4.08 × 10−7 m2/s
Specific heat 4182.51 J/kgK

Prandtl number 2.51
Velocity 0.15455 m/s

Reynolds number 10,604.33

Table 5. Condition suitability confirmation for the j-factor.

Parameter Range Current Value

Flow condition 1100 ≤ RDh ≤ 18, 000 2,344.61–3,062.29
Outer diameter (DO) 11.1–40.9 mm 34 mm

Fin pitch (Fp) 246–768 fins/m 250 fins/m
0.13 ≤ Fp−Ft

Fl
≤ 0.63 Fp−Ft

Fl
= 0.29

1.01 ≤ Fp−Ft
Ft

≤ 7.62 Fp−Ft
Ft

= 4
0.09 ≤ Fl

Do
≤ 0.69 Fl

Do
= 0.32

0.011 ≤ Ft
Do

≤ 0.15 Ft
Do

= 0.0235
1.54 ≤ Xt

Do
≤ 8.23 Xt

Do
= 1.95

Figure 4 shows the grid system used for the simulation. The computational domain
and grid resolution were determined through two-dimensional preliminary calculations.
The computational cells comprised hexahedrons, and y+ at the wall was 1. A no-slip
boundary condition was imposed on the wall. The maximum expansion ratio of the grid
was 1.2. As shown in Figure 1, the 3D computational domain was set to 1 fin pitch in the
spanwise direction, and periodic conditions were imposed. About 10 million cells were
used for the 3D simulation. The convergence condition was set to 10−5, and it took about
1000 steps to converge.

Experiments were conducted on the boiler shown in Figure 1. A schematic diagram of
the experimental setup is shown in Figure 5a. The temperature, pressure, and flow rate of
the water and fuel (LNG) supplied to the boiler were measured. In the exhaust gas, the
oxygen concentration was measured to evaluate the air ratio and efficiency. To evaluate the
combustion characteristics, the concentration of nitrogen oxides (NOx) in the flue gas was
measured. Figure 5b shows a picture of the experimental setup.

The boiler was operated at 100% load with an exhaust gas oxygen concentration of 4%.
The experiment was then performed. The quality of the produced steam was 99.7%. As
shown in Figure 2b, after improving the design of the economizer, the thermal efficiency
based on the high heating value of the boiler improved from 91.2% to 92.6%. The NOx
concentration in the exhaust gas was about 10 ppm, and there was little difference according
to the economizer design change.
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Figure 4. Grid and coordinate system.

Figure 5. Experimental setup: (a) schematic diagram; (b) photograph of the non-furnace boiler;
(c) economizer with temperature sensors.

For the CFD validation, the temperature distribution inside the economizer was also
measured. A picture of the economizer and the measuring device is presented in Figure 5c.
The temperature distribution was measured in three streamwise locations (rows 5, 10, and
15) inside the economizer. To observe the temperature uniformity, the temperature was
measured at four points in the corresponding streamwise position, as shown in Figure 1b.
Additionally, the temperature was measured at the inlet and outlet of the economizer. A
K-type thermocouple was used for the measurements. The accuracy of the thermocouple
used for the measurements was ± 0.5 ◦C.
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3. Results

Figure 6 compares the CFD data with the experimental and design data for code vali-
dation. The design data was obtained through the energy balance in each row mentioned
in the previous section (Figure 3). The three pieces of data agreed well with each other.

Figure 6. Temperature drop in the direction of gas flow in the economizer.

Figure 7 shows the flow field inside the economizer with the existing baffle installed.
First, the problems of the existing baffle were identified by analyzing the streamlines
obtained through CFD in Figure 5. By evaluating the design, it was found that even with
the baffle, the tube bank could not achieve the preferred gas stream flow. This is because
the inlet design allowed the flow to proceed in two directions (horizontal and vertical) to
the tube bank.

The follow-up approach was to add a full baffle so that the tube bank received stream
flow in only one direction. However, this setup required the baffle because it produced a
dead zone as well. To solve this problem, two different TGVs were proposed, as follows.

First, to improve the inactive heat transfer in the upstream tube bank near the duct’s
wall, it was extended to the position of the upstream tube. A TGV was designed in the
open area of the economizer inlet. TGV 1 (Figure 8a) follows the geometry commonly seen
in previous studies [18,19]. It was designed in such a way that the mass flow was divided
in proportion to the cross-sectional area and continued from the inlet to the outlet.

Figure 7. Streamlines inside an economizer with a conventional baffle installed.
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Figure 8. Two turning guide vane designs for heat and flow uniformity in the economizer: (a) TGV 1;
(b) TGV 2.

As will be discussed in detail later, in Figure 2b, the existing baffle increased the
pressure drop in the economizer by about 15%. In TGV 1, the possibility of causing an
additional pressure drop was raised as four guide vanes, twice as many as before, were
installed. In addition, [17] showed that it is advantageous to place the guide vane intervals
intensively at locations where the flow rate is high. TGV 2 was designed to solve these
problems and tried to minimize the pressure loss by arranging the guide vane only near
the inlet in proportion to the mass flow rate at the economizer inlet.

Figure 9 shows the change in streamlines when TGVs 1 and 2 were installed compared
to when there were no guide vanes. Compared to the conventional guide vane shown
in Figure 5, it can be observed that the recirculation area was greatly reduced. TGV 1
removed most of the recirculation area, but there was still some remaining. TGV 2 showed
streamlines with almost no dead zones by removing more of the recirculating flow region.
To eliminate the recirculation flow, the innermost U-shaped guide vane in TGV 2 played a
key role. The flow uniformity at the entrance of the duct was superior to that of TGV 2 in
TGV 1, but the flow uniformity at the beginning of the tube bank was at a similar level.

Figure 9. Streamlines inside an economizer: (a) without the baffle; (b) with TGV 1; (c) with TGV 2.
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Figure 10 compares the temperature distribution of the four cases in which the simula-
tion was performed. When there was no baffle or when the existing baffle was installed
(Figure 10a,b), high-temperature areas (areas in red on the contour) were observed because
heat transfer was not active in the inner part close to the connection duct. In addition, the
high-temperature exhaust gas escaped without heating the water supply along the inside
of the connecting duct and the connected economizer wall. In Figure 10a, the red area
extends from the left wall to the economizer outlet. Most of the heat was transferred from
the center of the economizer to the downstream side, resulting in a low-temperature region
(bluish area on the contour).

Figure 10. Temperature distributions inside the economizer: (a) without the baffle; (b) with the
existing baffle; (c) with TGV 1; (d) with TGV 2.

Figure 10b, where the existing baffle was installed, shows a temperature distribution
similar to Figure 10a, as these problems were still not resolved. When a TGV was installed
(Figure 10c,d), the area of the hot zone at the economizer inlet was reduced. The effective
heat transfer in the vicinity of the inner wall of the duct and the adjacent wall was similar
to that of the vicinity in the outer wall. Heat transfer also actively occurred at the center;
thus, the outlet temperature was much more uniform.

4. Discussion

Figure 11 compares the temperature distribution behind the fifth tube row. The CFD
data for the original baffle (orange line) generally corresponded well with the experimental
data (light green dots). Compared to the CFD results, it was difficult to accurately evaluate
the temperature deviation with the four measurement points in one row of the experiment.
The original baffle did not yield any significant improvement in temperature uniformity.
As seen in the orange line of Figure 11, the temperature deviation shown in the blue line
was reduced within x/W = 0.5, but the temperature deviation was not reduced significantly
when x/W was over 0.5. TGVs 1 and 2 (gray and yellow lines) reduced the recirculation
area and greatly increased the uniformity in the spanwise direction.

Figure 12 compares the temperature distribution at the downstream location, behind
the tenth tube. Upon comparing the experimental (light green dots) and the CFD results
(orange lines), it was found that the left area agreed well, but the right area CFD predicted
the temperature slightly lower. Compared to the upstream location in Figure 11, the overall
temperature became uniform. TGVs 1 and 2 (yellow and gray lines) greatly improved
the temperature uniformity compared to the original baffle (orange line). There was no
significant difference in temperature uniformity between TGVs 1 and 2.



Processes 2023, 11, 1617 10 of 13

Figure 11. Spanwise temperature distribution behind the fifth tube row.

Figure 12. Spanwise temperature distribution behind the tenth tube row.

The temperature uniformity region was divided into three parts: near the inlet, in the
middle, and near the outlet. The most uniform part was found in the middle (from rows 9 to
14). Being the research’s objective, the inlet was most certainly the most non-uniform part.
The area near the outlet part was slightly non-uniform, as the outlet acted as a contracting
exit that converged the flue stream flow.

Figure 13 compares the temperature standard deviation in the width direction. In the
upstream region, the standard deviation obtained from the CFD results was higher than that
of the experimental ones. The temperature distributions compared in Figures 11 and 12
agreed relatively well with the experimental results, which could be attributed to a phe-
nomenon caused by the lack of experimental data for obtaining standard deviations. The
temperature deviation between the gray and yellow lines was much lower than that of the
blue and orange lines. TGVs 1 and 2 greatly improved the temperature uniformity centered
on the middle and upstream regions of the economizer.

Notably, on every design, the temperature on the front side was significantly higher
than that on the backside of the economizer. This explains why the temperature uniformity
for the odd-numbered row near the exit was lower than the even-numbered row, which was
the effect of corbels installed on both sides to obtain a uniform flow rate in the staggered
array of the tube banks.

Figure 14 compares the overall temperature standard deviation across all the economiz-
ers. The original baffle slightly improved the temperature uniformity near the economizer
inlet; however, it deteriorated the temperature uniformity overall, increasing the spatial
average temperature deviation by about 30%. However, TGVs 1 and 2 improved the
uniformity and reduced the temperature deviation by more than 30%.
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Figure 13. Streamwise variation of spanwise temperature uniformity.

Figure 14. Streamwise-averaged spanwise temperature deviation.

The improvement of temperature uniformity was ultimately intended to promote
heat transfer. In addition, baffles caused additional pressure loss, so heat transfer and
pressure loss needed to be evaluated. There are several methods for evaluating performance
by simultaneously considering heat transfer and pressure loss, but the economizer that
performed CFD in this study was evaluated based on the volume goodness factor [27]
because the purpose was to recover maximum heat from the exhaust gas.

Table 6 compares the heat transfer rate, pressure drop, and volume goodness factor of
the four geometries for which CFD was performed. The original baffle increased the heat
transfer rate by 14% and the pressure drop by 15% compared to when there was no baffle.
Both TGVs 1 and 2 increased the heat transfer rate by 39% and the pressure drop by 40%
and 37%, respectively. Compared to TGV 1, TGV 2 promoted heat transfer similarly, and
the increase in pressure drop was slightly reduced.

Table 6. Volume goodness factor evaluation results.

Parameter No Baffle Original Baffle TGV 1 TGV 2

Q (W) 143 163 199 199
∆P (Pa) 37.9 43.5 53.0 51.8

(Q/Qs)/(∆P/∆Ps)1/3 1 1.09 1.24 1.26

In the spatial standard deviation shown in Figure 11, the original baffle was found to be
unfavorable, but the volume goodness factor was greater than 1 (see Table 6). Although this
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did not increase the overall temperature uniformity, it was determined that it enhanced heat
transfer. TGV 2 showed temperature uniformity similar to that of TGV 1 and consequently
yielded thermal performance. However, it did not reduce the pressure loss to the extent
expected.

5. Conclusions

In this study, a TGV was installed in the upstream area of the economizer and con-
nected vertically to a non-furnace boiler, and CFD was used to design and predict the
performance of the TGV. For economical simulation, a convection condition was imposed
on each tube row, and one pitch of a periodically installed fin was set as the computational
domain. Star CCM+ was used for CFD. On the water side, a different heat transfer coef-
ficient was applied to each row using a user-defined function by considering changes in
physical properties. From the simulation results, it was found that the streamwise tempera-
ture drop was predicted similarly to the experimental and design data. By analyzing the
streamlines obtained using CFD, two TGV designs were proposed. The first design placed
guide vanes along the ducts to evenly divide the economizer inlet area and distribute the
incoming flow evenly to the tube banks. The second design tried to reduce the pressure
drop by arranging the guide vane according to the flow rate and installing the guide vane
only near the economizer inlet. Both designs reduced the standard deviation of temperature
by more than 30% and improved the volume goodness factor by 25%. TGV 2 yielded a
heat transfer enhancement effect similar to that of TGV 1, but the expected pressure drop
reduction effect was not significant.
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